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Preface 

Using the energy from sunlight, photosynthesis converts carbon dioxide into organic 
compounds. In this process, water is also oxidized to oxygen, necessary to sustain 
respiring organisms. Photosynthesis is one of the most important reactions on Earth, 
and it is a scientific field that is intrinsically interdisciplinary, with many research 
groups examining it.The advances in characterization techniques and their application 
to the field have improved our understanding of photosynthesis. Today, our 
knowledge of the process and structures of reaction components has been advancing
so rapidly, revealing that photosynthesis is even more clearly an integrated biological
process of continuing interest and of profound importance. 

This book is aimed at providing applied aspects of photosynthesis. Different research 
groups collected their valuable results from the study of this interesting process. In 
this book, there are two sections: Fundamental and Applied aspects. All sections have
been written by experts in their fields. Book chapters present different and new 
subjects, from photosynthetic inhibitors, to interaction between flowering initiation 
and photosynthesis. 

The book is the result of the effort of many experts, and I would like to take this
opportunity to thank all contributors for their chapters. I wish to express my gratitude 
to the staff at InTech, particularly Mr. Vedran Greblo, for his kind assistance. I am 
grateful to the Institute for Advanced Studies in Basic Sciences in Zanjan, Iran, for its 
support. 

Finally, I want to thank my wife, Mary, for her encouragement and infinite patience 
throughout the time that the book was being prepared. 

Dr. Mohammad Mahdi Najafpour 
Department of Chemistry,

Institute for Advanced Studies in Basic Sciences, Zanjan, 
Iran 
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Photosynthetic Inhibitors 
Róbson Ricardo Teixeira, Jorge Luiz Pereira and Wagner Luiz Pereira 

Federal University of Viçosa, Viçosa, Minas Gerais State 
Brazil 

1. Introduction  
Life on Earth is dependent on sunlight. In the process known as photosynthesis, plants, 
algae and certain bacterias are capable of using this source of energy to drive the synthesis 
of organic compounds. The oxygenic photosynthesis results in the release of molecular 
oxygen and the removal of carbon dioxide from the atmosphere that is used to synthesize 
carbohydrates. This process, which involves a complex series of electron transfer reactions, 
provides the energy and reduced carbon required for the survival of virtually all life on our 
planet, as well as the molecular oxygen necessary for the survival of oxygen consuming 
organisms (Nelson, 2011; Nelson & Yocum, 2006; Rutherford & Faller, 2001). 
In modern agriculture, farmers continuously face a battle to achieve products in high yields 
and better quality to feed an ever increasing world population (Stetter & Lieb, 2000). The 
optimization of agriculture techniques demands, along with other requirements, the 
application of crop protection agents to control a variety of diseases and pests, among which 
are weeds. Weeds compete with crops for nutrients, water, and physical space, may harbor 
insect and disease pests, and are thus capable of greatly undermining both crop quality and 
yield. In view of the problems caused by weed species, their control is highly desirable. 
Among the methods to control weeds, the use of herbicides or weed killers has become the 
most reliable and least expensive tool for weed control in places where highly mechanized 
agriculture is practiced. Since the introduction of 2,4-dichlorophenoxyacetic acid (2,4-D) in 
1946, several  classes of herbicides were developed that are effective for broad-spectrum of 
weed control (Böger et al, 2002; Cobb, 1992;  Ware, 2000).     
It is well know that various compounds can interfere with photosynthetic electron transport. 
This fact has been explored by agrochemical companies to develop an assortment of 
herbicides to control weeds.  Some representative members of commercial photosynthetic 
inhibitors are diuron (1), atrazine (2),  paraquat (3) e diquat (4) (Figure 1).  
The photosynthetic inhibitors can be divided into two distinct groups, the inhibitors of 
photosystem II exemplified by diuron (1) and atrazine (2) and the inhibitors of photosystem 
I such as paraquat (3) and diquat (4). It is worth to mention that compounds that inhibit 
photosystem II account for 30% of the sales in the herbicide market (Draber, 1992).  
Although there are a variety of herbicides that can control a broad spectrum of weeds, there 
is still a necessity for the development of new active ingredients. Several reasons can be 
mentioned to support this statement. Herbicides should have a favorable combination of 
properties, such as high specific activity, low application rates, crop tolerance, and low 
mammalian toxicity. Increasing public concern for environmental pollution derived from 
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agricultural practices also requires that herbicides be rapidly degraded by soilborne 
microorganisms. Moreover, during the past years, intensive and repeated applications of the 
same active ingredients cause the selection for and development of herbicide resistance 
(Devine & Shukla, 2000; Beckie, 2006; Gressel, 2009; Preston, 2004). Starting from 1960s, 
hundreds of weed biotypes have been reported as surviving herbicide application (Heap, 
2011).  
Intensive efforts have thus been undertaken to discover new compounds with favorable 
environmental and safety features to selectively control weeds. In this regard, the 
photosynthetic system has been target aiming to find new weed killers. In this book chapter, 
it will be covered the developments concerning the search for new photosynthetic inhibitors 
during the last ten years.  
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Fig. 1. Examples of commercial photosynthetic inhibitors. 

2. Natural products as source of photosynthetic inhibitors  
The strategies used to identify new chemical agents to control weeds can no longer be 
distinguished from pharmaceutical research and development (Short, 2005). Three major 
different approaches have been employed. The first one refers to the systematic screening of 
large numbers of synthetic compounds. Subsequently, lead compounds are optimized. This 
has been the most widely used strategy by agrochemical companies (Böger et al, 2002; Cobb, 
1992; Rüegg et al, 2006; Ware, 2000). The second one is the rational design of specific 
inhibitors of key metabolic processes (Lein et al, 2004). However, to date such an approach 
has not been fully successful to produce commercial herbicides. 
A third strategy is related to the exploitation of natural products either directly as herbicides 
(Copping & Duke, 2007) or as leads for the development of new herbicides (Barbosa et al, 
2008; Dayan et al, 1999; Dayan et al, 2009; Duke et al, 2000a, 2002; Hütter, 2011; Macías et al, 
2007; Pillmoor et al, 1993; Scharader et al, 2010; Strange, 2007; Vyvyan, 2002).  This strategy 
can be considered attractive for several reasons. A vast array of compounds has been 
isolated from nature and most of them have not been evaluated for agrochemical purposes. 
Different from what happens to the majority of synthetic agrochemicals, most natural 
products are water soluble. Moreover, due to natural selection these compounds can present 
bioactivity in very low concentration. The great variety of chemical structures found in 
nature can afford chemical agents for weed control that are toxicologically and 
environmentally benign. Furthermore, the molecular sites where natural products exert 
their action can be quite different from known molecular targets (Duke et al, 2005; Duke, 
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Duke et al, 2000b). This is particularly important to overcome the resistance problem. It is 
worth to mention that the few natural products based herbicides mesotrione, sulcotrione, 
cinmethylin, bialaphos and gliphosinate (vide infra) act on molecular sites that were not 
know before they were introduced.  
Even though the great variety of natural products has been relatively little explored, several 
active principles were discovered in this way (Figure 2). 
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Fig. 2. Structures of compounds 5-11 mentioned in the text. 

Bialaphos (5) and phosphinotricin (6) were originally isolated from various strains of the 
bacteria Streptomyces spp.  (Saxena & Pandey, 2001). Bialaphos is a proherbicide that is 
metabolized into the active ingredient phosphinotricin in the treated plant. Currently, 
bialaphos is commercialized in Japan with the name of Herbiace®. It should be mentioned 
that phosphinotricin (6) is also produced synthetically as a racemic mixture and 
commercialized as gluphosinate. Leptospermone (7), a major component of the essential oil 
of Leptospermun scoparium (Myrtaceae) (van Klink et al, 1999), was chemically modified to 
make mesotrione (Mitchell et al, 2001). Mesotrione (8) is the active principle of the 
commercial herbicide Callisto®, which is commercialized by Syngenta and suitable for use in 
corn fields. Another example is sulcotrione (Chaabane et al, 2005), an herbicide marketed in 
Europe by Bayer Crop Science under the trade name Mikado. Sulcotrione (9) is used to 
control a broad range of annual and perennial broadleaf weeds in maize and sugar cane 
crops. The commercial herbicide cinmethylin  (11) (Figure 2) is a 2-benzyl ether derivative of 
the natural product 1,4-cineole (10) that was developed to control annual grasses (Romagni 
et al, 2000a,b; Duke & Oliva, 2004). Moreover, an increasing number of other natural 
products have been described in the literature as potential leads for the development of 
chemical agents for weed control among which are coumarins, benzoquinones, flavonoids, 
terpenoids and lactones (Barbosa et al, 2008). The natural product pool has been explored in 
the search of new photosynthetic inhibitors and the advances in this regard will be 
described below. 
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Fig. 2. Structures of compounds 5-11 mentioned in the text. 

Bialaphos (5) and phosphinotricin (6) were originally isolated from various strains of the 
bacteria Streptomyces spp.  (Saxena & Pandey, 2001). Bialaphos is a proherbicide that is 
metabolized into the active ingredient phosphinotricin in the treated plant. Currently, 
bialaphos is commercialized in Japan with the name of Herbiace®. It should be mentioned 
that phosphinotricin (6) is also produced synthetically as a racemic mixture and 
commercialized as gluphosinate. Leptospermone (7), a major component of the essential oil 
of Leptospermun scoparium (Myrtaceae) (van Klink et al, 1999), was chemically modified to 
make mesotrione (Mitchell et al, 2001). Mesotrione (8) is the active principle of the 
commercial herbicide Callisto®, which is commercialized by Syngenta and suitable for use in 
corn fields. Another example is sulcotrione (Chaabane et al, 2005), an herbicide marketed in 
Europe by Bayer Crop Science under the trade name Mikado. Sulcotrione (9) is used to 
control a broad range of annual and perennial broadleaf weeds in maize and sugar cane 
crops. The commercial herbicide cinmethylin  (11) (Figure 2) is a 2-benzyl ether derivative of 
the natural product 1,4-cineole (10) that was developed to control annual grasses (Romagni 
et al, 2000a,b; Duke & Oliva, 2004). Moreover, an increasing number of other natural 
products have been described in the literature as potential leads for the development of 
chemical agents for weed control among which are coumarins, benzoquinones, flavonoids, 
terpenoids and lactones (Barbosa et al, 2008). The natural product pool has been explored in 
the search of new photosynthetic inhibitors and the advances in this regard will be 
described below. 
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The diterpene labdane-8,15-diol (12) and its acetyl derivative (13) (Figure 3) were isolated 
from the hexan extract of the stems of Croton cliatoglanduliferus. Biological assays carried out 
with intact spinach chloroplasts showed that these compounds are capable of interfere with 
ATP synthesis (Morales-Flores et al., 2007).  
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Fig. 3. Structures of labdane-8-,15-diol and its acetyl derivative. 

It is well established that in the oxygenic photosynthesis there is a transfer of electron from 
water to NADP+ affording the reduced form NADPH. In this biochemical process, two 
different reaction centers, known as photosystem II and photosystem I, work concurrently 
but in series. In the presence of light photosystem II feeds electrons to photosystem I. The 
electrons are transferred from photosystem II to the photosystem I by intermediate carriers 
as described by the well known Z scheme of photosynthesis (Figure 4). The net reaction is 
the transfer of electrons from water to NADP+.   
It has been proposed that electron transport is indirectly coupled to phosphorylation (ATP 
synthesis) through an electrochemical potential of hydrogen ions (protons) build up across 
the biological membranes involved in the electron transport (Mitchel, 1961). The 
electrochemical gradient, in turn, is consumed in the formation of ATP from ADP and 
inorganic phosphate. There is proportionality between changes in pH and changes in 
hydrogen ion concentrations.  The electron transport gives two protons translocated for each 
electron transferred from photosystem II to photosystem I (Allen, 2003). At pH 8.0 one 
proton ion is consumed irreversibly in the synthesis of ATP: 
ADP-3 + Pi-2  → ATP-4 + -OH. 
As can be noticed in the previous equation, ATP formation can be measured in vitro, using 
intact spinach chloroplast , by determining the basicity of the medium. In the presence of an 
artificial electron receptor such as methylviologen and under continuous actinic 
illumination, the pH rise continues to increase linearly with time corresponding to the 
steady state rate of ATP formation. Under appropriate conditions (Morales-Flores et al., 
2007), the rate of ATP formation can be determined by back titration with hydrochloric acid 
using a microelectrode attached to a potentiometer.  
Diterpenes (12) and (13) (Figure 3) inhibited ATP synthesis coupled to electron transport 
from water to methylviologen in freshly lysed intact spinach chloroplasts in a concentration 
dependent manner. The IC50 (the concentrations causing 50% inhibition in vitro) were 
determined being equal to 72 mol L-1 for compound (12) and 10 mol L-1 for compound 
(13) (Morales-Flores et al., 2007). As mentioned above, the light-dependent phosphorylation 
is coupled to electron transport flow. Thus, ATP formation can be inhibited by (a) blockage 
of the electron transport within thylakoid chain, (b) by dissipation of the H+ gradient, that is, 
uncoupling of the ATP synthesis process from the electron transport, and (c) by direct 
inhibition of the H+-ATPase complex. Reagents that block electron transport avoid ATP 
synthesis because the generation of the transmembrane electrochemical gradient is not 
formed; as previously stated, the driving force for ATP synthesis is dependent upon electron 
flow. Chemicals that increase proton permeability of thylakoid membranes uncouple 
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phosphorylation from electron flow. Uncoupling agents inhibit ATP synthesis by decreasing 
the proton gradient but allow electron transport to occur at high rates. In contrast, direct 
inhibitors of photophosphorylation block both phosphorylation and that portion of electron 
transport that is a consequence of proton efflux linked to phosphorylation (Veiga et al, 
2007a). 
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Fig. 4. The Z scheme and the electron transfer processes involved in oxygenic 
photosynthesis. 

 In order to elucidate the mechanism of action of (12) and (13) on photosynthesis, their effect 
on non-cyclic electron transport from water to methylviologen (basal, phosphorylating, and 
uncoupled) was investigated. It was found that as concentration of these compounds 
increased up to 300 mol L-1, the rates of basal, phosphorilation, and uncoupled electron 
transport were inhibited being basal and uncoupled electron rates the more affected. The 
IC50 found for compound (12) were 200 mol L-1 (basal) and 76 mol L-1 (uncoupled) while 
for (13) IC50 for these rates were 31 and 71.5 mol L-1 for basal and uncoupled, respectively. 
The partial reactions involved in the electron transport flow can be characterized in great 
detail by using highly specifc artificial donors and acceptors (Trebst, 2007; Morales-Florest et 
al, 2007; as cited in Allen & Holmes, 1986). The effect of the natural products (12) and (13) 
(Figure 3) on photosystem I and II and their partial reactions were evaluated. It was 
determined that terpene (12) inhibited the partial reaction from water do DCPIP (2,6-
dichlorophenol indophenol). Inhibition of this partial reaction indicates that the compounds 
inhibits the range of reactions of photosystem II electron transport chain from water to QB 
(Figure 4), because oxidezed DCPIP accepts electrons at this level. It was also found that (12) 
inhibits the photosystem II partial reaction from water to sodium silicomolybdate (SiMo). 
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phosphorylation from electron flow. Uncoupling agents inhibit ATP synthesis by decreasing 
the proton gradient but allow electron transport to occur at high rates. In contrast, direct 
inhibitors of photophosphorylation block both phosphorylation and that portion of electron 
transport that is a consequence of proton efflux linked to phosphorylation (Veiga et al, 
2007a). 
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photosynthesis. 
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dichlorophenol indophenol). Inhibition of this partial reaction indicates that the compounds 
inhibits the range of reactions of photosystem II electron transport chain from water to QB 
(Figure 4), because oxidezed DCPIP accepts electrons at this level. It was also found that (12) 
inhibits the photosystem II partial reaction from water to sodium silicomolybdate (SiMo). 
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Inhibition of this partial reaction means that the (12) affects the partial reaction from water 
to quinone QA since SiMo is used as electron acceptor at or before QA site (Morales-Flores et 
al, 2007, as cited in Giaquinta & Dilley, 1975). The effect of compound (12) on the electron 
flow from diphenylcarbazide (DPC) to DCPIP was also evaluated. In this case, DCPP 
donates electrons at P680 level and the evaluation is carried out with Tris treated chloroplast. 
Such a treatment inhibits the oxygen evolving complex activity. Compound (12) did not 
inhibit this last partial reaction (electron flow from DPC to DCPIP). The results found for the 
activities of compound (12) on the partial reactions of photosystem II led to the indication 
that for this natural product the first site of interaction and inhibition is at the oxygen 
evolving complex. Further investigations carried out with terpene (12) showed that it is able 
to inhibit the partial reaction from reduced phenylmetasulfate (PMS) and methylviologen. 
While PMS donates electrons at the P680 level, methylviologen accepts electrons at Fx level in 
photosystem I. Therefore, it was established that the second site of interaction of compound 
(12) is located between P700 and Fx of photosystem I electron transport chain (Morales-Flores 
et al, 2007). 
The effect of (13) on the partial reactions mentioned above was also evaluated being found 
the following results. It inhibited the partial reactions from water to DCPIP, from water do 
SiMo, and from DPC to DCPIP.  These results indicate that the compound inhibits the 
electron flow in photosystem II in the evolving complex system as well as in the path 
between P680 and QA or at least at P680 site. The labdane 13 also inhibited the partial reaction 
from reduced PMS to oxidezed methylviologen (Morales-Flores et al, 2007). 
The survey of literature revealed that various other terpenes (Figure 5) have been evaluated 
as potential inhibitors of photosynthesis in a similar manner described for compounds (12) 
and (13). 
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Fig. 5. Structures of photosynthetic inhibitor terpenes 14-18. 

The sesquiterpenoids (14) and (15) were isolated from the dichoromethane extract of the 
leaves of Celastrus vulcanicola (Torres-Romero et al, 2008). Similar to what happens to other 
terpenes, both compounds are capable of inhibiting the photosynthetic 
photophosphorylation in isolated spinach chloroplasts from water to methylviologen in a 
concentration-dependent manner (IC50 = 25 mol L-1 for 14 and IC50 = 44  mol L-1 for 15). At 
lower concentrations (up to 50 mol L-1) compound (14) inhibited basal and 
phosphorylating electrons rates (approximately 83% and 79%, respectively); however, at 
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higher concentrations this terpenes reversed both electron transport rates (at 300 mmol L-1, 
the electron flow rates were 32% and 68% for basal and phosphorylating, respectively). In 
addition, this compound also inhibited the uncoupled electron transport rate. Further 
investigations showed that (14) has two targets of interaction: one is located at the oxygen-
evolving complex, and the other located at the H+-ATPase complex. Compound (15) 
behaves likewise to (14) albeit being less active (Torres-Romero et al, 2008). 
The fractioning of the hexane extract from air-dried leaves of Maytenus imbricata led to the 
isolation of seco-3,4-triterpenoid (16). It inhibits the formation of ATP coupled to electron 
transport from water to methylviologen and its IC50 was 148 mol L-1. Evaluation of the 
effect of increasing concentration of (16) on basal, phosphorylating, and uncoupled electron 
flow rates showed that the phosphorylating and uncoupled electron flow are inhibited up to 
300 mol L-1; after this concentration both activities are enhanced. Experimental results 
support the fact that this triterpenoid acts on the oxygen evolving complex since it inhibits 
the electro flow from water to sodium silicomolybdate (SiMo). Moreover, it behaves as 
uncoupler activating the Mg+2-ATPase complex (Souza & Silva et al, 2007).  
Epifriedelinol (17) and canophyllol (18) (Figure 5) are friedelane triterpenoids isolated from 
the stems of Celastrus vulcanicola. Their activities on photosynthesis as determined in vitro 
can be summarized as follows. Epifriedelinol (17) and canophyllol (18) inhibits the ATP 
synthesis coupled to electron transport from water to methylviologen as concentration 
increases presenting IC50 = 82 mol L-1 for compound (17) and 124 mol L-1 for compound 
(18). The evaluation of their effects on noncyclic electron transport from water to methyl 
viologen under basal, phosphorylating, and uncoupled conditions showed that 
epifriedelinol (17) did not affect these processes. On the other hand, compound 18 partially 
inhibited the electron transport rates at different degrees. Both compounds moderately 
enhanced the light-activated Mg+2-ATPase activity indicating that they affect the variation of 
pH and thus avoiding the ATP formation. Thus, the friedelane triterpenoids (17) and (18) 
has two targest of interaction: one is a decrease of pH variation blocking the ATP formation 
and the second by interacting and inhibiting the Mg+2-ATPase activity in thylakoids. It was 
also found that compound (18) is capable of inhibiting the electron flow from water to the 
electron acceptor 2,5-dichloro-1,4-benzoquinone (DCBQ) acting, therefore, as Hill reaction 
inhibitor (Torres-Romero et al, 2010). 
Besides terpenes, the effects of several other natural products (Figure 6) as photosynthetic 
inhibitors have been investigated.  
Demuner and co-workers reported the isolation of 4-methoxy-5-methyl-6-(3-methylbut-2-
enyloxy)isobenzofuran-1(3H)-one (19) from the phytopathogenic fungus Nymbia alternantherae 
(Demuner et al, 2006). This isobenzofuranone acts as Hill reaction inhibitor and uncoupler of 
photosynthesis, displaying inhibitory activity on ATP synthesis (IC50 = 66 mol L-1). 
Siderin (20) is a secondary metabolite produce by Toona ciliate (Meliaceae). Veiga and co-
workers showed that this coumarin inhibited ATP synthesis presenting IC50 = 27.0 mol L-1 
and did not inhibit photosystem I electron transport. Siderin does inhibit partial reactions of 
photosystem electron flow frow water to DCPIP, from water do sodium silicomolybdate 
(SiMo), and partially inhibits electron flow from DPC to DCPIP. All these results support the 
fact that the site of inhibition of (20) is the donor and acceptor sites of photosystem II, 
between P680 and QA (Veiga et al, 2007b). 
The lactone lasiodiplodin (21) was isolated from the ethanolic extract from the fungus 
Botryosphaeria rhodina. As the concentration of (21) is raised, ATP synthesis is inhibited  
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(IC50 = 35.6 mol L-1). The investigation of the phytotoxic effect of this compound on 
photosynthesis resulted in the identification of three new different sites of interaction and 
inhibition: one at CF1 ATPase complex, the second in the oxygen evolving complex, and the 
third at the electron transfer path between P680 and QA. These targets are different from that 
of displayed by synthetic herbicides. This finding corroborates the fact that the exploitation 
of the natural product pool can afford compounds presenting different molecular targets 
compared to well known herbicides (Veiga et al, 2007a). 
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Fig. 6. Structures of compounds 19-28 mentioned in the text. 

The bioactivity-guided chemical analysis of Selaginella lepidophylla resulted in the isolation of 
the biflavonoids robustaflavone (22), 2,3-dihydrorobustaflavone (23), and 2,3-
dihydrorobustaflavone-5-methyl ether (24) (Figure 6). The in vitro assays revealed that all 
the isolated flavonoids inhibited the ATP synthesis coupled to electron flow from water to 
methylviologen in isolated freshly lysed intact spinach chloroplasts. The IC50 values for this 
activity were 44, 39, and 79 mol L-1 for compounds (22), (23), and (24), respectively. 
Considering the three modes of electron transport (basal, uncoupling and phosphorylating) 
from water to methylviologen, all of them are partially inhibited by the three flavonoids 
being compound (22) the most active. The mode of action of these compounds were further 
investigated. Compound (22) did not affect the photosystem I. However, it interacts with 
photosystem II in the span of oxygen evolving complex to P680. The interaction and 
inhibition target of (23) was located at Cytb6f complex to plastocyanin (PC) (Figure 4). 
Flavonoid (24) had no effect on photosystem I or II. However, it acts as energy transfer 
inhibitors since increasing concentrations of (22), (23), and (24) inhibited the Mg+2-ATPase 
activity (Aguilar et al, 2008).   
A set of fifteen substances belonging to two groups of organic compounds, nonenolides and 
cytochalasins, had their phytotoxic effects evaluated against the perennial weed species 
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Cirsium arvense and Sonchus arvensis (Berestetskiy et al, 2008). Among the nonelides evaluate 
by leaf disc-puncture bioassay, stagonolide A (25) displayed the highest phytotoxic effect 
(necrosis diameter > 6 mm) on leaves of C. arvense. Considering the cytochalasins, only 
cytochalasyn A (26) showed high phytotoxic effect on this weed species (necrosis diameter 
3 mm) (Berestetskiy et al, 2008).  
The most phytotoxic compound against S. arvensis was the cytochalasyn deoxaphomin (27) 
(necrosis diameter 7 mmm). High phytotoxic effects were also observed for stagonolide A 
(25), cytochalasin A (26) and cytochalasin  B (28) (necrosis diameter  4.5, 5.5 and 4 mm, 
respectively) (Berestetskiy et al, 2008). 
Photometric assays in the range of 450-950 nm showed that stagonolide A (25) and 
cytochalasin B (28) presented effects on photosynthesis. Twenty four hours after the 
observation of the first necrosis on leaf discs, both compounds caused significant decrease of 
the light absorption at the wave length 450 nm by C. arvense. This experimental observation 
was associated with the reduction of -carotene or/and chlorophyll b content in leaf tissue 
of C. arvense since these pigments have a peak of resonant absorption near the 450 nm. At 
the wavelength of 530 nm and 550 nm, it was noticed increase in the light absorption for 
compounds (25) and (28). However, stagonolide A (25) had significantly stronger effect at 
550 nm compared to cytochalasin B (28). Since cytochromes have a peak absorption in the 
range of 530-550 nm the substances (25) and (28) probably increased the concentration of 
these proteins, and did not affect electron transport. Treatment of leaf discs by stagonolide 
(25) also led to reduction of light absorption in the wavelenghth region between 630-690 nm 
by C. arvense leaves (Berestetsky et al, 2008). The peaks of light absorption in this region are 
characteristic of chlorophyll intermediates, phytochlorophyllide and chlorophyllide 
(Berestetskiy et al, 2008, as cited by Duke et al, 1991). 

3. Synthetic studies towards the discovery of new photosynthetic inhibitors  
In the research and development of new agrochemicals, organic synthesis plays an 
important role. After the discovery of a lead structure, an optimization process of it is 
carried out in order to improve the biological activity as well physico-chemical properties of 
the lead. Within this context, organic chemists utilize a vast array of chemical reactions to 
prepare derivatives of a lead compound. In this section it will be discussed recent advances 
concerning synthetic studies aimed to discover new photosynthetic inhibitors. Details about 
the preparation of the mentioned compounds can be found in the cited references and will 
not be covered herein since this is not the focus of this book chapter. 
Several papers has been published in the last few years dealing with the synthesis of various 
aromatic nitrogenated compounds and their biological evaluation as photosynthetic 
inhibitors (Jampilek et al, 2009a,b; Musiol et al, 2007; Musiol et al, 2008; Musiol et al, 2010; 
Otevrel et al, 2010). The general structures and their associated most active compounds are 
presented in Figure 7 along with the IC50 data. For all of these substances, the in vitro 
evaluation of their inhibitory activity on the electron transport in isolated intact spinach 
chloroplasts was determined spectrophotometrically using the artificial electron acceptor 
2,6-dichlorophenol indophenol (DCPIP). The rate of photosynthetic electron transport was 
monitored as photoreduction of DCPIP. The biological assays utilized diuron (1) (Figure 1) 
as positive control which the IC50 determined under the conditions used in the experiments 
was 1.9 mol L-1. 
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(IC50 = 35.6 mol L-1). The investigation of the phytotoxic effect of this compound on 
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Fig. 6. Structures of compounds 19-28 mentioned in the text. 
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Quinoline is a structural motif found in various classes of bioactive compound. Musiol and 
co-workers prepared seventeen quinoline derivatives presenting the general structure (29). 
Some of the synthesized compound could not be biologically evaluated due to poor water 
solubility. The ten studied quinolines presented low inhibitory activity on photosynthetic 
electron transport with IC50 values ranging from 26 to 487 mol L-1. Compound (29a) was 
the most active presenting IC50 = 26 mol L-1 (Musiol et al, 2007).  
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31b 7.2 
32a 157 
32b 126 
33a 33.5 
33b 54.4 
34a 2.7 
34b 1.6 
34c 1.6 
34d 1.0 
Diuron 1,9 

Fig. 7. Structures of aromatic nitrogenated compounds 29-34. 
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For the two groups of amides (structures 30 and 31) based on the quinoline scaffold  system, 
it was found that the for the seventeen compounds of general structure (30) the most active 
ones were those possessing the nitro group (-NO2) at the R1 position (30a-30e). Compounds 
lacking this functionality at the specified position were completely inactive. Considering the 
quinolines (31), no simple structure-activity relationship explaining the observed activity 
was found being the two most active derivatives (31a) and (31b) (Musiol et al, 2008).  
In a series of twelve ring-substituted 4-hydroxy-1H-quinolin-2-one derivatives (general 
structure 32), all of the compounds displayed very low inhibitory activity (IC50 ranging from 
126 to 925 mol L-1) on electron transport in photosynthesis from water to DCPIP (Jampilek 
et al, 2009a). The best activities were observed with derivatives (32a) and (32b).  
In another series of hydroxilated derivatives, among the fourteen ring-substituted 8-
hydroxyquinoline derivatives (33), two compounds (33a, 33b) showed moderate inhibitory 
activity (Musiol et al, 2010). 
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Compound IC50 (mol L-1) 
35a 16986 
35b 0.320.19 
35c 428 
35d 328 
35e 6.60.8 
35f 2.60.6 
36a 0.210.03 
36b 184 
36c 2.90.6 
36d 0.570.11 
Diuron 0.270.02 
Hexazinone 0.110.01 
Lenacil 0.080.02 

Fig. 8. Structures of pyrazoles 35 and 36 and the corresponding IC50 data. 

The investigation of the influence of twelve ring substituted salicylanilides and 
carbamoylpehnylcarbamates, represented by the general structure (34), on photosynthetic 
apparatus afforded compounds (34a-34d) (Figure 7) with biological activities compared do 
diuron. The remaining evaluated compounds displayed low to moderate activity. In 
addition, it was also suggested based on experimental results that the site of action of the 
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compounds could be in QB, which is the second quinine acceptor on the oxidizing site of 
photosystem II. 
The ability of ten pyrazole derivatives presenting the general structures (35) and (36) to act 
as photosystem II inhibitors was evaluated (Vicentini et al, 2004). In the presence of 
increasing concentrations of the compounds, it was observed that all of them are capable of 
interfering with the light-driven reduction of ferricyanide by isolated spinach chloroplasts. 
As can be seen in Figure 8, with the only exception of compound (35a), the IC50 ranged from 
0.2 to 42 mol L-1. It is important to mention that the effectiveness of the most active 
compounds was comparable to three commercial herbicides (diuron, hexazinone and 
lenacil) used as positive controls in the experiments.  
The pyrazoles (35) and (36) were also evaluated in vivo against the blue-green alga Spirulina 
platensis as well as the eukaryotic alga belonging to the genus Chlorella. Once again, for some 
derivatives the observed activities are remarkable and comparable to commercial herbicides 
used as positive controls (Vicentini et al, 2004). 
Even more remarkable biological activity was displayed by another series of pyrazoles 
presenting the general structures (37) and (38) (Figura 9). All of these compounds inhibited 
the Hill reaction from water to ferrycianide in the presence of illuminated chloroplasts, with 
IC50 ranging from 10-6 mol L-1 to 10 -4 mol L-1. The efficacy of (37j) (IC50 = 0.64 mol L-1) is 
comparable to commercial herbicides such as diuron, lenacil and hexazinone (IC50 = 0.27, 
0.08 and 0.11 mol L-1) (Vicentini et al, 2005). 
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Fig. 9. Structures of pyrazoles 37 and 38 mentioned in the text. 

One strategy that could be used to discover novel herbicides is to synthesize analogues of a 
natural products which is known to present phytotoxic activity. It is also possible to take a 
structure of a phytotoxic natural product itself and carry out structural modifications on it. 
Such an approach can result in compounds with improved biological activity as well better 
physico-chemical properties. The natural product (39) (Figure 10) was isolated from Pterodon 
polygalaeflorus. Biological evaluation of (39) as potential inhibitor of ATP synthesis in 
isolated chloroplasts from spinach revealed that this substance is completely inactive. 
However, its -lactone derivative (40) inhibited this process as concentration increases. For 
this compound, the IC50 was 90 mol L-1. Similar to other terpenes previously described in 
this chapter, lactone (40) did not affect photosystem I but it did inhibit electron transport 
through photosystem II by targeting the oxygen evolving complex as well as the redox 
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enzymes of the electron transport chain in the span between P680 and QA (King-Díaz et al 
2006).   
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Fig. 10. Structure of diterpene (39) and its synthetic derivative (40).  

Other derivatives of compound (39) have been recently evaluated and present phytotoxic 
properties on photosynthesis (King-Díaz et al, 2010). 
The nostoclides (41) correspond to a pair of naturally-occurring lactones produced by a 
cyanobacterium (Nostoc sp.) symbiont of Peltigera canina (L.). It has been suggested that these 
chlorinated compounds may be allelopathic agents since P. canina cultures are usually not 
contaminated with microorganisms (Yang et al, 1993). In view of that, it was decided to 
investigate the potential phytotoxicity of nostoclide analogues (Barbosa et. al. 2006). In this 
context, several derivatives (general structures 42 and 43, Figure 11) were prepared, and 
their ability to interfere with the ligh-driven reduction of ferricyanide by isolated spinach 
chloroplasts thylakoid membranes (Hill reaction) was subsequently evaluated (Barbosa et 
al., 2007; Teixeira et al, 2008). 
A number of nostoclide derivatives, at various degrees, exhibited inhibitory properties in 
the micromolar range against the basal electron flow from water to ferricyanide. As a 
general trend, the non-brominated derivatives (43) presented higher effectiveness than their 
brominated counterparts. The most active compounds (43a-43e)  derivatives along with 
their IC50 values are presented in Figure 11. 
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Compound Benzylidene group IC50 (mol L-1) 
43a Z-4-nitrobenzylidene 1.70.7 
43b Z-2-fluorobenzylidene 10.13.2 
43c Z-4-trifluoromethylbenzilidene 8.32.3 
43d Z-2-trifluoromethylbenzilidene 11.84.5 
43e Z-4-ethylbenzylidene 9.13.2 

Fig. 11. Structure of natural product nostoclides and some synthetic analogues. 
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Such an approach can result in compounds with improved biological activity as well better 
physico-chemical properties. The natural product (39) (Figure 10) was isolated from Pterodon 
polygalaeflorus. Biological evaluation of (39) as potential inhibitor of ATP synthesis in 
isolated chloroplasts from spinach revealed that this substance is completely inactive. 
However, its -lactone derivative (40) inhibited this process as concentration increases. For 
this compound, the IC50 was 90 mol L-1. Similar to other terpenes previously described in 
this chapter, lactone (40) did not affect photosystem I but it did inhibit electron transport 
through photosystem II by targeting the oxygen evolving complex as well as the redox 
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enzymes of the electron transport chain in the span between P680 and QA (King-Díaz et al 
2006).   
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O

O

(39) (40)  
Fig. 10. Structure of diterpene (39) and its synthetic derivative (40).  

Other derivatives of compound (39) have been recently evaluated and present phytotoxic 
properties on photosynthesis (King-Díaz et al, 2010). 
The nostoclides (41) correspond to a pair of naturally-occurring lactones produced by a 
cyanobacterium (Nostoc sp.) symbiont of Peltigera canina (L.). It has been suggested that these 
chlorinated compounds may be allelopathic agents since P. canina cultures are usually not 
contaminated with microorganisms (Yang et al, 1993). In view of that, it was decided to 
investigate the potential phytotoxicity of nostoclide analogues (Barbosa et. al. 2006). In this 
context, several derivatives (general structures 42 and 43, Figure 11) were prepared, and 
their ability to interfere with the ligh-driven reduction of ferricyanide by isolated spinach 
chloroplasts thylakoid membranes (Hill reaction) was subsequently evaluated (Barbosa et 
al., 2007; Teixeira et al, 2008). 
A number of nostoclide derivatives, at various degrees, exhibited inhibitory properties in 
the micromolar range against the basal electron flow from water to ferricyanide. As a 
general trend, the non-brominated derivatives (43) presented higher effectiveness than their 
brominated counterparts. The most active compounds (43a-43e)  derivatives along with 
their IC50 values are presented in Figure 11. 
 

O

HO
Cl

R

O

(41)

R = Cl: Nostoclide I
R = H: Nostoclide II

O O

(42) X = Br
(43) X = H

R

X

 
 

Compound Benzylidene group IC50 (mol L-1) 
43a Z-4-nitrobenzylidene 1.70.7 
43b Z-2-fluorobenzylidene 10.13.2 
43c Z-4-trifluoromethylbenzilidene 8.32.3 
43d Z-2-trifluoromethylbenzilidene 11.84.5 
43e Z-4-ethylbenzylidene 9.13.2 

Fig. 11. Structure of natural product nostoclides and some synthetic analogues. 
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More recently, a QSAR (Quantitative Structure Activity Relantionship) investigation was 
carried out on a series of nostoclide analogues presenting the general structure (43) to 
correlate molecular descriptions with their in vitro biological activity (the ability to interfere 
with ligh-driven reduction of ferrycianide by isolated spinach chloroplasts thylakoid 
membranes). The results of this investigation suggested that the degree of inhibition 
efficiency of this class of compounds is intimately associated with their polarity (Teixeira et 
al, 2009). Thus, it is likely that new nostoclide analogues with higher polarity could display 
improved biological activity. At the moment that this book chapter is written, there is no 
report on the literature concerning the synthesis of nostoclide analogues with higher 
polarity than the previous ones already prepared.   

4. Conclusions 
The ongoing need for new agents to control weeds has stimulated the search for new 
photosynthetic inhibitors. We described in this chapter a variety of compounds presenting 
this type of activity. The natural products have been explored toward this end resulting in 
the identification of compounds with various structural motifs. Such an approach has 
resulted in the discovery of photosynthetic inhibitors with new modes of action. This, in 
turn, can be helpful in dealing whit resistance a problem to be faced in weed 
management. It is possible to anticipate that promising inhibitors of photosynthesis will 
certainly be found by exploring the natural product pool. From nature, it is also possible 
that more active compounds with low toxicity and improved selectivity will be found. 
Promising photosynthetic inhibitors has also been revealed by the synthetic studies. One 
important challenge in the field of weed management is related to selectivity. In other 
words, chemicals should exert their action only on weeds. As can be noticed in the 
discussion of the studies published in the literature during the last years, this issue  
has not been addressed. Future works should also be concerned with this important 
matter. 
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1. Introduction 
Microalgae are prokaryotic or eukaryotic photosynthetic microorganisms that can grow 
rapidly and live in a wide range of ecosystems extending from terrestrial to aquatic 
environment. Environmental factors such as temperature, UV-light, irradiance, drought and 
salinity are known to affect their photosynthesis.  
Photosynthesis was the most sensitive process in microalgae, leading to numerous changes 
in structure and function of the photosynthetic apparatus under various conditions. The 
photosynthetic response may be involved in the modification of energy collector complexes, 
antennas, or reaction centers and in the distribution of excitation energy between the two 
photo systems (PSII and PSI). 
Photosynthesis of micro algae is often inhibited by salt stress (Kirst, 1990). Such an 
inhibition may be explained by a decrease in PSII activity. Indeed, in the green microalgae, 
salt stress inhibits PSII activity in Dunaliella tertiolecta and Chlamydomonas reinhardtii that is 
associated with a state-2 transition (Gilmour et al., 1985, Endo et al., 1995).  
In the cyanobacteria, it has been suggested that the decreased PSII activity in salt-stressed 
cells is associated with the state-2 transition (Schubert et al., 1993; Schubert and Hagemann, 
1990). It has been reported that salt stress significantly inhibit the maximal efficiency of PSII 
photochemistry in Spirulina platensis cells and this inhibition is increased with increasing 
light intensity ( Lu et al., 1999; Lu & Zhang, 1999, 2000).  
The decreased maximum quantum yield of primary photochemistry (Fv/Fm), interpreted as 
photodamage (Powles, 1984; Torzillo et al., 1998; Maxwell & Johnson 2000), may be due to 
an inactivation of PSII reaction centers, an inhibition of electron transport at both donor and 
acceptor sides of PSII, and a distribution of excitation energy transfer in favor of PSI (Lu & 
Vonshak, 1999; Lu et al., 1999; Lu & Vonshak, 2002), increasing the cyclic electron flow 
around PSI (Gilmour et al., 1982; Joset et al., 1996). This decrease is often identified as an 
adaptive acclimation process of down regulation of PSII, a protective mechanism that helps 
dissipate excess energy from the photosynthetic apparatus (Allen & Ort, 2001; Tsonev et al., 
2003; Hill et al., 2004; Kramer et al., 2004; Hill & Ralph, 2005). 
In Synechocystis, it has been reported that the decreased PSII activity by salt stress can be 
explained the fact that salt stress inhibits the repair of photo-damaged PSII by by concealing 
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the synthesis of D1 protein (Allakhverdiev et al., 2002). D1 protein of thylakoid membranes 
was showed as a sensitive protein to environmental stress conditions: under various 
unfavorable conditions like drought, nutrition deficiency, heat, chemical stress, ozone 
fumigation as well as UV-B and visible light stresses can influence the turnover of D1 
protein (Giardi et al., 1997). In Synechococcus cells, salt stress inactivated both PSII and PSI 
due to the changes in K/Na ratio (Allakhverdiev et al., 2000). 
High temperature stress inhibits the function of the oxidizing side of PSII and oxygen 
evolution is significantly decreased (Havaux, 1993). A loss of the oxygen evolving complex 
activity is thought to be due to the release of manganese atoms and the dissociation of the 
manganese stabilizing 33kDa protein from the PSII reaction center complex (Nash et al., 
1985; Yamane et al., 1998). 
High temperature stress also results in an inactivation of PSII reaction centers (Bukhov & 
Carpentier, 1990; Toth et al., 2005). In addition, high temperature results in a shift of the 
redox equilibrium between the primary acceptor plastoquinone (QA) and the secondary 
acceptor plastoquinone (QB) (Pospisil & Tyystjarvi, 1999; Toth et al., 2007). Furthermore, 
high temperature stress induces a dissociation of the peripheral antenna complex of PSII 
from its core complex (Armond et al., 1980; Wen et al., 2005). 
As response to low temperature, Kenya strain of Arthrospira platensis was better acclimated 
than M2 strain by down-regulating its photosynthetic activity through decreasing antenna 
size and thus reducing energy flux into the photo-systems, decreasing reaction center 
density and the performance index, thus decreasing the trapping probability and electron 
transport beyond QA- unchanged and increasing the energy dissipation flux.  
Hence, the Kenya strain minimized potential damage on the acceptor side of PSII as 
compared to the M2 cells. Acclimation to low temperature was accompanied by an 
improved mechanism for handling excess energy resulting in an enhanced ability to rapidly 
repair damaged PSII reaction centers and withstand a high photon flux density stress; which 
was defined as a cross adaptation phenomenon (Vonshak & Novoplansky, 2008).  
Increase in pigment in response to decrease in light intensity has long been considered an 
important and adaptive response because it increases the cellular efficiency of light-
harvesting under light -limiting conditions (Richardson et al., 1983; Falkowski & LaRoche, 
1991). This so-called photo-adaptive response can be compared to responses to other 
environmental factors, including temperature, nutrient availability and chemicals that affect 
cell metabolism and growth (Laws & Bannister, 1980; Rhee & Cotham, 1981; Verity, 1982; 
Fabregas et al., 1986; Osborne & Geider, 1986; Geider, 1987; Kana & Gilbert, 1987; Kana et 
al., 1992). Pigmentation such us Chlorophyll-a, is generally decreased under steady state 
nutrient limitation or transient starvation, or under lowered temperature, however 
carotenoids often remain high (Young, 1993) under photo-inhibition. Indeed, carotenoids 
may act as a screening pigment that blocks excess light, as well as scavenging reactive 
oxygen species, thereby decreasing the damaging effects of intense illumination at low 
temperatures (Krause, 1993). Furthermore, at low temperature, photosynthetic capacity 
decreased due to depress activity of ribulose-1,5-bisphosphate carboxylase (Rubisco) (Li et 
al., 1984; Raven & Geider, 1988). 
Then, results of our works dealing with photosynthetic behaviors of the cyanobacteria 
Arthrospira platensis under various conditions, such as salinity and mixotrophic nutrition 
mode and those of combined effect of temperature, light intensity and C/N ratio on photo-
system II photochemistry in Cosmarium. sp isolated from Tunisian geothermal source. 
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successive generations. These changes occur after pronounced evaporation, therefore salt 
stress could be considered as the main cause of this transformation. 
In this section we investigated the effect of salt concentration on adapted cells of Arthrospira 
platensis, straight morphone in order to explore salty medium. The physiological behavior 
was evaluated by studying growth, pigment content, photosynthetic activity, change in the 
distribution of excitation energy between the two photo-systems (PSI and PSII) and the PSII 
photochemistry (Ben Dhiab et al., 2007).  
The increase in salt concentration from 17mM to 500mM enhanced the growth as expressed 
by the increase of chlorophyll-a content from 52µg mL-1 to 70µg mL-1 (Fig.1) and a significant 
increase in phycobilin and carotenoid per Chlorophyll-a contents.  
 

 
Fig. 1. Chlorophyll-a concentration of Arthrospira platensis exposed to different NaCl 
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cyanobacteria, there is evidence of the redistribution of energy absorbed by both chlorophyll 
and phycobilin pigments. Proposed mechanisms differ in the relative involvement of the 
two pigment types. Changes in the distribution of excitation energy were assessed using 
77K fluorescence emission spectroscopy under excitation of both phycobilin at 570 nm and 
chlorophyll at 440 nm.  
 
Medium NaCl concentration α Pc Rd Pm 
17 mM 5.79 ± 0.97 11.61 ± 4.47 72 ± 4.07 526.32 ± 2.95 
250 mM 7.55 ± 0.60 7.62 ± 1.49 43.2 ± 0.00 864.00 ± 6.11 
500 mM 6.46 ± 0.72 7.60 ± 3.15 50.4 ± 3.05 623.52 ± 6.11 

Table 1. Photosynthetic parameters measured after 15 days of growth of the various cultures 
(Pm: light saturated maximal photosynthetic activity (μmol O2 h-1 mg-1chl), α: initial slope at 
the P-I curve (μmol O2 h-1 mg-1chl/μmol photons m-2 s-1); Rd: dark respiration (μmol O2 
uptake h-1 mg-1 chl); Pc: compensation point (light intensity in μmol photons m-2 s-1 where 
no net oxygen uptake or evolution was observed) 

 
Fig. 2. Fluorescence emission spectra of excitation at 440 nm (a) and of excitation at 570 nm 
(b) on Arthrospira platensis exposed to different NaCl concentration. Spectra are normalized 
at 800 nm 

The ratios between the peak heights at 685 or 695 and 730nm assigned respectively to Photo- 
system II (PS II) and photo-system I (PS I) (F685/F730) or (F695/F730) were used to obtain 
qualitative characteristics. These ratios are considered as a relative indicator of the distribution 
of excitation energy between PSII and PSI and therefore as an indicator of the state of the cells. 
The increase of NaCl concentration to 500 mM was accompanied with an enhancement of PSII 
activity per report to PSI under excitation of both chlorophyll and phycobilin (Fig 2).  
The ratio between the heights of the peaks at 600 nm and 440 nm, calculated from the 
emission spectra of PSII at 695 nm (F695,600/F695,440), increased simultaneously with salt 
concentration of the growth media (Fig 3-a). This effect can be attributed to an increase of 
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the energy transfer between phycobilisomes and PSII, which therefore enhanced the PSII 
fluorescence emission peak at 695 nm. This may also explain the elevated F695/F730 ratio in 
salt adapted cells of Arthrospira platensis. Additionally, the highest phycobilin/Chlorophyll-a 
ratio in salt adapted cultures allows the increase of light absorption by phycobilisomes 
which therefore increases PSII/PSI ratios.  

 
Fig. 3. Excitation spectra of PSII emission at 695 nm normalized at 670 nm (a) and PSI 
emission at 730 nm normalized at 710 nm (b) on Arthrospira platensis exposed to different 
NaCl concentrations 

A direct energy transfer from phycobilisomes to PSI was also observed as shown by the 
ratio between the heights of the peaks at 600 nm and 440 nm calculated from emission 
spectra of PSI at 730 nm (F730,600/F730,440) (Fig 3-b). These ratios were close to unity, 
indicating that the cross section of energy transfer from phycobilisomes and chlorophyll-a to 
PSI was probably equivalent. These ratios remained relatively unchanged with the increase 
of NaCl concentration in growth media, resulting in a constant fluorescence emission of PSI.  
Data of maximal efficiency of PSII photochemistry were not in agreement with the above 
mentioned results. Indeed, Fv/Fm ratio decreased in salt adapted cultures. However, the 
trapping flux per PSII reaction center (TR0/RC) and the probability of electron transport 
beyond QA showed change neither at the donor nor at the acceptor sides of PSII. In plants, 
Fv/Fm was well defined as an index of the maximal photochemical efficiency of PSII 
(Bjorkman & Demming, 1987). But this interpretation depended on both F0 and Fv 
originating predominantly from sides of PSII (Table 2) 
 
Medium NaCl concentration Fv/Fm Ψ0 TR0/RC 
17 mM 0.46 ± 0.03 0.43 ± 0.08 2.96 ± 0.13 
250 mM 0.44 ± 0.03 0.43 ± 0.07 2.83 ± 0.25 
500 mM 0.40 ± 0.04 0.41 ± 0.08 2.87 ± 0.18 

Table 2. Variable fluorescence parameters measured after 15 days of growth in media with 
different NaCl concentration; Fv/Fm: maximal efficiency of PSII photochemistry; Ψ0: 
probability of electron transport beyond QA; TR0/RC: trapping flux per PSII reaction centre 

This assumption was not valid for cyanobacteria (Buchel & Wilhem, 1993; Papageorgiou & 
Govindjee, 1968; Papageorgiou, 1996; Schreiber et al., 1986), since phycobilin fluorescence 
interfered with Chlorophyll fluorescence leading to an increase of F0, and therefore to a 
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decrease of Fv/Fm values. Consequently, PSII contributed only a small proportion of total 
chlorophyll (Campbell et al., 1998). These data showed that phycobilin content, compared to 
the chlorophyll content as assessed by (phycobilin/Chlorophyll-a) ratio, increased with salt 
concentration and therefore affected the Fv/Fm measured values. 
Several works studying the effect of salt concentration on physiological behavior of 
Arthrospira platensis showed different results. Vonshak et al., (1988, 1995, 1996), Zeng & 
Vonshak (1998), Lu et al. (1998, 1999) and Lu & Vonshak (1999, 2002) have shown that an 
increase in salt concentration led to the decrease of the specific growth rate, photosynthetic 
efficiency, maximum rate of photosynthesis, phycobilin/Chlorophyll-a ratio and PSII 
activity. Conversely, dark respiration activity, compensation points and PSI activity were 
increased. These contradictory results might be attributed to different genetic and 
environmental factors. Indeed, according to Berry et al. (2003), bioenergetic processes in the 
cytoplasmic membrane, the thylakoid membrane and the cytoplasm exhibited special 
adaptation strategies of strains like Arthrospira platensis which were mainly realized by using 
available components from the “tool-box” with different expression levels. In this study, the 
Compere strain of Arthrospira platensis was used, whereas Lu & Vonshak (1999, 2002) and 
Pogoryelov et al. (2003) have used, respectively, the M2 and Mayse strains.  
Changes in the morphology of the trichome (from the helicoidal to the straight form) seem 
to be accompanied with modifications of physiological behavior of Arthrospira in response to 
the increase of NaCl concentration in growth media. Indeed, according to Jeeji Bai (1985) 
and Lewin (1980), the comparative behavior of the two morphones (straight and helicoïdal) 
in pure cultures showed that NaCl addition over and above the basal level inhibits the 
growth of the helicoidal morphone, while the straight morphone’s growth behavior 
remained unaffected.  
Minor variations in culture conditions might induce differences on physiological responses. 
Indeed, in our study a light intensity of 20 μmol photon m-2 s-1 was used, which was lower 
than the one used by Lu and Vonshak (1999, 2002: 50 μmol photon m-2 s-1) and Pogoryelov et 
al. (2003: 60 μmol photon m-2 s-1). These experimental light conditions appeared to be 
appropriated to maintain growth and full activity of the cells under elevated salinity 
conditions. Indeed, Zeng & Vonshak (1998) have shown that, at a higher light intensity, 
growing cells showed lower photosynthetic activity after photo- inhibition under salinity 
stress, compared with cells growing under lower light intensity conditions. In addition, it 
has been observed that a 12 h salt stress inhibits electron transport at both the donor and 
acceptor sides of PSII. However, 2 weeks-old adapted cells showed a down-regulation of 
PSII reaction centers without any inhibition of electron transfer on the donor and acceptor 
sides of PSII (Lu & Vonshak, 2002). Moreover, the effect of salt stress on PSII function in 
Arthrospira cells might be attributed to a direct interaction of high salt with PS II or more 
complex interaction through unknown cell components, which remain to be studied further. 
Indeed, the time course of adaptation to salinity stress induced different results. 

3. Combined effect of light intensity and glucose concentration on 
Arthrospira platensis growth and photosynthetic responses 
Arthrospira platensis is a photosynthetic cyanobacterium which is able to convert the energy 
of sunlight into chemical compounds usable by the cell to fix carbon dioxide and release 
oxygen. This cyanobacterium was also shown to be able of using organic carbon sources in 
heterotrophic and mixotrophic culture conditions. (Marquez et al., 1993; Chen et al., 1996; 
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Zhang et al., 1999; Vonshak et al., 2000; Chojnacka & Noworyta, 2004; Lodi et al., 2005; 
Andrade & Costa 2007). Mixotrophic growth offers a possibility of greatly increasing 
microalgal cell concentration in batch culture (Richmond, 1988; Marquez et al., 1993, 1995; 
Zhang et al., 1999). In mixotrophic growth, there are two distinctive processes within the 
cell, photosynthesis and aerobic respiration. The former is influenced by light intensity and 
the latter is related to the organic substrate concentration. 
The interaction of light and glucose on specific growth rate was found to follow 
multiplicative growth kinetics (Chojnacka & Noworyta, 2004). The level of light intensity 
and glucose concentration and their interaction may influence both autotrophic 
(photosynthesis) and heterotrophic (oxidative metabolism of glucose) processes and 
therefore influence cell growth. 
In this section, we expose primarily the combined effects of light intensity and glucose 
concentration on maximal biomass concentration, maximum specific growth rate, maximum 
net photosynthetic rate, and dark respiration rate and secondly comparative analysis on 
growth and photosynthetic responses between photoautotrophic and mixotrophic cultures 
(Ben Dhiab et al., 2010). 
The effect of light intensity and glucose concentration on growth and photosynthesis was 
investigated using designs of response surface modelling (RSM) as shown in Table 3.  
 
Experiment Factors Responses 

 
Light 
(µmol 
photons  
m-2 s-1) 

 
Glucose 
(g L-1) 

 
Maximal 
Biomass 
Xmax  
(g L-1) 

 
Maximal 
specific 
growth rate 
(µ)  
(day-1) 

 
Net 
Photosynthes
is (Pn)  
(µmol O2 mg 
Chl-1 h-1 

 
Dark 
respiration 
(Rd)  
(µmol uptake 
O2 mg  
Chl-1 h-1 ) 

 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

 
50 
100 
150 
50 
100 
150 
50 
100 
150 
100 
100 

 
0.5 
0.5 
0.5 
1.5 
1.5 
1.5 
2.5 
2.5 
2.5 
1.5 
1.5 

 
0.51 
0.44 
0.73 
0.73 
0.80 
0.83 
0.85 
0.91 
1.33 
0.86 
0.84 

 
0.28 
0.24 
0.43 
0.33 
0.19 
0.49 
0.35 
0.37 
0.49 
0.23 
0.23 

 
43.77 
48.56 
84.32 
46.91 
47.61 
135.79 
49.21 
67.78 
132.7 
67.83 
65.29 

 
45.85 
41.60 
46.76 
45.85 
50.87 
46.16 
50.74 
63.27 
65.00 
52.93 
39.94 

Table 3. Maximal specific growth rate (µmax), maximal biomass concentration (Xmax), net 
photosynthetic rate (Pn) and dark respiration rate (Rd) for various culture conditions of light 
intensity and glucose concentration. 

Analysis of the results was performed by MODDE. 7.0. The effect of each factor and their 
interactions was obtained by ANOVA with confidence interval of 90%. 
Growth was characterized by two responses: maximum biomass concentration (Xmax) and 
maximum specific growth rate (μmax), whereas photosynthesis was evaluated by maximum 
net photosynthetic rate (Pn) and dark respiration rate (Rd). 
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decrease of Fv/Fm values. Consequently, PSII contributed only a small proportion of total 
chlorophyll (Campbell et al., 1998). These data showed that phycobilin content, compared to 
the chlorophyll content as assessed by (phycobilin/Chlorophyll-a) ratio, increased with salt 
concentration and therefore affected the Fv/Fm measured values. 
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and glucose concentration and their interaction may influence both autotrophic 
(photosynthesis) and heterotrophic (oxidative metabolism of glucose) processes and 
therefore influence cell growth. 
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net photosynthetic rate, and dark respiration rate and secondly comparative analysis on 
growth and photosynthetic responses between photoautotrophic and mixotrophic cultures 
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Experiment Factors Responses 

 
Light 
(µmol 
photons  
m-2 s-1) 

 
Glucose 
(g L-1) 

 
Maximal 
Biomass 
Xmax  
(g L-1) 

 
Maximal 
specific 
growth rate 
(µ)  
(day-1) 

 
Net 
Photosynthes
is (Pn)  
(µmol O2 mg 
Chl-1 h-1 

 
Dark 
respiration 
(Rd)  
(µmol uptake 
O2 mg  
Chl-1 h-1 ) 

 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

 
50 
100 
150 
50 
100 
150 
50 
100 
150 
100 
100 

 
0.5 
0.5 
0.5 
1.5 
1.5 
1.5 
2.5 
2.5 
2.5 
1.5 
1.5 

 
0.51 
0.44 
0.73 
0.73 
0.80 
0.83 
0.85 
0.91 
1.33 
0.86 
0.84 

 
0.28 
0.24 
0.43 
0.33 
0.19 
0.49 
0.35 
0.37 
0.49 
0.23 
0.23 

 
43.77 
48.56 
84.32 
46.91 
47.61 
135.79 
49.21 
67.78 
132.7 
67.83 
65.29 

 
45.85 
41.60 
46.76 
45.85 
50.87 
46.16 
50.74 
63.27 
65.00 
52.93 
39.94 

Table 3. Maximal specific growth rate (µmax), maximal biomass concentration (Xmax), net 
photosynthetic rate (Pn) and dark respiration rate (Rd) for various culture conditions of light 
intensity and glucose concentration. 

Analysis of the results was performed by MODDE. 7.0. The effect of each factor and their 
interactions was obtained by ANOVA with confidence interval of 90%. 
Growth was characterized by two responses: maximum biomass concentration (Xmax) and 
maximum specific growth rate (μmax), whereas photosynthesis was evaluated by maximum 
net photosynthetic rate (Pn) and dark respiration rate (Rd). 



 
Applied Photosynthesis 

 

30

The results showed that Arthrospira platensis grew in the presence of organic substrate 
(glucose) in the light. Independently of light intensity and glucose concentration, rates of the 
instantaneous relative growth, net photosynthesis, and dark respiration demonstrated two 
different phases (Fig. 4). 
 

  
Fig. 4. Rates of the instantaneous relative growth, net photosynthesis, and dark respiration 
under photoautotrophic (a) and mixotrophic (b) conditions at a light intensity of 150 μmol 
photons m-2s-1 

The first phase occurred during the first 3 to 4 days. It was characterized by the highest rates 
of instantaneous relative growth and net photosynthesis, as well as the preponderance of 
photosynthetic activity even in mixotrophic cultures, as seen by the increase in pH until the 
third day. This result might be supported by the data reported by Yang et al. (2000) who 
found that light was the major source for ATP production in the early phase of mixotrophic 
cultivation. 
The second phase occurred from the fourth day onwards. It was characterized by the 
decrease of the instantaneous relative growth rates. In photoautotrophic cultures, rates of 
maximal net photosynthesis and dark respiration were maintained at constant values which 
are lower than those observed during the first phase. However, in mixotrophic cultures, net 
photosynthetic rate was reduced to negative values and dark respiration rate increased. 
Thus, we suggest that metabolic activity was based essentially on photoheterotrophy. This 
suggestion is supported by the decrease of pH during this phase, due to the release of 
carbon dioxide, caused by the heterotrophic component of mixotrophic metabolism as 
reported by Hase et al. (2000). 
These results are in contrast with those observed by Chen & Zhang (1997) who showed that 
heterotrophic metabolism dominated in the first phase, then decreased subsequently as the 
glucose was consumed, and later photosynthesis became predominant. The same comment 
was signaled by Andrade & Costa (2007). Indeed, these suggestions were based only on the 
glucose consumption and phycocyanin content. Our results showed effectively that the total 
glucose in the medium was consumed during the first 3 days, considered as the 
photoautotrophic phase and characterized by the highest net photosynthetic rate. Thus, we 
hypothesise that glucose was stored as reserve carbohydrate (glycogen) to be metabolized in 
the second phase considered as heterotrophic. Indeed, Pelroy et al. (1972) showed in 
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Synechocystis sp. that exogenous glucose is mainly stored as glycogen under illumination 
before being metabolized for the maintenance of cells (Yang et al., 2000). Our hypothesis is 
supported by results of Martinez and Orus (1991) who noted that respiratory rate was 
noticeably enhanced in mixotrophic cultures, reflecting the increasing rate of glucose 
metabolism after the induction of glucose uptake ability. Moreover, in the second phase and 
additional to the decrease of the net photosynthetic rate, we noted a reduction of the 
photochemical efficiency of photosystem II accompanied by lower electron transport rate. 
Therefore, organic carbon sources reduced the photosynthetic efficiency in this phase, and 
the enhancement of biomass of Arthrospira platensis implied that organic sources had more 
pronounced effects on respiration than on photosynthesis. These conclusions are in 
agreement with results obtained with Phaeodactylum tricornutum under mixotrophic culture 
(Liu et al., 2009). 
All the above results confirmed that, in the second phase, Arthrospira platensis might use and 
metabolize glucose and then shift to the heterotrophic nutrition mode. Comparison between 
mixotrophic and autotrophic cultures showed that the former were characterized by the 
highest values of the instantaneous relative growth rates and maximal biomass 
concentration. These results are consistent with those obtained by Marquez et al. (1993, 
1995), Vonshak et al. (2000), Zhang et al. (1999), and Andrade and Costa (2007). Marquez et 
al. (1993) and Hata et al. (2000) suggested that in mixotrophic culture, a simultaneous 
uptake of organic compounds and CO2 takes place as carbon sources for cell synthesis, and 
it is then expected that CO2 will be released via respiration and will be rapidly trapped and 
reused under sufficient light intensity. Thus, mixotrophic cells acquire the energy by 
catabolizing organic compounds via respiration and converting light energy into chemical 
energy via photosynthesis (Hata et al., 2000). 
Effectively, both photosynthetic and dark respiration rates were the highest in mixotrophic 
cultures, as observed by Vonshak et al. (2000) in Arthrsopira platensis, Kang et al. (2004) in 
Synechococcus sp., Yu et al. (2009) in Nostoc flagelliforme, and Orus et al. (1991) in Chlorella 
vulgaris. The biomass gain recorded in mixotrophic cultures was achieved in the second 
phase characterized by the nutritive salt reduction and the decrease of the available photons 
for cells as a consequence of shading caused by the increase in cell density. Such conditions 
seem to stimulate heterotrophic growth which gives the possibility to increase biomass 
concentration (Chen et al., 1996; Chen & Zhang, 1997). Martinez et al. (1997) indicated in 
Chlorella pyrenoidosa that light contributes the energy needed for growth and cell 
maintenance, while glucose is used for the formation of biomass. 
Furthermore, the results of Yu et al. (2009) demonstrated that, during the first 4 days, the 
cell concentration in mixotrophic culture of Nostoc flagelliforme was lower than the sum of 
those in photoautotrophic and in heterotrophic culture. However, from the fifth day, the cell 
concentration in mixotrophic culture surpassed the sum of those obtained from the other 
two trophic modes. The reason for this phenomenon requires further investigation.  
Growth and photosynthetic activity of mixotrophic cultures were evaluated with respect to 
light intensity and glucose concentration using response surface methodology as shown in 
Fig 5. The experimental design showed that polynomial models dependent on light intensity 
and glucose concentration could describe relatively accurately the maximal biomass 
concentration, maximum specific growth rate, and maximum net photosynthetic rate. 
The results showed clearly that all these responses were influenced by both factors. 
Furthermore, the interaction of both factors showed that at low light intensity, glucose had a 
low effect on maximum biomass concentration and maximum net photosynthetic rate. 
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Synechocystis sp. that exogenous glucose is mainly stored as glycogen under illumination 
before being metabolized for the maintenance of cells (Yang et al., 2000). Our hypothesis is 
supported by results of Martinez and Orus (1991) who noted that respiratory rate was 
noticeably enhanced in mixotrophic cultures, reflecting the increasing rate of glucose 
metabolism after the induction of glucose uptake ability. Moreover, in the second phase and 
additional to the decrease of the net photosynthetic rate, we noted a reduction of the 
photochemical efficiency of photosystem II accompanied by lower electron transport rate. 
Therefore, organic carbon sources reduced the photosynthetic efficiency in this phase, and 
the enhancement of biomass of Arthrospira platensis implied that organic sources had more 
pronounced effects on respiration than on photosynthesis. These conclusions are in 
agreement with results obtained with Phaeodactylum tricornutum under mixotrophic culture 
(Liu et al., 2009). 
All the above results confirmed that, in the second phase, Arthrospira platensis might use and 
metabolize glucose and then shift to the heterotrophic nutrition mode. Comparison between 
mixotrophic and autotrophic cultures showed that the former were characterized by the 
highest values of the instantaneous relative growth rates and maximal biomass 
concentration. These results are consistent with those obtained by Marquez et al. (1993, 
1995), Vonshak et al. (2000), Zhang et al. (1999), and Andrade and Costa (2007). Marquez et 
al. (1993) and Hata et al. (2000) suggested that in mixotrophic culture, a simultaneous 
uptake of organic compounds and CO2 takes place as carbon sources for cell synthesis, and 
it is then expected that CO2 will be released via respiration and will be rapidly trapped and 
reused under sufficient light intensity. Thus, mixotrophic cells acquire the energy by 
catabolizing organic compounds via respiration and converting light energy into chemical 
energy via photosynthesis (Hata et al., 2000). 
Effectively, both photosynthetic and dark respiration rates were the highest in mixotrophic 
cultures, as observed by Vonshak et al. (2000) in Arthrsopira platensis, Kang et al. (2004) in 
Synechococcus sp., Yu et al. (2009) in Nostoc flagelliforme, and Orus et al. (1991) in Chlorella 
vulgaris. The biomass gain recorded in mixotrophic cultures was achieved in the second 
phase characterized by the nutritive salt reduction and the decrease of the available photons 
for cells as a consequence of shading caused by the increase in cell density. Such conditions 
seem to stimulate heterotrophic growth which gives the possibility to increase biomass 
concentration (Chen et al., 1996; Chen & Zhang, 1997). Martinez et al. (1997) indicated in 
Chlorella pyrenoidosa that light contributes the energy needed for growth and cell 
maintenance, while glucose is used for the formation of biomass. 
Furthermore, the results of Yu et al. (2009) demonstrated that, during the first 4 days, the 
cell concentration in mixotrophic culture of Nostoc flagelliforme was lower than the sum of 
those in photoautotrophic and in heterotrophic culture. However, from the fifth day, the cell 
concentration in mixotrophic culture surpassed the sum of those obtained from the other 
two trophic modes. The reason for this phenomenon requires further investigation.  
Growth and photosynthetic activity of mixotrophic cultures were evaluated with respect to 
light intensity and glucose concentration using response surface methodology as shown in 
Fig 5. The experimental design showed that polynomial models dependent on light intensity 
and glucose concentration could describe relatively accurately the maximal biomass 
concentration, maximum specific growth rate, and maximum net photosynthetic rate. 
The results showed clearly that all these responses were influenced by both factors. 
Furthermore, the interaction of both factors showed that at low light intensity, glucose had a 
low effect on maximum biomass concentration and maximum net photosynthetic rate. 
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However, at the highest light intensity (150 μmol photons m-2s-1), the effect of glucose was 
positive and the responses were more sensitive to it. The effect of this organic carbon 
substrate might be attributed to the protective role of glucose or to the shift in light intensity 
at which photo-inhibition occurs, as explained by Chojnacka & Marquez-Rocha (2004). Thus, 
cells growing heterotrophically might use part of the O2 produced by cells growing 
photoautotrophically, decreasing dissolved oxygen concentration; this can help reduce 
photooxidative damage. As has been observed in the response surface plot, the maximum 
biomass concentration (1.33 gL-1) was obtained at the highest light intensity (150 μmol 
photons m-2s-1) and glucose concentration (2.5 gL-1). The same conditions improved 
maximum specific growth rate (0.49 day-1) and maximum net photosynthetic rate (139.89 
μmol μmol O2 mg Chl-1 h-1). Conditions favouring high biomass production and maximum 
net photosynthetic rate were, however, not optimal. Indeed, the optimal conditions of light 
intensity and glucose concentration are not achieved in the experimental range used in this  

 

 
Fig. 5. Response surface plot vs light intensity and glucose concentration for maximal 
biomass concentration (a), maximal specific growth rate (b) and net photosynthesis (c). 

 
Photosynthetic Behavior of Microalgae in Response to Environmental Factors 

 

33 

study. Therefore, further studies that extend the experimental range of light intensity and 
glucose concentration might be required to reveal optimal conditions that maximize growth 
and photosynthesis of mixotrophic cultures. For the same species, Zhang et al. (1999), using 
a number of mathematical models, found that the optimal initial glucose concentration and 
light intensity were 2.5 g L-1 and 48 μmol photons m-2 s-1 (4 klx), respectively. However, 
Chojnacka (2003) determined optimal growth parameters to be 2.5 gL-1 glucose 
concentration and 126 μmol photons m-2s-1 (10.5 klx) light intensity. This difference in the 
optimal light intensity, as commented by Chojnacka & Marquez-Rocha (2004), could be due 
to the different methods of light intensity measurement and distribution of cells inside the 
culture vessels. Considering all the findings drawn from the experimental design, it is also 
recommended that data from batch cultures should be further examined to develop much 
more accurate models. 

4. Combined effect of temperature, light intensity and C/N on photo system II 
in Cosmarium. sp isolated from Tunisian geothermal using polyphasic rise of 
fluorescence transients 
Hot spring microalgae are exposed to daily and seasonal fluctuations in temperature and 
light, which are the major factors determining photosynthetic and growth rates. These 
factors intensities may disturb the balance between the absorption of energy through 
photosynthesis and the ability to utilize this energy. Such conditions may cause higher 
excitation pressure on PSII that result in damage to the photosynthetic apparatus (Huner et 
al., 1998; Yamamoto, 2001; Wilson et al., 2006). 
Within the photosynthetic apparatus, photo-system II (PSII) is the most sensitive component 
of the electron transport chain (Cajanek et al., 1998). Damage to PSII is often the first 
manifestation of stress. Among partial reactions of PSII, the oxygen evolving complex (OEC) 
is particularly heat sensitive (Georgieva et al., 2000).  
Numerous studies have shown that high temperature stress has various effects on PSII 
function.  
Several major regulatory mechanisms may be involved in the protection of the PSII 
apparatus from photo-damage under stress conditions: photochemical processes related to 
electron transport, non photochemical processes by which excess energy is dissipated as 
heat fluorescence or transferred to other systems, and modification in D1 protein turnover 
under excess energy stress (Prasil et al., 1992; Campbell et al., 1998; Huner et al., 1998; Melis, 
1999; Adams et al., 2001; Yamamoto, 2001; Tsonev & Hikosaka, 2003). 
Polyphasic rise in Chlorophyll-a fluorescence (OJIP test) has been used as a tool to evaluate 
modifications in PSII photochemistry in a wide range of studies, not only in higher plants 
(Tomek et al., 2001; Ban Dar & Leu, 2003; Force et al., 2003; Zhu et al., 2005; Strauss et al., 2006) 
but also in algae (Hill et al., 2004; Hill & Ralph, 2005; Kruskopf & Flynn, 2006) and 
cyanobacteria (Strasser et al., 1995, 2004; Lu & Vonshak, 1999; Lu et al., 1999; Qiu et al., 2004; 
Lazar, 2006). This tool has been used in a variety of studies, including structure and function of 
the photosynthetic apparatus, characterization of vitality and physiological condition, and 
selection of species tolerant to stress conditions (Hermans et al., 2003, Goncalves & Santos, 2005). 
Fluorescence induction kinetics (Kautsky curve) of all photosynthetic organisms show a 
polyphasic rise between initial (F0) and maximum (Fm) fluorescence yields (Schreiber & 
Neubauer, 1987; Strasser et al., 1995; Srivastava et al., 1999). These phases were designed as 
O, J, I and P, and can be visualized using a logarithmic time scale. By monitoring 
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fluorescence transients and quenching, it is possible to obtain information on the absorption, 
transfer and dissipation of energy by PSII.  
In this section we study the response of photo-system II under combined environmental 
factors of temperature, light intensity and Carbon/Nitrogen ratio in Cosmarium sp isolated 
from Tunisian hot spring using Polyphasic rise of fluorescence transients. 
Analysis of fluorescence transients in Cosmarium sp might be provide information about 
changes taking place in the structure, conformation and functional of the photosynthetic 
apparatus, especially in PSII under these environmental factors. 
The increase of temperature from 20°C to 60°C causes a significant decrease in the minimal 
(F0) and maximal (Fm) fluorescence (Fig 6). A decrease in the fluorescence yield in Cosmarium 
cells can be attributed to an inhibition of electron flow at oxidizing site of PSII (Lu & 
Vonshak, 2002). The decrease in Fm and fluorescence at J, I, P may be due to two reasons, 
first by inhibition of electron transport at the donor side of the PSII which results in the 
accumulation of P680+ (Govindjee, 1995; Neubauer & Schreiber., 1987) and second due to a 
decrease in the pool size of QA-. 
The same results were observed in Synechocystis cells exposed to Sb at 10 mg L-1. In fact Fm 
was decreased and the shape of J–I–P phase became flat with the increase of Sb 
concentration, indicating that PSII were partially inactivated and could not be closed, and 
the reduction of PQ (non-photochemical phase) was inhibited (Zhang et al., 2010). In 
Spirulina platensis, Zhao et al. (2008) showed that Fm decreased but F0 increased significantly 
with increasing temperature. A loss of the JI-phase at higher temperatures suggests that heat 
stress resulted in the destruction of the oxygen-evolving complex which may be due to a 
loss of the manganese cluster activity.  
The reduction in the J and P steps observed in the Kenya strain of Arthrospira platensis grown 
at low temperature reflects a bigger decline in the concentration of QA, QB2-, and 
plastoquinol (PQH2) and therefore a decrease in the accumulation of reduced QA 
(Govindjee, 2004; Zhu et al., 2005; Lazar 2006) as well as a decrease in the concentration of 
active reaction centers (Govindjee, 2004; Zhu et al., 2005; Lazar, 2006). 
At the donor side, the quenching effect of the variable fluorescence yield at J, I and P was 
also ascribed to the deterioration of the water splitting system (Strasser, 1997). 
Moreover, the efficiency of the water-splitting complex on the donor side of PSII as 
expressed from (Fv/F0) (Schreiber et al., 1994) is the most sensitive component in the 
photosynthetic electron transport chain. In this study the increase of temperature from 20°C 
to 60°C decreased this ratio from 2.71 to 0.14. This decrease results from photosynthetic 
electron transport impairment as indicated by Pereira et al. (2000). The same results were 
also observed in barely under salt concentration (Kalaji et al., 2011) and in Synechocystis sp. 
exposed to Sb (Zhang et al., 2010). 
Area over the fluorescence induction curve between F0 and Fm is proportional to the pool 
size of the electron acceptor QA on the reducing side of PSII. If the electron transfer from 
reaction center to quinone pool is blocked, this area will be dramatically reduced (Strasser et 
al., 2000). As compared to the initial inoculums, the area over the fluorescence curve was 
decreased with increasing temperature at 60°C to reach ratios of 0.28 and 0.65. However 
these ratios were augmented to 3.5 and 4.24 times in the lowest temperature at 20°C. This 
decrease in area over the fluorescence curve suggests that high temperature inhibits the 
electron transfer rates at the donor side of PSII. This inhibition becomes most considerable 
under the interaction of the highest temperature and light intensity (60°C/130µmol photons 
m-2 s-1) which lead to the blockage of the electron transfer from reaction center to quinone  
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Fig. 6. Spider plot of parameter of fluorescence intensities responses of the OJIP steps and 
Fv/F0 

pool. These results are in agreement with those of Mehta et al. (2010) which showed an 
inhibition in the electron transfer rates at the donor side of PS II in Triticum aestivum leaves, 
treated with 0.5 M NaCl.  
To localize the action of high temperature in electron transport chain on acceptor side of 
PSII, the kinetics of relative variable fluorescence (Vj), was calculated. Vj is equivalent to (Fj-
F0/Fm-F0). Fj is the fluorescence at J step at 2 ms, relative variable fluorescence (Vj) at 2 ms 
for unconnected PS II units, equals to the fraction of closed RCs at J step expressed as 
proportion of the total number of the RCs that can be closed (Force et al., 2003). Efficiency 
with which a trapped exciton can move an electron in to the electron transport chain further 
than QA- (0 = ET0/TR0) was also measured. 
Increasing temperature from 20°C to 60°C provoke an increase of Vj from 85% to 147% and a 
decrease of 0 from 112% to 62%. Thus, revealed a loss of QA- reoxidation capacity and an 
inhibition of electron transport at the acceptor side of PSII and also beyond QA-. The same 
results were showed in wheat leaves (Mehta et al., 2010), Spirulina platensis (Lu & Vonshak, 
2002) and Synechocystis sp. (Zhang et al., 2010) treated respectively with 0.5 M NaCl, 0.8M 
NaCl and antimony potassium tartrate (Sb). 
Results of specific energy fluxes demonstrated that an increase of temperature from 20°C to 
60°C provoked the raise of the effective antenna size per reaction center (ABS/RC) (from 
33% to 74.5%), the trapping energy flux per reaction center (from 78% to 493%) and 
dissipated energy flux per reaction center (from 13% to 936%).  
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fluorescence transients and quenching, it is possible to obtain information on the absorption, 
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In this section we study the response of photo-system II under combined environmental 
factors of temperature, light intensity and Carbon/Nitrogen ratio in Cosmarium sp isolated 
from Tunisian hot spring using Polyphasic rise of fluorescence transients. 
Analysis of fluorescence transients in Cosmarium sp might be provide information about 
changes taking place in the structure, conformation and functional of the photosynthetic 
apparatus, especially in PSII under these environmental factors. 
The increase of temperature from 20°C to 60°C causes a significant decrease in the minimal 
(F0) and maximal (Fm) fluorescence (Fig 6). A decrease in the fluorescence yield in Cosmarium 
cells can be attributed to an inhibition of electron flow at oxidizing site of PSII (Lu & 
Vonshak, 2002). The decrease in Fm and fluorescence at J, I, P may be due to two reasons, 
first by inhibition of electron transport at the donor side of the PSII which results in the 
accumulation of P680+ (Govindjee, 1995; Neubauer & Schreiber., 1987) and second due to a 
decrease in the pool size of QA-. 
The same results were observed in Synechocystis cells exposed to Sb at 10 mg L-1. In fact Fm 
was decreased and the shape of J–I–P phase became flat with the increase of Sb 
concentration, indicating that PSII were partially inactivated and could not be closed, and 
the reduction of PQ (non-photochemical phase) was inhibited (Zhang et al., 2010). In 
Spirulina platensis, Zhao et al. (2008) showed that Fm decreased but F0 increased significantly 
with increasing temperature. A loss of the JI-phase at higher temperatures suggests that heat 
stress resulted in the destruction of the oxygen-evolving complex which may be due to a 
loss of the manganese cluster activity.  
The reduction in the J and P steps observed in the Kenya strain of Arthrospira platensis grown 
at low temperature reflects a bigger decline in the concentration of QA, QB2-, and 
plastoquinol (PQH2) and therefore a decrease in the accumulation of reduced QA 
(Govindjee, 2004; Zhu et al., 2005; Lazar 2006) as well as a decrease in the concentration of 
active reaction centers (Govindjee, 2004; Zhu et al., 2005; Lazar, 2006). 
At the donor side, the quenching effect of the variable fluorescence yield at J, I and P was 
also ascribed to the deterioration of the water splitting system (Strasser, 1997). 
Moreover, the efficiency of the water-splitting complex on the donor side of PSII as 
expressed from (Fv/F0) (Schreiber et al., 1994) is the most sensitive component in the 
photosynthetic electron transport chain. In this study the increase of temperature from 20°C 
to 60°C decreased this ratio from 2.71 to 0.14. This decrease results from photosynthetic 
electron transport impairment as indicated by Pereira et al. (2000). The same results were 
also observed in barely under salt concentration (Kalaji et al., 2011) and in Synechocystis sp. 
exposed to Sb (Zhang et al., 2010). 
Area over the fluorescence induction curve between F0 and Fm is proportional to the pool 
size of the electron acceptor QA on the reducing side of PSII. If the electron transfer from 
reaction center to quinone pool is blocked, this area will be dramatically reduced (Strasser et 
al., 2000). As compared to the initial inoculums, the area over the fluorescence curve was 
decreased with increasing temperature at 60°C to reach ratios of 0.28 and 0.65. However 
these ratios were augmented to 3.5 and 4.24 times in the lowest temperature at 20°C. This 
decrease in area over the fluorescence curve suggests that high temperature inhibits the 
electron transfer rates at the donor side of PSII. This inhibition becomes most considerable 
under the interaction of the highest temperature and light intensity (60°C/130µmol photons 
m-2 s-1) which lead to the blockage of the electron transfer from reaction center to quinone  
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Fig. 6. Spider plot of parameter of fluorescence intensities responses of the OJIP steps and 
Fv/F0 

pool. These results are in agreement with those of Mehta et al. (2010) which showed an 
inhibition in the electron transfer rates at the donor side of PS II in Triticum aestivum leaves, 
treated with 0.5 M NaCl.  
To localize the action of high temperature in electron transport chain on acceptor side of 
PSII, the kinetics of relative variable fluorescence (Vj), was calculated. Vj is equivalent to (Fj-
F0/Fm-F0). Fj is the fluorescence at J step at 2 ms, relative variable fluorescence (Vj) at 2 ms 
for unconnected PS II units, equals to the fraction of closed RCs at J step expressed as 
proportion of the total number of the RCs that can be closed (Force et al., 2003). Efficiency 
with which a trapped exciton can move an electron in to the electron transport chain further 
than QA- (0 = ET0/TR0) was also measured. 
Increasing temperature from 20°C to 60°C provoke an increase of Vj from 85% to 147% and a 
decrease of 0 from 112% to 62%. Thus, revealed a loss of QA- reoxidation capacity and an 
inhibition of electron transport at the acceptor side of PSII and also beyond QA-. The same 
results were showed in wheat leaves (Mehta et al., 2010), Spirulina platensis (Lu & Vonshak, 
2002) and Synechocystis sp. (Zhang et al., 2010) treated respectively with 0.5 M NaCl, 0.8M 
NaCl and antimony potassium tartrate (Sb). 
Results of specific energy fluxes demonstrated that an increase of temperature from 20°C to 
60°C provoked the raise of the effective antenna size per reaction center (ABS/RC) (from 
33% to 74.5%), the trapping energy flux per reaction center (from 78% to 493%) and 
dissipated energy flux per reaction center (from 13% to 936%).  
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Fig. 7. Spider plot of parameter of quantum efficiencies (P0, E0, 0), area, and relative 
variable fluorescence intensity at the J-step (Vj).  

The ratio of ABS/RC demonstrates average antenna size and expresses the total absorption 
of PS II antenna chlorophylls divided by the number of active (in the sense of QA reducing) 
reaction centers. Therefore, the antenna of inactivated reaction centers are mathematically 
added to the antenna of the active reaction centers. Consequently, the increase of this ratio 
was justified by an inactivation of some active reaction centers.  
TR0/RC ratio represents the maximal rate by which an exciton is trapped by the RC 
resulting in the reduction of QA. So it refers only to the active (QA to QA-) centers (Force et al. 
2003). The increase in this ratio indicates that all the QA has been reduced but it is not able to 
oxidize back due to stress, as a result the reoxidation of QA- is inhibited so that QA cannot 
transfer electrons efficiently to QB.  
DI0/RC corresponds to the ratio of the total dissipation of untrapped excitation energy from 
all RCs with respect to the number of active RCs. Dissipation may occurs as heat, 
fluorescence and energy transfer to other systems. It is influenced by the ratios of 
active/inactive RCs. The ratio of total dissipation to the amount of active RCs increased 
(DI0/RC) due to the high dissipation of the active RCs. 
These ratios conclusively describe that the number of inactive centers have increased due 
to high temperature in Cosmarium sp. These results were confirmed by the decrease in the 
concentration of active PSII reaction centers (RC/CSm) from 315% to 5% at 60°C, resulted 
in a similar decrease in maximum quantum yield for primary photochemistry (φP0) and in 
the quantum yield of electron transport (φE0) respectively from 239% to 50% and from 
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264% to 33%. Furthermore the increase of temperature from 20°C to 60°C provokes the 
decrease in the performance index (PIABS) from 2361% to 122% which indicates the sample 
vitality. 
 

 
Fig. 8. Spider plot of specific energy fluxes parameters 

All these results were in line with those observed by Mathur et al. (2010) and Mehta et al. 
(2010) in wheat leaves of Triticum aestivum as a response to high salt stress. 
According to Zhao et al. (2008), heat stress in Spirulina platensis resulted in a decrease in 
RC/ABS, suggesting further a decrease in the total number of active reaction center. It 
should be pointed out that the expression RC/ABS refers to QA reducing reaction centers of 
PSII (Strasser & Strasser, 1995; Strasser et al., 2000). The decrease in RC/ABS in heat-stressed 
Spirulina cells also indicates a decrease in the total number of QA reducing reaction centers 
of PSII. These results further indicate that heat stress caused a shift of the equilibrium 
towards QA, making the electrons tend to stay longer on QA, suggesting that heat stress 
induced an increase in the QB non- reducing reaction centers of PSII. 
Dissipation in this context refers to the loss of absorbed energy through heat, fluorescence 
and energy transfer to other systems (Strasser et al., 2000), and is represented by the 
equation DI0/RC= (ABS/RC)-(TR0/RC). Therefore, dissipation can be thought of as the 
absorption of photons in excess of what can be trapped by the reaction center. In illuminated 
Monstera leaves, the excitation energy in the antenna of the active reaction centers was in 
excess of that required for trapping and some energy was dissipated. 
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Monstera leaves, the excitation energy in the antenna of the active reaction centers was in 
excess of that required for trapping and some energy was dissipated. 



 
Applied Photosynthesis 

 

38

The energy pipeline model as an effect of elevated temperature was deduced using biolyzer 
HP3 software. This model gives information about the efficiency of flow of energy from 
antennae to the electron transport chain components through the RC of PSII. The area or the 
width of the arrows for each of the parameters, ABS/CS0, TR0⁄CS0, ET0⁄CS0 and DI0⁄CS0, 
indicate the efficiency of light absorption, trapping, electron transport and dissipation per 
cross-section of PSII, respectively, in Cosmarium sp. treated in 20°C and 60°C. 
The effect of elevated temperature on Cosmarium cells was represented phenomenologically 
per excited cross-section (CS) area (Fig. 9).  
 

 
Fig. 9. Phenomenological fluxes of cell suspension pipeline model of Cosmarium sp. treated 
at two temperature conditions (20°C and 60°C). 

Results showed a decrease in ABS⁄CS0, ET0⁄CS0 under elevated temperature (60°C). Indeed, 
ABS⁄CS0 describes the number of photons absorbed by antenna molecules of active and 
inactive PSII RCs over the excited cross-section of the tested sample and is represented by 
the dark-adapted F0. The ABS⁄CS0 can be substituted as an approximation by the 
fluorescence intensity, F0. A decrease in ABS⁄CS0 at high temperature indicates a decrease in 
the energy absorbed per excited cross-section. ET0⁄CS0 represents electron transport in a 
PSII cross-section and indicates the rate of reoxidation of reduced QA via electron transport 
over a cross-section of active RCs (Force et al., 2003). A decrease in this ratio indicates 
inactivation of RC complexes and the Oxygen Evolving Complex (OEC) and also suggests 
that the donor side of PSII has been affected.  
DI0⁄CS0, represents the total dissipation measured over the cross-section of the sample that 
contains active and inactive RCs. A decrease in the density of active RCs (indicated as open 
circles) and an increase in the density of inactive RCs (indicated as filled circles) was 
observed in response to elevated temperature. Dissipation occurs as heat, fluorescence and 
energy transfer to other systems. An increase in energy dissipation at high temperature 
indicates that energy available for photochemistry is reduced under stress conditions 
(Strasser, 1987; Strasser et al., 1996, 2000; Kruger et al., 1997; Force et al., 2003). 

5. Conclusion  
In conclusion, our findings showed that morphological change of Arthrospira platensis 
trichome from helicoidal to the straight morphone was accompanied with physiological 
modifications as response to salt stress. Indeed, the increase of NaCl concentration in 
growth media to 500mM enhances the growth, the photosynthetic efficiency and PSII 
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activity as compared to 17mM cultures. The elevated PSII activity might be attributed to the 
increase of phycobilin content which led to an increase of light absorption by 
phycobilisomes relative to that of chlorophyll-a and therefore an increase of the energy 
transfer between phycobilisomes and PSII. Furthermore, the fluorescence emission spectra 
of phycobilin excitation showed that the energy in excess might be directly dissipated by 
fluorescence of phycobilin in order to protect the PSII against the photo inhibition.  
The straight form seems to be more tolerant to salt; it maintains full activity under 500 mM 
NaCl medium whereas the optimal growth medium for the helicoidal morphone is 17 mM 
NaCl. Therefore, a better understanding of salt stress on PSII may help optimize the 
productivity of the microalgal cultures grown outdoors. 
In order to increase and optimize the biomass productivity, this strain was performed under 
two trophic modes (autotrophic and mixotrophic) using factorial design. As revealed by the 
kinetics of maximal net photosynthetic, dark respiration rates and instantaneous growth 
rates, mixotrophic cultures showed two phases. The first was distinguished by the 
preponderance of the photoautotrophic mode while the second was based mainly on 
photoheterotrophy. The synergistic effect of photosynthesis and glucose oxidation enhanced 
the growth rate and the biomass concentration of Arthrospira platensis under mixotrophic 
mode as compared to autotrophic mode.  
The combined effect of temperature, light intensity and C/N ratio on Cosmarium sp 
demonstrate that Cosmarium cells isolated from hot spring water maintained their maximum 
photochemical efficiency under 20°C. Nevertheless this specie was acclimated and 
withstood under 60°C by down-regulating electron transport at both donor and acceptor 
sides of PSII. Otherwise, the conversion of some active reaction centers of PSII into inactive 
form provides a protective mechanism for quenching excessive energy. Indeed the 
excitation energy in excess would be dissipated as heat and fluorescence or transferred to 
other systems via electron transport pathways such respiration or state transition between 
PSII and PSI suggested to be a part of the acclimation mechanisms to environmental stress.  
Ultimately to withstand and grow under harsh environments or extreme conditions, several 
adaptive mechanisms might be developed. These mechanisms were accompanied with their 
ability to adjust their photosynthetic apparatus in order to acclimate to the prevailing 
environmental conditions. 
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activity as compared to 17mM cultures. The elevated PSII activity might be attributed to the 
increase of phycobilin content which led to an increase of light absorption by 
phycobilisomes relative to that of chlorophyll-a and therefore an increase of the energy 
transfer between phycobilisomes and PSII. Furthermore, the fluorescence emission spectra 
of phycobilin excitation showed that the energy in excess might be directly dissipated by 
fluorescence of phycobilin in order to protect the PSII against the photo inhibition.  
The straight form seems to be more tolerant to salt; it maintains full activity under 500 mM 
NaCl medium whereas the optimal growth medium for the helicoidal morphone is 17 mM 
NaCl. Therefore, a better understanding of salt stress on PSII may help optimize the 
productivity of the microalgal cultures grown outdoors. 
In order to increase and optimize the biomass productivity, this strain was performed under 
two trophic modes (autotrophic and mixotrophic) using factorial design. As revealed by the 
kinetics of maximal net photosynthetic, dark respiration rates and instantaneous growth 
rates, mixotrophic cultures showed two phases. The first was distinguished by the 
preponderance of the photoautotrophic mode while the second was based mainly on 
photoheterotrophy. The synergistic effect of photosynthesis and glucose oxidation enhanced 
the growth rate and the biomass concentration of Arthrospira platensis under mixotrophic 
mode as compared to autotrophic mode.  
The combined effect of temperature, light intensity and C/N ratio on Cosmarium sp 
demonstrate that Cosmarium cells isolated from hot spring water maintained their maximum 
photochemical efficiency under 20°C. Nevertheless this specie was acclimated and 
withstood under 60°C by down-regulating electron transport at both donor and acceptor 
sides of PSII. Otherwise, the conversion of some active reaction centers of PSII into inactive 
form provides a protective mechanism for quenching excessive energy. Indeed the 
excitation energy in excess would be dissipated as heat and fluorescence or transferred to 
other systems via electron transport pathways such respiration or state transition between 
PSII and PSI suggested to be a part of the acclimation mechanisms to environmental stress.  
Ultimately to withstand and grow under harsh environments or extreme conditions, several 
adaptive mechanisms might be developed. These mechanisms were accompanied with their 
ability to adjust their photosynthetic apparatus in order to acclimate to the prevailing 
environmental conditions. 
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1. Introduction 
European chestnut (Castanea sativa Mill.) covers in total 2.53 million hectares, of which 2.2 
million hectares are forests and the remaining parts, are orchards. In Europe it is growing in 
an area comprised by 27º N and 53º N latitude, from sea level in seaside regions to 2000 m 
above sea level (a.s.l.) in the south of Europe. According to Fernández-López et al. (2005), 
chestnut species is characterized by the existence of some differentiation among extreme 
populations, which can be supposed due to its long-range distribution across the 
Mediterranean region, through varying climatic conditions. As reported by Heiniger (1992), 
chestnut is a good indicator of warm regions with oceanic climate.  
In spite of C. sativa Mill. be characterized as a mesophilic species, nowadays the chestnut 
shows many growth limitations, which partially can be ascribed to the climate changes, 
since they influence abiotic and biotic factors and consequently photosynthetic productivity. 
From abiotic factors, water and heat stress have been the most important limitations, 
inducing less growth, less vigor increasing susceptibility to the biotic factors such as ink and 
blight diseases. 
When compared with other hardwood species, the trees can absorb the same amount of 
carbon, but due to the fast-growing chestnut can store more carbon in less time. So, this agro 
forest system has been identified as an important way to slow climate change.  
Photosynthesis, according to (Givnish, 1988), provides green plants with almost all of their 
chemical energy, being central to their activity to compete and reproduce. So understanding 
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photosynthetic performances of each species, its varieties or even its cultivars is crucial to 
understand and advise the future.  
This chapter will present an overview about photosynthetic studies done in chestnut species 
emphasizing the abiotic stresses (drought and heat stress) and biotic stresses (ink disease) 
issues, contributing to understand the impact of climate change in chestnut.  

2. Ecological chestnut behaviour according to its European distribution 
European chestnut is the only species of genus Castanea in Europe showing an 
outstanding evolutionary history from its likely origin in North-east Turkey and Caucasus 
region in respect to other European forest tree species during last 9,000 years before 
present (YBP) (Mattioni et al., 2008). Palynological studies support also two main fast 
expansion periods, about 5,000 YBP due to glacial Pleistocene Epoch and 2,000 YBP, 
during the Roman Empire. Actually, in Europe, C. sativa Mill. is commonly found 
between the Canary Islands, the most southern point (27º N latitude) and the most 
northern point defined by a line passing in the south of the United Kingdom, northern 
Germany, Poland and Ukraine (52º N latitude). In terms of altitude, chestnut is quite 
widespread, since it grows at sea level in coast regions until 400 m and 2000 m a.s.l. in the 
inner regions of the European continent. The lowest elevations are recommended for the 
highest latitudes and vice versa (Bounous, 2002).  
The wide distribution of European chestnut, and the higher phenotypic plasticity 
observed in populations coming from arid regions in comparison to those that are from 
more wet areas, suggest the substantial adaptive variation existing among populations 
(Fernández-López et al., 2005). In a study comparing progenies from several European 
climatic contrasting locals growing under the same climatic conditions (EU funded 
Cascade project), populations from Greece started growth earlier followed by southern 
latitude progenies (south Italy and south Spain) while the plants from north Spain and 
North Italy initiated later. Height growth of the northern populations was higher than 
growth of the southern plants. The southern ones also showed an earlier growth 
cessation, budbreak, and a longer juvenile period than those from more north latitudes 
(Fernández-López et al, 2005). The importance of budbreak is due to the sensibility of the 
young leaves to latest frost during spring times, besides other factors such as drought 
tolerance.  
The European chestnut presents a fair effective number of alleles, decreasing diversity from 
northern to the most southern populations (Eriksson et al., 2005b). Nevertheless, in Iberian 
Peninsula there were detected more than 350 genotypes in 574 accessions (Pereira-Lorenzo 
et al., 2010). According to these authors, in Iberian Peninsula the two main variability 
origins are located in North and Centre, being the most southern ecotypes (Andalusia and 
Canary Islands) assigned to both of these zones, which might suggest a colonization process. 
This colonization by varieties from the north part of Iberian Peninsula, since there are quite 
different edaphoclimatic regions, suggests that this species has potential to adapt 
themselves to new climatic conditions and by this way to the new context of climate 
changes. This ability of long-term species to respond and to adapt to environmental changes 
though natural selection is due mainly to their high intrapopulation genetic diversity 
(Martin et al., 2010), demonstrating genomic SSRs significantly higher levels of diversity in 
terms of number of alleles, expected heterozygosity and level of polymorphism among 
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populations. While previous studies using isoenzymes showed limited diversity, the new 
methodologies using microsatellites have demonstrated high number of alleles and gene 
diversity, even in European cultivated stands. More than a hundred of chestnut ecotypes 
from Portugal and Spain were characterized (Costa et al., 2009; Dinis et al., 2011a; Martín et 
al., 2007, Pimentel- Pereira, et al., 2007; Pereira-Lorenzo et al., 2006), showing significant 
adaptive differences to the different edaphoclimatic conditions: (Dinis et al., 2011a). In the 
same way, in Spain almost 50 varieties spreading from the northern to the southern and 
Canary Islands were studied, showing the chemical data of fruits low correlations with 
environmental parameters indicating that these differences could be mainly ascribed to 
genetic differences (Pereira-Lorenzo et al., 2006). In Spain this diversity will be certainly 
higher, since only in Andalusia (located in south of Spain), there were detected 43 ecotypes, 
showing them quite different morphological traits, namely at the level of leaves, spines on 
the burs, catkins, fruit shape and size (Martín et al., 2007). So, Man has also influenced the 
structural and genetic characteristics of chestnut populations through cultural practices 
(propagation, grafted plants, silvicultural or agronomical practices, etc), leading to widely 
heterogeneous stand typologies all over Europe: a) naturalized forests with coppices 
exploited for timber, b) managed coppice, an agro-forest system cultivated for fruit and 
timber production and c) orchards, a crop for fruit production (Mattioni et al., 2008), 
perfectly demonstrating the multipurpose character of this species. In spite of human 
influence, three main gene pools across Europe were identified (Villani et al., 2010): a) the 
north-eastern Turkish pool, b) the Greek gene pool and c) the Mediterranean Turkish gene 
pool, from which the European seems to be originated. In all these situations, they have 
been considered the natural hybridations and introgressions. These are due to the 
introduction in Europe during first half of the 20th Century, of Asiatic species a cause of the 
resistant ink disease breeding programs. Although climate and the grazing regime are 
influential, the degree of silvicultural management appears to be the most important factor 
determining floristic composition of forests and their long-term sustainability 
(Konstantinidis et al., 2008).  
Because of its different domestication levels, chestnut has undergone natural and artificial 
selection pressure, which have shaped the actual genetic and phenotypic traits, and so 
expected capacity of adaptation to environmental stress factors. Particularly evident until 
now, there is the capacity to drought tolerance adaptation, which underlines a higher 
phenotypic plasticity in populations from arid regions as compared to those from humid 
areas (Villani et al., 2010). Concerning rainfall, the minimum for chestnut is 800 mm, but it 
can growth well in rainy areas (2000 mm) like Galicia, located in northwestern Spain 
(Pereira-Lorenzo et al., 2006). 
Plants from this species are moderately thermophilic and well adapted to ecosystems with a 
annual mean temperature ranging between 8 and 15 ºC and monthly mean temperatures 
between May and October over 10 ºC. Temperature is also important for a good pollination 
(July), with an adequate range between 25 ºC and 30 ºC (Bounous, 2002).  
The capability to take in water and nutrients and to make an efficient use of these 
resources is an important feature of species adapted to the Mediterranean environment 
(Zhangh et al., 2011). C3 plants discriminate during photosynthesis against 13C (1.1% of 
total carbon in atmosphere), the heavy stable isotope of C (Lauteri et al., 2004), being its 
depletion very affected by environmental conditions. So, the carbon isotope 
discrimination (Δ), a complex physiological trait involved in acclimation and adaptive 
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photosynthetic performances of each species, its varieties or even its cultivars is crucial to 
understand and advise the future.  
This chapter will present an overview about photosynthetic studies done in chestnut species 
emphasizing the abiotic stresses (drought and heat stress) and biotic stresses (ink disease) 
issues, contributing to understand the impact of climate change in chestnut.  

2. Ecological chestnut behaviour according to its European distribution 
European chestnut is the only species of genus Castanea in Europe showing an 
outstanding evolutionary history from its likely origin in North-east Turkey and Caucasus 
region in respect to other European forest tree species during last 9,000 years before 
present (YBP) (Mattioni et al., 2008). Palynological studies support also two main fast 
expansion periods, about 5,000 YBP due to glacial Pleistocene Epoch and 2,000 YBP, 
during the Roman Empire. Actually, in Europe, C. sativa Mill. is commonly found 
between the Canary Islands, the most southern point (27º N latitude) and the most 
northern point defined by a line passing in the south of the United Kingdom, northern 
Germany, Poland and Ukraine (52º N latitude). In terms of altitude, chestnut is quite 
widespread, since it grows at sea level in coast regions until 400 m and 2000 m a.s.l. in the 
inner regions of the European continent. The lowest elevations are recommended for the 
highest latitudes and vice versa (Bounous, 2002).  
The wide distribution of European chestnut, and the higher phenotypic plasticity 
observed in populations coming from arid regions in comparison to those that are from 
more wet areas, suggest the substantial adaptive variation existing among populations 
(Fernández-López et al., 2005). In a study comparing progenies from several European 
climatic contrasting locals growing under the same climatic conditions (EU funded 
Cascade project), populations from Greece started growth earlier followed by southern 
latitude progenies (south Italy and south Spain) while the plants from north Spain and 
North Italy initiated later. Height growth of the northern populations was higher than 
growth of the southern plants. The southern ones also showed an earlier growth 
cessation, budbreak, and a longer juvenile period than those from more north latitudes 
(Fernández-López et al, 2005). The importance of budbreak is due to the sensibility of the 
young leaves to latest frost during spring times, besides other factors such as drought 
tolerance.  
The European chestnut presents a fair effective number of alleles, decreasing diversity from 
northern to the most southern populations (Eriksson et al., 2005b). Nevertheless, in Iberian 
Peninsula there were detected more than 350 genotypes in 574 accessions (Pereira-Lorenzo 
et al., 2010). According to these authors, in Iberian Peninsula the two main variability 
origins are located in North and Centre, being the most southern ecotypes (Andalusia and 
Canary Islands) assigned to both of these zones, which might suggest a colonization process. 
This colonization by varieties from the north part of Iberian Peninsula, since there are quite 
different edaphoclimatic regions, suggests that this species has potential to adapt 
themselves to new climatic conditions and by this way to the new context of climate 
changes. This ability of long-term species to respond and to adapt to environmental changes 
though natural selection is due mainly to their high intrapopulation genetic diversity 
(Martin et al., 2010), demonstrating genomic SSRs significantly higher levels of diversity in 
terms of number of alleles, expected heterozygosity and level of polymorphism among 
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populations. While previous studies using isoenzymes showed limited diversity, the new 
methodologies using microsatellites have demonstrated high number of alleles and gene 
diversity, even in European cultivated stands. More than a hundred of chestnut ecotypes 
from Portugal and Spain were characterized (Costa et al., 2009; Dinis et al., 2011a; Martín et 
al., 2007, Pimentel- Pereira, et al., 2007; Pereira-Lorenzo et al., 2006), showing significant 
adaptive differences to the different edaphoclimatic conditions: (Dinis et al., 2011a). In the 
same way, in Spain almost 50 varieties spreading from the northern to the southern and 
Canary Islands were studied, showing the chemical data of fruits low correlations with 
environmental parameters indicating that these differences could be mainly ascribed to 
genetic differences (Pereira-Lorenzo et al., 2006). In Spain this diversity will be certainly 
higher, since only in Andalusia (located in south of Spain), there were detected 43 ecotypes, 
showing them quite different morphological traits, namely at the level of leaves, spines on 
the burs, catkins, fruit shape and size (Martín et al., 2007). So, Man has also influenced the 
structural and genetic characteristics of chestnut populations through cultural practices 
(propagation, grafted plants, silvicultural or agronomical practices, etc), leading to widely 
heterogeneous stand typologies all over Europe: a) naturalized forests with coppices 
exploited for timber, b) managed coppice, an agro-forest system cultivated for fruit and 
timber production and c) orchards, a crop for fruit production (Mattioni et al., 2008), 
perfectly demonstrating the multipurpose character of this species. In spite of human 
influence, three main gene pools across Europe were identified (Villani et al., 2010): a) the 
north-eastern Turkish pool, b) the Greek gene pool and c) the Mediterranean Turkish gene 
pool, from which the European seems to be originated. In all these situations, they have 
been considered the natural hybridations and introgressions. These are due to the 
introduction in Europe during first half of the 20th Century, of Asiatic species a cause of the 
resistant ink disease breeding programs. Although climate and the grazing regime are 
influential, the degree of silvicultural management appears to be the most important factor 
determining floristic composition of forests and their long-term sustainability 
(Konstantinidis et al., 2008).  
Because of its different domestication levels, chestnut has undergone natural and artificial 
selection pressure, which have shaped the actual genetic and phenotypic traits, and so 
expected capacity of adaptation to environmental stress factors. Particularly evident until 
now, there is the capacity to drought tolerance adaptation, which underlines a higher 
phenotypic plasticity in populations from arid regions as compared to those from humid 
areas (Villani et al., 2010). Concerning rainfall, the minimum for chestnut is 800 mm, but it 
can growth well in rainy areas (2000 mm) like Galicia, located in northwestern Spain 
(Pereira-Lorenzo et al., 2006). 
Plants from this species are moderately thermophilic and well adapted to ecosystems with a 
annual mean temperature ranging between 8 and 15 ºC and monthly mean temperatures 
between May and October over 10 ºC. Temperature is also important for a good pollination 
(July), with an adequate range between 25 ºC and 30 ºC (Bounous, 2002).  
The capability to take in water and nutrients and to make an efficient use of these 
resources is an important feature of species adapted to the Mediterranean environment 
(Zhangh et al., 2011). C3 plants discriminate during photosynthesis against 13C (1.1% of 
total carbon in atmosphere), the heavy stable isotope of C (Lauteri et al., 2004), being its 
depletion very affected by environmental conditions. So, the carbon isotope 
discrimination (Δ), a complex physiological trait involved in acclimation and adaptive 
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processes, estimates the amount of 13C in plants, which by its way is dependent on the 
plant response. Climatic conditions from each local, temperature and precipitation, can be 
conveniently characterized by the xerothermic index, which takes in account each growth 
season (Eriksson et al., 2005a), the biggest values meaning driest and warmest conditions. 
Across European chestnut populations displays significant Δ variability (Lauteri et al., 
2009). In general, chestnut growth decreases with the increase in xerothermic index, in 
opposition to the Δ values. Then highest Δ values were measured in progenies from the 
warmest locals (e.g. Greece and south of Spain). On the other way, the highest variability 
on Δ values presented by ecotypes from Mediterranean locals in response to increase in 
temperature indicates a higher adaptation potential against climate changes than that of 
those from wet locals (Lauteri et al., 2004). The same is also true for drought tolerance, 
meaning that Mediterranean ecotypes might have more tolerance to drought than other 
ones from contrasting locals. The highest Δ values correspond to the lowest water use 
efficiency (WUE) (Lauteri et al., 2004). These authors demonstrated that under the same 
climatic conditions, progenies from ecotypes originating from xeric locals (e.g. 
Mediterranean locals) can present higher A and gs rates but surprisingly lower WUE than 
those from mesic (wet) locals.  
Under field conditions, on Trás-os-Montes (located in the Northeast of Portugal) chestnut 
trees have maximal photosynthesis rate (A), 7.6 µmolCO2.m-2.s-1, in September (Figure 1), 
when temperature reaches 25 ºC. This month corresponds to an important phase of bur 
growth. In relation to maximal leaf transpiration (E), it was measured during July (29 ºC, 4.8 
mmolH2O.m-2.s-1), which can be positive in terms of leaf cooling and consequently in A. So, 
the worst A measured in July comparatively to September, might be due to heat stress, 
relieving the importance of leaf water content in this month, and indirectly the importance 
of xylem growth to allow leaf water uptake.  
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Fig. 1. Variation of photosynthesis (A), leaf transpiration (E), water use efficiency (WUE) and 
environmental temperature (T) during July, September and October, in adult chestnut trees 
(n=8852) with near 40 years old. Measurements were done in Trás-os-Montes region, located 
in the Northeast of Portugal, during 6 successive years.  

The highest production of xylem cells is observed between mid-May and mid-June and 
phloem ones from mid-June until mid-July. Wood and phloem production mainly 
terminated in the middle of August while differentiation of xylem cells lasted until mid-
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October (Cufar et al., 2011). The highest production in relation to water use efficiency (WUE) 
increases from July (0.0014 mmolCO2.mmolH2O-1) to October (Gomes-Laranjo et al., 2007), 
following the standard curve above referred. 
In conclusion, populations from wet regions seem to have less phenotypic plasticity than 
those from dry and warm regions, indicating that the first ones might also be more 
vulnerable to possible climate changes (Lauteri et al., 2009; Villani et al., 2010).  

3. Ecophysiological characterization of chestnut  
3.1 Characterization of Portuguese varieties by gas exchange traits, as a function of 
temperature and radiation 
Near 85% of Portuguese chestnut area (around 35,000 ha) is located in Trás-os-Montes, a 
region located in the Northeast of Portugal (41º30’N, 6º59’E), 9-13ºC being the mean annual 
temperature and 600-1200 mm the amount of annual rainfall (Figure 2).  
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Fig. 2. Month values of precipitation amount and daily mean temperature in Trás-os-Montes 
region. Values represent the mean between 1988 and 1994.  

Chestnut is a dim-light species. In a study done in Trás-os-Montes Region, including a 
sample constituted by 13 varieties (see Figure 6), half of the maximal A (A100) was obtained 
when PPFD level reached near 400 mol.m-2.s-1, instead 75% of A100 was measured under 
PPFD of 850 mol.m-2.s-1, corresponding this radiation to half of maximal PPFD. These 
results indicate that trees might have better adaptation to the shade north-facing slopes, 
rather than south-facing ones (Gomes-Laranjo et al., 2008a). South-facing orchards have 
higher mean temperatures than north-facing ones. In the former orchards, there is higher 
evapotranspiration but lower water availability, which induces less growing trees, and so 
less vigour, predisposing them to biotic stresses such ink disease (induced by the soil born 
oomycete Phytophothora cinnamomi). Maximal CO2 assimilation (A100), was obtained at about 
24 ºC (Figure 3), while half of maximal A was measured around 11-12 ºC and 37-38 ºC of 
ambient temperatures.  
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processes, estimates the amount of 13C in plants, which by its way is dependent on the 
plant response. Climatic conditions from each local, temperature and precipitation, can be 
conveniently characterized by the xerothermic index, which takes in account each growth 
season (Eriksson et al., 2005a), the biggest values meaning driest and warmest conditions. 
Across European chestnut populations displays significant Δ variability (Lauteri et al., 
2009). In general, chestnut growth decreases with the increase in xerothermic index, in 
opposition to the Δ values. Then highest Δ values were measured in progenies from the 
warmest locals (e.g. Greece and south of Spain). On the other way, the highest variability 
on Δ values presented by ecotypes from Mediterranean locals in response to increase in 
temperature indicates a higher adaptation potential against climate changes than that of 
those from wet locals (Lauteri et al., 2004). The same is also true for drought tolerance, 
meaning that Mediterranean ecotypes might have more tolerance to drought than other 
ones from contrasting locals. The highest Δ values correspond to the lowest water use 
efficiency (WUE) (Lauteri et al., 2004). These authors demonstrated that under the same 
climatic conditions, progenies from ecotypes originating from xeric locals (e.g. 
Mediterranean locals) can present higher A and gs rates but surprisingly lower WUE than 
those from mesic (wet) locals.  
Under field conditions, on Trás-os-Montes (located in the Northeast of Portugal) chestnut 
trees have maximal photosynthesis rate (A), 7.6 µmolCO2.m-2.s-1, in September (Figure 1), 
when temperature reaches 25 ºC. This month corresponds to an important phase of bur 
growth. In relation to maximal leaf transpiration (E), it was measured during July (29 ºC, 4.8 
mmolH2O.m-2.s-1), which can be positive in terms of leaf cooling and consequently in A. So, 
the worst A measured in July comparatively to September, might be due to heat stress, 
relieving the importance of leaf water content in this month, and indirectly the importance 
of xylem growth to allow leaf water uptake.  
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Fig. 1. Variation of photosynthesis (A), leaf transpiration (E), water use efficiency (WUE) and 
environmental temperature (T) during July, September and October, in adult chestnut trees 
(n=8852) with near 40 years old. Measurements were done in Trás-os-Montes region, located 
in the Northeast of Portugal, during 6 successive years.  

The highest production of xylem cells is observed between mid-May and mid-June and 
phloem ones from mid-June until mid-July. Wood and phloem production mainly 
terminated in the middle of August while differentiation of xylem cells lasted until mid-
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October (Cufar et al., 2011). The highest production in relation to water use efficiency (WUE) 
increases from July (0.0014 mmolCO2.mmolH2O-1) to October (Gomes-Laranjo et al., 2007), 
following the standard curve above referred. 
In conclusion, populations from wet regions seem to have less phenotypic plasticity than 
those from dry and warm regions, indicating that the first ones might also be more 
vulnerable to possible climate changes (Lauteri et al., 2009; Villani et al., 2010).  

3. Ecophysiological characterization of chestnut  
3.1 Characterization of Portuguese varieties by gas exchange traits, as a function of 
temperature and radiation 
Near 85% of Portuguese chestnut area (around 35,000 ha) is located in Trás-os-Montes, a 
region located in the Northeast of Portugal (41º30’N, 6º59’E), 9-13ºC being the mean annual 
temperature and 600-1200 mm the amount of annual rainfall (Figure 2).  
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Fig. 2. Month values of precipitation amount and daily mean temperature in Trás-os-Montes 
region. Values represent the mean between 1988 and 1994.  

Chestnut is a dim-light species. In a study done in Trás-os-Montes Region, including a 
sample constituted by 13 varieties (see Figure 6), half of the maximal A (A100) was obtained 
when PPFD level reached near 400 mol.m-2.s-1, instead 75% of A100 was measured under 
PPFD of 850 mol.m-2.s-1, corresponding this radiation to half of maximal PPFD. These 
results indicate that trees might have better adaptation to the shade north-facing slopes, 
rather than south-facing ones (Gomes-Laranjo et al., 2008a). South-facing orchards have 
higher mean temperatures than north-facing ones. In the former orchards, there is higher 
evapotranspiration but lower water availability, which induces less growing trees, and so 
less vigour, predisposing them to biotic stresses such ink disease (induced by the soil born 
oomycete Phytophothora cinnamomi). Maximal CO2 assimilation (A100), was obtained at about 
24 ºC (Figure 3), while half of maximal A was measured around 11-12 ºC and 37-38 ºC of 
ambient temperatures.  



 
Applied Photosynthesis 

 

52

This relatively low tolerance to hot temperatures was attributed to the level of thylakoid 
fatty acid saturation, so that the most tolerant cultivars (e.g. Aveleira) have a higher level of 
saturation than the worst ones (e.g. Judia) (Gomes-Laranjo et al., 2006).  
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Fig. 3. Study of photosynthesis rate (A) as a function of radiation (PPFD, left) and 
temperature (T, right). For PPFD, A was modulated by logarithmic curve A = 3.0108ln 
(PPFD) – 12.87 (R² = 0.541), instead of temperature, there was selected a second polynomial 
curve A = -0.0002T3 - 0.0432T2 + 1.6543T – 8.9259 (R2 = 0.121). Measurements (n=8852) were 
taken in adult trees (40 years old) from 13 Portuguese varieties, during 4 years, between July 
and October, with an infra-red gas analyser (model LCA-2, Analytical Development Co., 
Hoddesdon, UK). For PPFD curve, there was selected the measurements done between 16 
ºC and 32ºC, the temperature curve was determined under plenty PPFD (>900 µmol.m-2.s-1). 

Leaf transpiration is a physical process of evaporation that causes the water content of the 
leaves to drop. This produces a gradient of water potential from the root to the leaves. In 
consequence a flow of water from the soil to the roots, stems, leaves and evaporation from 
here to the atmosphere through stomata, happens. This water movement has two main 
functions: a) promote the mineral upward to the plant, and b) promote the regulation of leaf 
temperature due to high specific heat value of water (Epstein & Bloom, 2005). So, a higher E 
is better for leaf temperature regulation. Contrarily to A, dim-light did not significantly  
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Fig. 4. Study of transpiration (E) rates in European chestnut trees as a function of radiation 
(PPFD, left) and temperature (T, right). For PPFD the polynomial equation is E = 1E-12PPFD4 

- 3E-9PPFD3 – 3E-6PPFD2+8E-5PPFD+3.109 (R² = 0.308) and for temperature, E can be 
represented by E = -0,0002T2 + 0.1813T – 0.1967 (R² = 0.360).  
For other conditions see Figure 3.  
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affect E, half rate of it being around 1300 mol.m-2.s-1 (Figure 4). Although, above this PPFD 
level, this strong influences E. On the other way, there is visible a strong increase in E as a 
response to the temperature rise (Figure 4), from 1.5 to 3.5 and to 7 mmolH2O.m-2.s-1 when 
temperature increases from 10 to 21 and to 40 ºC, respectively. On the other way it must be 
believed that a higher diversity of E was observed under highest temperatures than under 
lowest ones. This might indicate that significant differences among varieties in this 
parameter could be ascribed.  
The water use efficiency (WUE) firstly considered as water used per unit plant material 
generated (Briggs & Shantz, 1914), varying between 0.001 and 0.005 or less, clearly indicates 
that transpiration is a wasteful process. This is the result between two conflicting 
requirements: the need for exposure of moist, green cells to light and that for open pathways 
to allow CO2 to diffuse to these cells. In what concerns the influence of PPFD, the strongest 
increase in WUE was obtained under dim-light conditions (WUE75~600 mol.m-2.s-1, Figure 
5). These findings are partially consistent with the influence of T on WUE, where the highest 
efficiency, 0.003 mol CO2.mmol H2O-1, was found under lowest temperatures (14ºC). The 
half value of WUE appears when T reaches 30 ºC, a typical temperature measured during 
summer times in the South of Europe. 
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Fig. 5. Characterization of water use efficiency variation (WUE) as a function of the abiotic 
factors: radiation (PPFD, left) and temperature (T, right). Temperature influence can be 
modulated by the equation WUE = 0.0002T3 - 0.0126T2 + 0.2098T + 2.3388 (R² = 0.627), while 
for PPFD the respective equation is WUE = -6E-16PPFD4 + 3E-12x3 - 6E-09x2 + 6E-06x - 5E-05  
(R² = 0.466).  

In relation to Portuguese varieties, optimal temperature (T100) changes between 22 ºC 
(‘Lada‘) and 29 ºC (‘Boaventura‘), 7ºC being the wide of the interval. Concerning the heat 
tolerance, T50 interval range is only 3ºC, between 35ºC (‘Judia’ and ‘Negral’) and 38ºC 
(‘Aveleira’). Results suggest that globally, the varieties from Valpaços (780 m a.s.l.) have 
lower T100 than those from Vinhais (780 m a.s.l.), while the varieties from Vila Real (730 m 
a.s.l.) presented high T50 (Figure 6). The infection of trees with Phytophthora cinnamomi Rands 
(the oomycete that causes ink disease) induces higher heat tolerance as the shift on T100 and 
T50, presented by infected ‘Judia’ trees, indicates.  
The state of the lipids plays an important function in the temperature response at the 
thylakoid membranes, since it might function as a buffer, in a determined range of 
temperatures. Fatty acids of the thylakoid glicerolipids must be sufficiently unsaturated in 
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This relatively low tolerance to hot temperatures was attributed to the level of thylakoid 
fatty acid saturation, so that the most tolerant cultivars (e.g. Aveleira) have a higher level of 
saturation than the worst ones (e.g. Judia) (Gomes-Laranjo et al., 2006).  
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Fig. 3. Study of photosynthesis rate (A) as a function of radiation (PPFD, left) and 
temperature (T, right). For PPFD, A was modulated by logarithmic curve A = 3.0108ln 
(PPFD) – 12.87 (R² = 0.541), instead of temperature, there was selected a second polynomial 
curve A = -0.0002T3 - 0.0432T2 + 1.6543T – 8.9259 (R2 = 0.121). Measurements (n=8852) were 
taken in adult trees (40 years old) from 13 Portuguese varieties, during 4 years, between July 
and October, with an infra-red gas analyser (model LCA-2, Analytical Development Co., 
Hoddesdon, UK). For PPFD curve, there was selected the measurements done between 16 
ºC and 32ºC, the temperature curve was determined under plenty PPFD (>900 µmol.m-2.s-1). 

Leaf transpiration is a physical process of evaporation that causes the water content of the 
leaves to drop. This produces a gradient of water potential from the root to the leaves. In 
consequence a flow of water from the soil to the roots, stems, leaves and evaporation from 
here to the atmosphere through stomata, happens. This water movement has two main 
functions: a) promote the mineral upward to the plant, and b) promote the regulation of leaf 
temperature due to high specific heat value of water (Epstein & Bloom, 2005). So, a higher E 
is better for leaf temperature regulation. Contrarily to A, dim-light did not significantly  
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Fig. 4. Study of transpiration (E) rates in European chestnut trees as a function of radiation 
(PPFD, left) and temperature (T, right). For PPFD the polynomial equation is E = 1E-12PPFD4 

- 3E-9PPFD3 – 3E-6PPFD2+8E-5PPFD+3.109 (R² = 0.308) and for temperature, E can be 
represented by E = -0,0002T2 + 0.1813T – 0.1967 (R² = 0.360).  
For other conditions see Figure 3.  
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affect E, half rate of it being around 1300 mol.m-2.s-1 (Figure 4). Although, above this PPFD 
level, this strong influences E. On the other way, there is visible a strong increase in E as a 
response to the temperature rise (Figure 4), from 1.5 to 3.5 and to 7 mmolH2O.m-2.s-1 when 
temperature increases from 10 to 21 and to 40 ºC, respectively. On the other way it must be 
believed that a higher diversity of E was observed under highest temperatures than under 
lowest ones. This might indicate that significant differences among varieties in this 
parameter could be ascribed.  
The water use efficiency (WUE) firstly considered as water used per unit plant material 
generated (Briggs & Shantz, 1914), varying between 0.001 and 0.005 or less, clearly indicates 
that transpiration is a wasteful process. This is the result between two conflicting 
requirements: the need for exposure of moist, green cells to light and that for open pathways 
to allow CO2 to diffuse to these cells. In what concerns the influence of PPFD, the strongest 
increase in WUE was obtained under dim-light conditions (WUE75~600 mol.m-2.s-1, Figure 
5). These findings are partially consistent with the influence of T on WUE, where the highest 
efficiency, 0.003 mol CO2.mmol H2O-1, was found under lowest temperatures (14ºC). The 
half value of WUE appears when T reaches 30 ºC, a typical temperature measured during 
summer times in the South of Europe. 
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Fig. 5. Characterization of water use efficiency variation (WUE) as a function of the abiotic 
factors: radiation (PPFD, left) and temperature (T, right). Temperature influence can be 
modulated by the equation WUE = 0.0002T3 - 0.0126T2 + 0.2098T + 2.3388 (R² = 0.627), while 
for PPFD the respective equation is WUE = -6E-16PPFD4 + 3E-12x3 - 6E-09x2 + 6E-06x - 5E-05  
(R² = 0.466).  

In relation to Portuguese varieties, optimal temperature (T100) changes between 22 ºC 
(‘Lada‘) and 29 ºC (‘Boaventura‘), 7ºC being the wide of the interval. Concerning the heat 
tolerance, T50 interval range is only 3ºC, between 35ºC (‘Judia’ and ‘Negral’) and 38ºC 
(‘Aveleira’). Results suggest that globally, the varieties from Valpaços (780 m a.s.l.) have 
lower T100 than those from Vinhais (780 m a.s.l.), while the varieties from Vila Real (730 m 
a.s.l.) presented high T50 (Figure 6). The infection of trees with Phytophthora cinnamomi Rands 
(the oomycete that causes ink disease) induces higher heat tolerance as the shift on T100 and 
T50, presented by infected ‘Judia’ trees, indicates.  
The state of the lipids plays an important function in the temperature response at the 
thylakoid membranes, since it might function as a buffer, in a determined range of 
temperatures. Fatty acids of the thylakoid glicerolipids must be sufficiently unsaturated in 
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order to allow a convenient mobility of the electron transfer carrier plastoquinone, but at the 
same time must preserve its integrity, namely in relation to the above cited impermeability 
of the protons (Blackwell et al. 1994). In chestnut chloroplasts the most significant fatty acids 
are linolenic acid (18:3) (40-50%) and palmitic acid (16:0) (20-30%). Comparing the balance 
of the lipid composition in three varieties, Aveleira (Vinhais), Longal (Valpaços) and Judia 
(Valpaços), the ratio of unsaturated/saturated fatty acid was 1.86, 2.27 and 2.40, the former 
being also the variety with lowest T50, followed by Longal, being Aveleira the most tolerant 
to heat.  
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Fig. 6. Distribution of Portuguese varieties according to their optimal temperature (T100) and 
temperature for half (T50) of maximal rate for A. Varieties in different origins, Valpaços, Vila 
Real and Vinhais, are indicated by lozenge, triangle and square, respectively. The label 
‘Judia infected’ correspond to infected trees with Phytophthora cinnamomi Rands.  

3.2 Spanish varieties 
In Spain, there are 124,053 hectares of pure C. sativa Mill. forests and orchards and 55,416 
hectares of chestnut mixed with other broadleaves (mainly oak, holm oak, cork and beech) 
according to the Third National Forestry Inventory published in 2006 (www.marm.es). 
However, this does not include the area formed by the Canary Islands, with 2000 hectares, 
or the estimated 5000 hectares in the provinces of Zamora, Salamanca, Ávila and Málaga 
(Pereira-Lorenzo et al., 2009). It is found from sea level in some parts of the northern coast of 
the Iberian Peninsula up to 1500 m in the Sierra Nevada (Granada, Southeastern Spain; 37º 
N, 03º W).  
Four models of management for chestnut can be distinguished in Spain: i) orchards for nut 
production based on grafted trees with selected cultivars; ii) coppice stands for timber 
production; iii) high forests for timber production; iv) grafted orchards for nut and timber 
production with cultivars like ‘Garrida’, ‘Loura’ and ‘Parede’ which, in humid areas, are 
pruned in a way which favours the development of long trunks that are sold at high prices 
(Pereira-Lorenzo et al., 2009). Chestnut coppice distribution is largely dependent on the 
selvicultural techniques applied historically in the region. As a result, coppice exploitation 
for timber is more common in Asturias than in the rest of Spain. 
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The identification and evaluation of the genetic resources of grafted chestnuts in Spain 
began by examining morphological characters and isoenzymes enabling the discrimination 
of these materials. Pereira-Lorenzo et al. (2006) evaluated 701 accessions corresponding to 
168 cultivars; 31 from Andalusia (12 cultivars), 293 from Asturias (65), 25 from Castilla-Leon 
(9), 4 from Extremadura (2) and 348 from Galicia (80). The main morphological characters 
examined showed considerable variation in relation to geographic area. Furthermore, the 
isoenzyme data demonstrated greater variability in the North, a finding related to the 
historic importance of chestnut cultivation in this area. Examination of the F-statistics, 
however, showed that there is in fact only limited genetic differentiation, but high 
heterozygosity, linked to grafting, between areas. The same methodology was applied to the 
Canary Islands and a further 38 cultivars were characterized (Pereira-Lorenzo et al., 2007). 
More recently, Pereira-Lorenzo et al. (2011) have used microsatellites to confirm this high 
degree of conservation of this genetic variability in the Iberian Peninsula, finding that 
diversity in chestnut orchards was mostly explained by hybridization (up to 77%), with 
mutation only accounting for 6%. Previous results (Pereira-Lorenzo et al., 2010) showed that 
there are two main origins of variability in the Iberian Peninsula, one in the North and the 
other in the Central Iberian Peninsula. This division roughly corresponds to contrasting 
climatic conditions in Spain; i.e., mesic areas (moderately humid environment) and xeric 
(drier environment) areas, respectively. The Northern group is characterized by a wetter 
and milder climate than the Southern, which has lower monthly rainfall in summer (Ps) and 
both higher average annual T and higher average T of the hottest month (Allué-Andrade, 
1990). 
Water availability is known to be one of the most limiting factors in relation to 
photosynthesis and plant productivity (Boyer, 1996). Furthermore, predicted climate 
warming effects in the Iberian Peninsula (Ramírez-Valiente et al., 2009) suggest considerable 
changes in this respect. To address these issues, an ecological characterization of chestnut 
has been conducted: the first part of the investigation focused on water relations and growth 
traits (Ciordia et al., under review); the second concentrated on water relations and 
physiological traits (Ciordia, 2009) and the results are presented in the remainder of this 
section. 
One and a half-year-old open pollinated seedlings of 10 half-sib progenies of the main 
Spanish fruit cultivars of C. sativa Mill. were chosen from each of the two main gene pools 
(Pereira-Lorenzo et al., 2010): Northern (specifically from Asturias and Galicia) and 
Central Iberian Peninsula (specifically from the Canary Islands and Andalusia in Southern 
Spain). Chestnut seedlings were either well-irrigated throughout the experiment, or were 
subjected to mild drought stress followed by suspension of irrigation, with the aim of 
determining the vulnerability to drought of each progeny and of assessing the effect of the 
treatment on the phenotypic variation of the plants. Significant variations in most adaptive 
traits studied, such as juvenile growth, biomass allocation, leaf morphology and water 
relations, were observed.  
In terms of photosynthetic and water traits, our results show that, in general and 
irrespective of geographic provenance, water stress modified physiological response: 
significantly reducing water conductance (K), gas exchange measurements (CO2 
assimilation rate, A; transpiration rate, E; stomatal conductance to CO2, gs) with the 
exception of internal CO2 concentration (Ci), and the maximal apparent efficiency of 
Photosystem II, estimated as Fv/Fm, whilst intrinsic water use-efficiency (WUEi) and initial 
fluorescence (Fo) increased and carbon isotope composition (δ13C) became less negative.  
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order to allow a convenient mobility of the electron transfer carrier plastoquinone, but at the 
same time must preserve its integrity, namely in relation to the above cited impermeability 
of the protons (Blackwell et al. 1994). In chestnut chloroplasts the most significant fatty acids 
are linolenic acid (18:3) (40-50%) and palmitic acid (16:0) (20-30%). Comparing the balance 
of the lipid composition in three varieties, Aveleira (Vinhais), Longal (Valpaços) and Judia 
(Valpaços), the ratio of unsaturated/saturated fatty acid was 1.86, 2.27 and 2.40, the former 
being also the variety with lowest T50, followed by Longal, being Aveleira the most tolerant 
to heat.  
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Fig. 6. Distribution of Portuguese varieties according to their optimal temperature (T100) and 
temperature for half (T50) of maximal rate for A. Varieties in different origins, Valpaços, Vila 
Real and Vinhais, are indicated by lozenge, triangle and square, respectively. The label 
‘Judia infected’ correspond to infected trees with Phytophthora cinnamomi Rands.  

3.2 Spanish varieties 
In Spain, there are 124,053 hectares of pure C. sativa Mill. forests and orchards and 55,416 
hectares of chestnut mixed with other broadleaves (mainly oak, holm oak, cork and beech) 
according to the Third National Forestry Inventory published in 2006 (www.marm.es). 
However, this does not include the area formed by the Canary Islands, with 2000 hectares, 
or the estimated 5000 hectares in the provinces of Zamora, Salamanca, Ávila and Málaga 
(Pereira-Lorenzo et al., 2009). It is found from sea level in some parts of the northern coast of 
the Iberian Peninsula up to 1500 m in the Sierra Nevada (Granada, Southeastern Spain; 37º 
N, 03º W).  
Four models of management for chestnut can be distinguished in Spain: i) orchards for nut 
production based on grafted trees with selected cultivars; ii) coppice stands for timber 
production; iii) high forests for timber production; iv) grafted orchards for nut and timber 
production with cultivars like ‘Garrida’, ‘Loura’ and ‘Parede’ which, in humid areas, are 
pruned in a way which favours the development of long trunks that are sold at high prices 
(Pereira-Lorenzo et al., 2009). Chestnut coppice distribution is largely dependent on the 
selvicultural techniques applied historically in the region. As a result, coppice exploitation 
for timber is more common in Asturias than in the rest of Spain. 
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168 cultivars; 31 from Andalusia (12 cultivars), 293 from Asturias (65), 25 from Castilla-Leon 
(9), 4 from Extremadura (2) and 348 from Galicia (80). The main morphological characters 
examined showed considerable variation in relation to geographic area. Furthermore, the 
isoenzyme data demonstrated greater variability in the North, a finding related to the 
historic importance of chestnut cultivation in this area. Examination of the F-statistics, 
however, showed that there is in fact only limited genetic differentiation, but high 
heterozygosity, linked to grafting, between areas. The same methodology was applied to the 
Canary Islands and a further 38 cultivars were characterized (Pereira-Lorenzo et al., 2007). 
More recently, Pereira-Lorenzo et al. (2011) have used microsatellites to confirm this high 
degree of conservation of this genetic variability in the Iberian Peninsula, finding that 
diversity in chestnut orchards was mostly explained by hybridization (up to 77%), with 
mutation only accounting for 6%. Previous results (Pereira-Lorenzo et al., 2010) showed that 
there are two main origins of variability in the Iberian Peninsula, one in the North and the 
other in the Central Iberian Peninsula. This division roughly corresponds to contrasting 
climatic conditions in Spain; i.e., mesic areas (moderately humid environment) and xeric 
(drier environment) areas, respectively. The Northern group is characterized by a wetter 
and milder climate than the Southern, which has lower monthly rainfall in summer (Ps) and 
both higher average annual T and higher average T of the hottest month (Allué-Andrade, 
1990). 
Water availability is known to be one of the most limiting factors in relation to 
photosynthesis and plant productivity (Boyer, 1996). Furthermore, predicted climate 
warming effects in the Iberian Peninsula (Ramírez-Valiente et al., 2009) suggest considerable 
changes in this respect. To address these issues, an ecological characterization of chestnut 
has been conducted: the first part of the investigation focused on water relations and growth 
traits (Ciordia et al., under review); the second concentrated on water relations and 
physiological traits (Ciordia, 2009) and the results are presented in the remainder of this 
section. 
One and a half-year-old open pollinated seedlings of 10 half-sib progenies of the main 
Spanish fruit cultivars of C. sativa Mill. were chosen from each of the two main gene pools 
(Pereira-Lorenzo et al., 2010): Northern (specifically from Asturias and Galicia) and 
Central Iberian Peninsula (specifically from the Canary Islands and Andalusia in Southern 
Spain). Chestnut seedlings were either well-irrigated throughout the experiment, or were 
subjected to mild drought stress followed by suspension of irrigation, with the aim of 
determining the vulnerability to drought of each progeny and of assessing the effect of the 
treatment on the phenotypic variation of the plants. Significant variations in most adaptive 
traits studied, such as juvenile growth, biomass allocation, leaf morphology and water 
relations, were observed.  
In terms of photosynthetic and water traits, our results show that, in general and 
irrespective of geographic provenance, water stress modified physiological response: 
significantly reducing water conductance (K), gas exchange measurements (CO2 
assimilation rate, A; transpiration rate, E; stomatal conductance to CO2, gs) with the 
exception of internal CO2 concentration (Ci), and the maximal apparent efficiency of 
Photosystem II, estimated as Fv/Fm, whilst intrinsic water use-efficiency (WUEi) and initial 
fluorescence (Fo) increased and carbon isotope composition (δ13C) became less negative.  
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As expected, given that C. sativa Mill. is considered to be an anisohydric species, lower 
values of water potential, both at predawn (wpd) and at midday (Ψwmd), were obtained in 
plantlets subjected to water stress. However, the recovery of �wpd compared to that at 
midday was not a general strategy for all chestnut progenies under water stress. Adjustment 
in water potential, together with variation in E, led to variation in K, which was found to 
decrease significantly when the plants were subjected to water stress. This reduction was 
most marked in the materials originating from Andalusia and the Canary Islands. 
CO2 assimilation rate (A) was also found to decrease when soil water availability is low and, 
in this sense, a negative lineal correlation between A and wpd and wmd occurs. 
Furthermore, in some genotypes where wpd and wmd became very low and were in fact 
very similar, indicating that the plants were at critical matric potential (mcrit), the reduction 
in photosynthetic efficiency was drastic with values below 6 mol CO2 m-2.s-1, a decrease 
mainly associated with a reduction in gs. Stomatal closure is generally the first response to 
drought and it is the dominant limitation to A at mild and moderate drought (Flexas & 
Medrano, 2002). In the Spanish chestnut progenies studied, as in other plant species, an 
adaptive mechanism in response to water stress can be observed, which tends to increase 
WUEi. This is because the relationship between reduction in carbon assimilation and gs is 
not a linear one and results in photosynthetic efficiency being affected less, and less quickly, 
than water loss (Chaves et al., 2003).  
Provided that materials collected from different habitats are sampled under uniform garden 
conditions, variation in δ13C among geographic origins can be employed to infer genetic 
diversity in WUEi. In general, studies on genetic diversity in δ13C for forest tree species from 
both mesic and xeric environments suggest the existence of significant, and often 
considerable, variation in WUEi (e.g. Cregg et al., 2000; Li & Wang, 2003). In our study WUEi 

was seen to increase under water limitation as demonstrated not only by the doubling of the 
A/E coefficient in the experimental group, but also by changes in δ13C. This parameter was 
found to be more negative under control than experimental conditions. Family genetic 
variation ranged from 2.1‰ under drought conditions to 1.6‰ under control conditions. 
This is in line with findings from a common garden trial with 6 provenances of Castanea 
where the range of variation of carbon isotope discrimination (Δ) in leaf dry matter was also 
about 1.6‰ (Lauteri et al., 1997), which suggests a maximum between population 
differences in WUEi of over 16% (Ferrio et al., 2005, as cited in Farquhar & Richards, 1984). 
Understanding genetic variation in WUEi through δ13C in relation to geographic and/or 
climatic gradients is essential in evaluating adaptation patterns in drought-prone areas. 
However, in our study, we have not found there to be significant differences between the 
geographic areas of Northern Spain (humid area) compared to Andalusia and the Canary 
Islands (dry area). In fact, progenies from the latter cultivated under water stress conditions 
reached more negative values than those from the Northern group. This apparent 
contradiction can be explained if we take into account that stomatal opening and closing not 
only regulates transpiration but also plays an important role in thermal regulation.  
The shape of the leaf also contributes to thermal regulation. According to Nicotra et al. 
(2008) more lobated leaves have a finer boundary layer leading to more efficient heat 
exchange and reducing differences in T between leaf and air. They also suggest that there is 
a relationship between degree of leaf lobation (ILB), carbon fixing and water loss and 
speculate that this is probably the effect of evolutionary convergence towards adaptation to 
drought and heat as indicated by the fact that more lobated leaves have a lower specific leaf 
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area (SLA) due to their higher proportion of veins and thus have an A per unit of mass 
equivalent to less lobated leaves. 
The results from our experiment on the whole support the findings of Nicotra et al. (2008). 
We found that ILB is a plastic parameter which varies in relation to water availability, 
increasing under stress conditions, and that SLA decreases as water availability drops. 
According to Fischer & Turner (1978), lower values of SLA may be associated with higher 
resistance to drought. Contrary to the findings of Abrams (1994) who found that xeric 
genotypes generally produced leaves with lower SLA than those from the mesic region, in 
our study, SLA did not vary significantly between the two geographic groups. ILB could be 
considered a favourable selection characteristic in water limited environments, obviously to 
a large degree linked to summer rainfall which in turn is one of the environmental factors 
which distinguishes the two groups in this study.  
However, we did not find increase in ILB to be associated with increases in carbon fixation: 
there was a trend, stronger for the Northern group, for Ci to increase under water stress 
simultaneous with reduction in carbon assimilation. This result may be explained by 
alterations in the photosystem II (PSII), which may also be the cause of reductions in the rate 
of A and E. In the chestnut progenies, the maximal apparent efficiency of PSII is maintained 
within a fixed range for healthy, well watered plants (Björkman & Demming, 1987). Any 
stress, such as drought, may be reflected by a drop in this relation (Öquist, 1987), and this 
was indeed seen in our trial, principally in relation to material from the Northern pool. We 
also noted a significant increase in initial fluorescence (Fo), providing support for the idea 
that PSII reaction centres are damaged rather than a protective temporary inhibition in 
response to excess luminosity. Under water limitations, the proportion of absorbed light 
used by the plant in the course of photosynthesis and photorespiration is less than it would 
be in a turgid plant. In this situation, plants can reduce light absorption or divert the light 
through alternative processes such as thermic dissipation which can account for up to 75% 
of absorbed light (Niyogi, 1999). In such conditions, leaves experience a transitory reduction 
in PSII photochemical efficiency or suffer photoinhibition, and, in a worst case scenario, 
photooxidative destruction. Thus photosynthesis regulation can be seen to be a dynamic 
process regulated by dissipation of thermal energy (Chaves et al., 2003).  
In summary, we found water stress to have a great effect on growth as well as most of the 
morphological and physiological traits studied in C. sativa Mill. juvenile progenies of the 
main fruit Spanish cultivars, all of which demonstrated its capacity to respond to drought. 
In spite of the large phenotypic variation observed between progenies, when analysing the 
data, significant differences were also found between the two gene pools (Northern and 
Southern) for most morphological and growth traits, as well as for K. This corresponds to 
the genetic differentiation between these groups found by Pereira-Lorenzo et al. (2010) and 
Martin et al. (2010) using molecular markers and detected previously by Mattioni et al. 
(2008). The increased vigour of progenies from the Northern Iberian Peninsula can therefore 
be attributed to differences in the gene pool of this group compared to that of plants from 
the rest of Spain. 
Moreover, a significant geographical trend related to monthly rainfall in summer (Ps) was 
found under both experimental and control treatments for juvenile growth and certain leaf 
morphology traits. According to previous studies (Villani et al., 1994; Lauteri et al., 1997, 
2004), genetic, morphological and physiological differentiation of wild chestnut populations 
spread along a Turkish transect stretching from the Black Sea coast to the Mediterranean 
area were associated with macroclimatic variables, particularly with precipitation (Pigliucci 
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However, in our study, we have not found there to be significant differences between the 
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Islands (dry area). In fact, progenies from the latter cultivated under water stress conditions 
reached more negative values than those from the Northern group. This apparent 
contradiction can be explained if we take into account that stomatal opening and closing not 
only regulates transpiration but also plays an important role in thermal regulation.  
The shape of the leaf also contributes to thermal regulation. According to Nicotra et al. 
(2008) more lobated leaves have a finer boundary layer leading to more efficient heat 
exchange and reducing differences in T between leaf and air. They also suggest that there is 
a relationship between degree of leaf lobation (ILB), carbon fixing and water loss and 
speculate that this is probably the effect of evolutionary convergence towards adaptation to 
drought and heat as indicated by the fact that more lobated leaves have a lower specific leaf 
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area (SLA) due to their higher proportion of veins and thus have an A per unit of mass 
equivalent to less lobated leaves. 
The results from our experiment on the whole support the findings of Nicotra et al. (2008). 
We found that ILB is a plastic parameter which varies in relation to water availability, 
increasing under stress conditions, and that SLA decreases as water availability drops. 
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resistance to drought. Contrary to the findings of Abrams (1994) who found that xeric 
genotypes generally produced leaves with lower SLA than those from the mesic region, in 
our study, SLA did not vary significantly between the two geographic groups. ILB could be 
considered a favourable selection characteristic in water limited environments, obviously to 
a large degree linked to summer rainfall which in turn is one of the environmental factors 
which distinguishes the two groups in this study.  
However, we did not find increase in ILB to be associated with increases in carbon fixation: 
there was a trend, stronger for the Northern group, for Ci to increase under water stress 
simultaneous with reduction in carbon assimilation. This result may be explained by 
alterations in the photosystem II (PSII), which may also be the cause of reductions in the rate 
of A and E. In the chestnut progenies, the maximal apparent efficiency of PSII is maintained 
within a fixed range for healthy, well watered plants (Björkman & Demming, 1987). Any 
stress, such as drought, may be reflected by a drop in this relation (Öquist, 1987), and this 
was indeed seen in our trial, principally in relation to material from the Northern pool. We 
also noted a significant increase in initial fluorescence (Fo), providing support for the idea 
that PSII reaction centres are damaged rather than a protective temporary inhibition in 
response to excess luminosity. Under water limitations, the proportion of absorbed light 
used by the plant in the course of photosynthesis and photorespiration is less than it would 
be in a turgid plant. In this situation, plants can reduce light absorption or divert the light 
through alternative processes such as thermic dissipation which can account for up to 75% 
of absorbed light (Niyogi, 1999). In such conditions, leaves experience a transitory reduction 
in PSII photochemical efficiency or suffer photoinhibition, and, in a worst case scenario, 
photooxidative destruction. Thus photosynthesis regulation can be seen to be a dynamic 
process regulated by dissipation of thermal energy (Chaves et al., 2003).  
In summary, we found water stress to have a great effect on growth as well as most of the 
morphological and physiological traits studied in C. sativa Mill. juvenile progenies of the 
main fruit Spanish cultivars, all of which demonstrated its capacity to respond to drought. 
In spite of the large phenotypic variation observed between progenies, when analysing the 
data, significant differences were also found between the two gene pools (Northern and 
Southern) for most morphological and growth traits, as well as for K. This corresponds to 
the genetic differentiation between these groups found by Pereira-Lorenzo et al. (2010) and 
Martin et al. (2010) using molecular markers and detected previously by Mattioni et al. 
(2008). The increased vigour of progenies from the Northern Iberian Peninsula can therefore 
be attributed to differences in the gene pool of this group compared to that of plants from 
the rest of Spain. 
Moreover, a significant geographical trend related to monthly rainfall in summer (Ps) was 
found under both experimental and control treatments for juvenile growth and certain leaf 
morphology traits. According to previous studies (Villani et al., 1994; Lauteri et al., 1997, 
2004), genetic, morphological and physiological differentiation of wild chestnut populations 
spread along a Turkish transect stretching from the Black Sea coast to the Mediterranean 
area were associated with macroclimatic variables, particularly with precipitation (Pigliucci 
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et al., 1990). However, Conedera et al. (2009) suggested studying the ecological plasticity of 
the chestnut in more depth in view of possible climate change, as a combination of increased 
temperatures and a significant reduction in summer precipitation, correlated to the 
geomorphologic site conditions, has been associated with damage in chestnut stands in the 
Southern Alps, thus leading the same authors to hypothesize that this species does not have 
an effective mechanism to protect against over-transpiration in extremely hot and dry 
weather. 
The variability demonstrated in our study may be the result of domestication processes at 
the local level, i.e., the materials used in different localities are usually the ones which are 
best adapted to the local conditions even though they may not be the most productive. That 
said, both origins of chestnut genetic variability offer valuable experimental material for 
further studies of characteristics and processes involved in divergence and speciation as 
well as for the safeguarding and development of genetic resources for use in breeding and 
afforestation programs.  

3.3 Hybrid clones 
In an attempt to reduce the impact of the ink disease, many strategies have been taken into 
consideration, from characterizing soil suppressive features to examining orchard 
management related factors (Martins et al., 2010; Martins et al., 2005; Portela & Pinto, 2005) 
as well as assessing the impact of oomycete attack on the water relations of chestnut 
(Gomes-Laranjo et al., 2004; Maurela et al., 2001). In their studies, Robin et al., (2006) 
observed near 20% of tolerant trees in several populations of C. sativa Mill., suggesting that 
resistant genes could already exist within the species. In the work on genetic resources of C. 
sativa Mill. species, Aravanopoulos (2005) and Eriksson et al. (2005a) also found significant 
differences in tolerance against Phytophtora cambivora (Petri) Buisman infection in England, 
where the populations were the most sensitive, as opposed to those from Galicia.  
Nonetheless, tree breeding in Europe has also focused on adding resistant genes to the gene 
pool of chestnut. This has been achieved through hybridization with the more resistant 
Asiatic C. crenata Sieb. and Zucc. species. These plants (C. sativa Mill. × C. crenata Sieb. and 
Zucc. or the reciprocals), known to be highly tolerant, are largely used as a clonal rootstock 
in European orchards (Cortizo et al., 1996; Fernandes, 1966; Gomes, 1982; Salesses et al., 
1993). Portuguese production of hybrid clones started in the early 1950s by Fernandes 
(1952), and led to an important collection of clones, COLUTAD (Abreu et al., 1999), being 
one of the most popular and promising discoveries. Some of these clones showed good 
features for wood production while others are more suitable as rootstock for C. sativa Mill. 
varieties, thus making these clones first class material for new plantations, as proposed by 
the National Centre of Forest Seeds (CENASEF).  
Japanese chestnut (C. crenata Sieb. and Zucc.) and Chinese chestnut (C. mollissima Blume) 
and C. Sativa Mill. species are thought to share the same origin, located in eastern Asia (Lang 
et al., 2007). According to these authors, C. crenata Sieb. and Zucc. is the most basal; in 
relation to Chinese species, it is positioned in a monophyletic clade; the North American and 
European species are its sister group. C. crenata Sieb. and Zucc. also presents the most 
divergent haplotype in relation to the other Castanea species, as a result of the unique 
climate of the island (Lang et al., 2007). According to Bounous & Beccaro (2002), C. crenata 
Sieb. and Zucc. grows in volcanic soils on the South of Japan, where summers register high 
levels of precipitation. Due to its origin, Japanese chestnut grows vigorously in humid and 
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warm climates. The earlier bud burst of these hybrids makes them more vulnerable to frost 
damage than C. sativa Mill., as well as less tolerant to drought. 
In a study done with the Euro-Japanese clones growing in CENASEF, they showed 1.5 to 2 
times significantly higher in gs, E and A values than the values measured in Portuguese 
variety ‘Judia’. In fact the former’s maximal photosynthetic rate was obtained between 32.5 
and 35 ºC, whereas for the latter the optimal T was 26.5 ºC, explaining by this way the 
differences between both genotypes.  
In terms of leaf water potential, the A100 occur between -0.5 and -1.1 MPa for all plants, 
whereas the values inducing a reduction of 50% in A100 are considerably different within 
hybrid clones, ranging between -2.8 MPa and -1.8 MPa. These values are higher than the -1.2 
MPa determined for C. sativa Mill. plants.  
On the other study to compare the effect of wild (C. sativa Mill.) and hybrid (C.sativa Mill. x 
C. crenata Sieb. and Zucc.- Ca90) rootstock on Judia, there was observed an increase on heat 
tolerance when there is used Ca90 rootstock.  

3.4 Effect of the air temperature on photosynthetic capacity  
Temperature controls the developmental rate of many organisms. The total amount of heat 
required, between the lower and upper thresholds, for an organism to develop from one 
point to another in its life cycle is calculated in units called degree-days (°D). This represents 
the physiological time that provides a common reference for the development of organisms 
(Cesaraccio et al., 2001; Zalom et al., 1983).  
Analysis of Figure 7, shows a strict relation between daily mean A, mean T and their 
dependence on place’s altitude in Trás-os-Montes Region (Portugal). In fact, as the altitude 
increases, T decreases but A also increases. The maximal value (11.5 µmol CO2.m-2.s-1) was 
measured at 23-25 ºC, corresponding to the daily mean values observed at 850 and 1050 m 
a.s.l. places. The minimal A value (65% of the maximal rate) was measured in the warmest 
local, 450 m a.s.l. being 29.l5 ºC of daily mean T (Figure 7). In the lowest altitude local the 
amount of heat was 2587 ºD and in the highest altitude place that was 1879ºD (in the period 
between March and October in 2007). Other important difference observed in tree response 
to altitude, and consequently to the T is the daily variation of A (Figure 7). In the highest 
altitudes, it stays in the maximal range until the middle of the afternoon, while in the lowest 
altitudes it starts to decrease in the morning, indicating loss on productivity. On the other 
side, A is much higher in the highest altitude than in the lowest one.  
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Fig. 7. Variation of mean daily photosynthesis rate (A, left, closed symbols) in function of 
altitude. As the altitude increases mean daily ambient temperature decreases (9, 11, 13, 15 
and 17 h; open symbols). Daily variation of A (right) at 450 m a.s.l. (black bars) and 1050 m 
a.s.l. (gray bars). 
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et al., 1990). However, Conedera et al. (2009) suggested studying the ecological plasticity of 
the chestnut in more depth in view of possible climate change, as a combination of increased 
temperatures and a significant reduction in summer precipitation, correlated to the 
geomorphologic site conditions, has been associated with damage in chestnut stands in the 
Southern Alps, thus leading the same authors to hypothesize that this species does not have 
an effective mechanism to protect against over-transpiration in extremely hot and dry 
weather. 
The variability demonstrated in our study may be the result of domestication processes at 
the local level, i.e., the materials used in different localities are usually the ones which are 
best adapted to the local conditions even though they may not be the most productive. That 
said, both origins of chestnut genetic variability offer valuable experimental material for 
further studies of characteristics and processes involved in divergence and speciation as 
well as for the safeguarding and development of genetic resources for use in breeding and 
afforestation programs.  

3.3 Hybrid clones 
In an attempt to reduce the impact of the ink disease, many strategies have been taken into 
consideration, from characterizing soil suppressive features to examining orchard 
management related factors (Martins et al., 2010; Martins et al., 2005; Portela & Pinto, 2005) 
as well as assessing the impact of oomycete attack on the water relations of chestnut 
(Gomes-Laranjo et al., 2004; Maurela et al., 2001). In their studies, Robin et al., (2006) 
observed near 20% of tolerant trees in several populations of C. sativa Mill., suggesting that 
resistant genes could already exist within the species. In the work on genetic resources of C. 
sativa Mill. species, Aravanopoulos (2005) and Eriksson et al. (2005a) also found significant 
differences in tolerance against Phytophtora cambivora (Petri) Buisman infection in England, 
where the populations were the most sensitive, as opposed to those from Galicia.  
Nonetheless, tree breeding in Europe has also focused on adding resistant genes to the gene 
pool of chestnut. This has been achieved through hybridization with the more resistant 
Asiatic C. crenata Sieb. and Zucc. species. These plants (C. sativa Mill. × C. crenata Sieb. and 
Zucc. or the reciprocals), known to be highly tolerant, are largely used as a clonal rootstock 
in European orchards (Cortizo et al., 1996; Fernandes, 1966; Gomes, 1982; Salesses et al., 
1993). Portuguese production of hybrid clones started in the early 1950s by Fernandes 
(1952), and led to an important collection of clones, COLUTAD (Abreu et al., 1999), being 
one of the most popular and promising discoveries. Some of these clones showed good 
features for wood production while others are more suitable as rootstock for C. sativa Mill. 
varieties, thus making these clones first class material for new plantations, as proposed by 
the National Centre of Forest Seeds (CENASEF).  
Japanese chestnut (C. crenata Sieb. and Zucc.) and Chinese chestnut (C. mollissima Blume) 
and C. Sativa Mill. species are thought to share the same origin, located in eastern Asia (Lang 
et al., 2007). According to these authors, C. crenata Sieb. and Zucc. is the most basal; in 
relation to Chinese species, it is positioned in a monophyletic clade; the North American and 
European species are its sister group. C. crenata Sieb. and Zucc. also presents the most 
divergent haplotype in relation to the other Castanea species, as a result of the unique 
climate of the island (Lang et al., 2007). According to Bounous & Beccaro (2002), C. crenata 
Sieb. and Zucc. grows in volcanic soils on the South of Japan, where summers register high 
levels of precipitation. Due to its origin, Japanese chestnut grows vigorously in humid and 
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warm climates. The earlier bud burst of these hybrids makes them more vulnerable to frost 
damage than C. sativa Mill., as well as less tolerant to drought. 
In a study done with the Euro-Japanese clones growing in CENASEF, they showed 1.5 to 2 
times significantly higher in gs, E and A values than the values measured in Portuguese 
variety ‘Judia’. In fact the former’s maximal photosynthetic rate was obtained between 32.5 
and 35 ºC, whereas for the latter the optimal T was 26.5 ºC, explaining by this way the 
differences between both genotypes.  
In terms of leaf water potential, the A100 occur between -0.5 and -1.1 MPa for all plants, 
whereas the values inducing a reduction of 50% in A100 are considerably different within 
hybrid clones, ranging between -2.8 MPa and -1.8 MPa. These values are higher than the -1.2 
MPa determined for C. sativa Mill. plants.  
On the other study to compare the effect of wild (C. sativa Mill.) and hybrid (C.sativa Mill. x 
C. crenata Sieb. and Zucc.- Ca90) rootstock on Judia, there was observed an increase on heat 
tolerance when there is used Ca90 rootstock.  

3.4 Effect of the air temperature on photosynthetic capacity  
Temperature controls the developmental rate of many organisms. The total amount of heat 
required, between the lower and upper thresholds, for an organism to develop from one 
point to another in its life cycle is calculated in units called degree-days (°D). This represents 
the physiological time that provides a common reference for the development of organisms 
(Cesaraccio et al., 2001; Zalom et al., 1983).  
Analysis of Figure 7, shows a strict relation between daily mean A, mean T and their 
dependence on place’s altitude in Trás-os-Montes Region (Portugal). In fact, as the altitude 
increases, T decreases but A also increases. The maximal value (11.5 µmol CO2.m-2.s-1) was 
measured at 23-25 ºC, corresponding to the daily mean values observed at 850 and 1050 m 
a.s.l. places. The minimal A value (65% of the maximal rate) was measured in the warmest 
local, 450 m a.s.l. being 29.l5 ºC of daily mean T (Figure 7). In the lowest altitude local the 
amount of heat was 2587 ºD and in the highest altitude place that was 1879ºD (in the period 
between March and October in 2007). Other important difference observed in tree response 
to altitude, and consequently to the T is the daily variation of A (Figure 7). In the highest 
altitudes, it stays in the maximal range until the middle of the afternoon, while in the lowest 
altitudes it starts to decrease in the morning, indicating loss on productivity. On the other 
side, A is much higher in the highest altitude than in the lowest one.  
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Fig. 7. Variation of mean daily photosynthesis rate (A, left, closed symbols) in function of 
altitude. As the altitude increases mean daily ambient temperature decreases (9, 11, 13, 15 
and 17 h; open symbols). Daily variation of A (right) at 450 m a.s.l. (black bars) and 1050 m 
a.s.l. (gray bars). 
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Trees exhibit maximal A when w is situated in the range of -0.8 to -1.3 MPa; A was 
inhibited by 10% at -1.6 MPa (Gomes-Laranjo et al., 2008a). Under dry soil conditions water 
potential can decrease to -2.0 MPa, which can induce a reduction in A of about 50%. The 
influence of a pair of factors, water stress and thermoinhibition, may constitute part of the 
explanation for the Fv/Fm diminution during morning in the warmest localities (450, 600 
and 700 m a.s.l.), and the increase for the highest altitude orchards (1050 m a.s.l.). It is 
important to say that this parameter reflects the maximal efficiency of PSII, and 
consequently adequate internal conditions to have a high A. These conditions are strongly 
dependent on T, since physical state of thylakoid membranes (where photosynthetic 
electron chain takes place) is strongly T dependent. Adaptation of membranes to T has been 
reported by Burkey et al., (1997), since an augmentation in unsaturation level was detected 
as a function of the altitude increase (Table 1). Variations on Chla/b and Chl/Car ratios, 
which reflect sun and shade adaptation, also indicate adaptation of plants to the 
environmental conditions, because Chla/b ratio inversely increases in function of altitude 
increment and Chl/Car has a similar variation against altitude (Gomes-Laranjo et al., 
2008b). These two variations are consistent with the known acquired tolerance to warm and 
sunny conditions, since Chla is the main pigment present in the photosystem I, which is 
located in exposed thylakoid membranes, and carotenoids have the chlorophyll protection 
function against photoinhibition. 
 
 

Altitude Chla/b PI UI Malonic aldehyde x10-4 (mM)

(s.l.m) Saturated (%) unsaturated (%) Control ADP-Fe
1050 121.5 b 3.12 c 4.8 a 27.0 73.0 111.5 171.3 1.35 3.88
900 145.9 a 3.10 c 5.0 a 32.4 67.6 97.5 154.2 1.67 4.57
700 99.1 c 3.30 b 4.4 b 38.2 61.8 119.2 156.3 2.00 4.91
600 143.9 a 3.40 b 4.6 b 33.1 66.9 47.5 146.1 1.90 4.53
450 80.9 d 3.60 a 3.9 c 43.9 56.1 79.6 121.2 3.12 5.36

Chltot
mg.cm-2

Chl/Car Total fatty acid

 
Table 1. Variation of photosynthetic pigment content (n=10), fatty acid composition (n=3) 
and malonic aldehyde (n=3) in leaves from adult trees (var. ‘Judia’). PI represents the 
peroxidation index and UI the unsaturation index. 

Leaf pigment content was higher on trees growing in lower altitude than that in higher 
altitude regions, since thermoinhibition speeds light saturation of the photosynthetic 
process (Boardman, 1977). Moreover, increase in Chla/b suggests higher proportion of 
stacking thylakoid membranes, which in turn might induce higher A, if any stress factor 
imposes (Anderson et al., 1988). Additionally, thiobarbituric acid reactive substances 
presented as malonic aldehyde show a decrease in peroxidation activity as the altitude 
increases, which could indicate a better response to oxidative stress with the altitude. 

3.5 Photosynthetic apparatus characterization of leaves from different sides of 
chestnut canopy 
Chestnut (C. sativa Mill.) is a large deciduous tree, reaching a height of 40 m and 6 m to 7 m 
diameter of canopy (Bounous, 2002). In such canopies, it is possible to identify a deep 
heterogeneity in the light availability around the crown (north, east, south and west regions) 
besides an enormous internal canopy region (Figure 8). 
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According to the measurements, leaves located in the north side only have less than 20 % of 
the south side level of PPFD, making the south part of the canopy hotter than the opposite 
part. Concerning east and west sides, they have between 74% and 67% of the south PPFD 
(Table 2). These facts induce a cascade of occurrences at many levels of biological 
organization (Boardman, 1977; Osmond & Chow, 1988). Leaf area of the south, east, west 
and north of tree top was different. The highest leaf area was in the northern canopy. The 
shadow leaves were larger, thinner and adapted to responding more effectively to the less 
light available and its diffused nature.  
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Fig. 8. Study of the radiation (PPFD) (left) and photosynthesis (A) (right) variation at 10, 13 
and 16 h in north, east, south and west sides of ‘Judia’ crown. In each side, letters represent 
the result of the comparison between 10 h (normal letters) 13 h (italic letters) and 16 h  
(caps letters) hours. The values with common letters are not significantly different, 
according to Fisher test, 5%. 

This species has typical mesomorphic leaves with a dorsiventrally flattened lamina. 
Concerning the lamina internal anatomy, in the upper epidermis there are two layers, and in 
the lower epidermis only a single layer (Figure 9). Both epidermises have cells with straight 
anticlinal walls. However, the cells were more regular in the upper than in the lower 
surface. In the glabrous adaxial surface there is a thicker cuticle layer than that in the abaxial 
surface, which is coated by a dense trichome layer (depending on variety, it can be almost 
absent in north leaves).  
Differences in light saturation point between south and north leaves were found (Figure 10), 
showing the former leaves highest PPFD saturation point, as there is known for other sun 
and shade broadleaves (Lichtenthaler, 1985; Osmond & Chow, 1988). Additionally, north 
leaves presented higher A than south leaves below 400 μmol m-2 s-1 radiation intensity. The 
former also presented lowest compensation point 
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potential can decrease to -2.0 MPa, which can induce a reduction in A of about 50%. The 
influence of a pair of factors, water stress and thermoinhibition, may constitute part of the 
explanation for the Fv/Fm diminution during morning in the warmest localities (450, 600 
and 700 m a.s.l.), and the increase for the highest altitude orchards (1050 m a.s.l.). It is 
important to say that this parameter reflects the maximal efficiency of PSII, and 
consequently adequate internal conditions to have a high A. These conditions are strongly 
dependent on T, since physical state of thylakoid membranes (where photosynthetic 
electron chain takes place) is strongly T dependent. Adaptation of membranes to T has been 
reported by Burkey et al., (1997), since an augmentation in unsaturation level was detected 
as a function of the altitude increase (Table 1). Variations on Chla/b and Chl/Car ratios, 
which reflect sun and shade adaptation, also indicate adaptation of plants to the 
environmental conditions, because Chla/b ratio inversely increases in function of altitude 
increment and Chl/Car has a similar variation against altitude (Gomes-Laranjo et al., 
2008b). These two variations are consistent with the known acquired tolerance to warm and 
sunny conditions, since Chla is the main pigment present in the photosystem I, which is 
located in exposed thylakoid membranes, and carotenoids have the chlorophyll protection 
function against photoinhibition. 
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and malonic aldehyde (n=3) in leaves from adult trees (var. ‘Judia’). PI represents the 
peroxidation index and UI the unsaturation index. 

Leaf pigment content was higher on trees growing in lower altitude than that in higher 
altitude regions, since thermoinhibition speeds light saturation of the photosynthetic 
process (Boardman, 1977). Moreover, increase in Chla/b suggests higher proportion of 
stacking thylakoid membranes, which in turn might induce higher A, if any stress factor 
imposes (Anderson et al., 1988). Additionally, thiobarbituric acid reactive substances 
presented as malonic aldehyde show a decrease in peroxidation activity as the altitude 
increases, which could indicate a better response to oxidative stress with the altitude. 
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Chestnut (C. sativa Mill.) is a large deciduous tree, reaching a height of 40 m and 6 m to 7 m 
diameter of canopy (Bounous, 2002). In such canopies, it is possible to identify a deep 
heterogeneity in the light availability around the crown (north, east, south and west regions) 
besides an enormous internal canopy region (Figure 8). 
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(Table 2). These facts induce a cascade of occurrences at many levels of biological 
organization (Boardman, 1977; Osmond & Chow, 1988). Leaf area of the south, east, west 
and north of tree top was different. The highest leaf area was in the northern canopy. The 
shadow leaves were larger, thinner and adapted to responding more effectively to the less 
light available and its diffused nature.  
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Fig. 8. Study of the radiation (PPFD) (left) and photosynthesis (A) (right) variation at 10, 13 
and 16 h in north, east, south and west sides of ‘Judia’ crown. In each side, letters represent 
the result of the comparison between 10 h (normal letters) 13 h (italic letters) and 16 h  
(caps letters) hours. The values with common letters are not significantly different, 
according to Fisher test, 5%. 

This species has typical mesomorphic leaves with a dorsiventrally flattened lamina. 
Concerning the lamina internal anatomy, in the upper epidermis there are two layers, and in 
the lower epidermis only a single layer (Figure 9). Both epidermises have cells with straight 
anticlinal walls. However, the cells were more regular in the upper than in the lower 
surface. In the glabrous adaxial surface there is a thicker cuticle layer than that in the abaxial 
surface, which is coated by a dense trichome layer (depending on variety, it can be almost 
absent in north leaves).  
Differences in light saturation point between south and north leaves were found (Figure 10), 
showing the former leaves highest PPFD saturation point, as there is known for other sun 
and shade broadleaves (Lichtenthaler, 1985; Osmond & Chow, 1988). Additionally, north 
leaves presented higher A than south leaves below 400 μmol m-2 s-1 radiation intensity. The 
former also presented lowest compensation point 
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Parameters North East South West
PPFD (µmol m-2 s-1) 137 d 673 b 912 a 611 c

LT (ºC) 24.4 b 25.1 a 25.1 a 24.8 ab

Histology

Thikness (µm) 188.7 a 194.6 c 239.2 a 208.7 b

Upper epidermis (µm) 22.0 c 23.8 b,c 29.1 a 24.4 b

Lower epidermis (µm) 15.2 a 15.0 a 16.2 a 15.4 a

Palisade mesophyll (µm) 82.4 c 87.8 b 110.8 a 86.8 b

Spongy mesophyll (µm) 73.4 b 66.6 c 82.2 a 83.6 b

Pal/Spongy 1.19 b 1.38 a 1.39 a 1.07 c

Transmitance (%) 5.44 b 5.25 a 5.24 a 5.36 a

Photosynthetic pigments

Total Chlorophyll (mg.cm-2) 63.3 b 63.9 b 67.6 ab 67.0 a

Chla /Chlb 2.91 b 3.09 a 3.14 a 3.08 a

Carotenoides (mg.cm-2) 12.1 a 13.0 a 14.2 a 14.5 a

Chl/Car 5.23 a 4.92 b 4.76 c 4.62 c

Gas Exchanges

gs (mmol m-2 s-1) 169 b 190 a 188 a 183 a

A (µmol(CO2) m-2 s-1) 1.47 c 3.14 b 3.89 a 3.02 b

E  (mmol(H2O) m-2 s-1) 3.26 c 3.54 b 3.74 a 3.56 b

WUE (µmol(CO2) mmol(H2O)-1) 0.49 c 0.84 b 1.05 a 0.75 b

A/PPFD  (µmol(CO2) mmol-1) 0.0064 c 0.0037 b 0.0044 a 0.0048 b

Ci (ppm) 292 a 281 b 268 d 275 c

 
Means followed by the same letter are not significant different at P<0.05 (Fisher test). 

Table 2. Comparison of the mean values of photosynthetic active radiation (PPFD), leaf 
temperature (LT) and leaf histology, contents of photosynthetic pigments and gas exchanges 
among canopy sides (n = 225). 
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Fig. 9. Optical (A, C) and scanning electron microscopic (B, D) micrographs of the south  
(A, B) and north (C, D) of leaf cross-section from ‘Martaínha‘ variety. Legend: upper 
epidermis (ue), lower epidermis (le), palisade parenchyma cells (pp), spongy parenchyma 
(sp), calcium oxalate crystals (co), stomata (arrowheads), trichomes (arrows).  
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Fig. 10. Study of the correlation between PPFD intensity and photosynthesis rate in north 
and south sides. Data were obtained in July, August and September. Arrows represent the 
PPFD value for 90% and 50% of maximal A in south and north sides. Logarithmic equation 
analysis was used to determine the equation of the best-fitting line. The values of r2 were 
0.64 (north) and 0.68 (south), respectively. 

Changes in thylakoid membrane surface potential, induced by the electron transfer chain, 
were studied. South side chloroplast presented highest thylakoid membrane potential 
(Figure 11). This acclimation to high T is normally associated with a greater degree of 
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and south sides. Data were obtained in July, August and September. Arrows represent the 
PPFD value for 90% and 50% of maximal A in south and north sides. Logarithmic equation 
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Changes in thylakoid membrane surface potential, induced by the electron transfer chain, 
were studied. South side chloroplast presented highest thylakoid membrane potential 
(Figure 11). This acclimation to high T is normally associated with a greater degree of 
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saturation of fatty acids in membrane lipids which turns membranes less fluid (Gomes-
Laranjo et al., 2006). These authors also demonstrated that chloroplasts from north side 
showed approximately 5% more of surface thylakoids than those from south chloroplasts. 
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Fig. 11. Influence of temperature in thylakoid membrane potential of ‘Judia’ chloroplasts 
from leaves collected in south and north-side of canopy. For membrane potential 
measurements there was used the molecular probe 9-amino-6-chloro-methoxyacridine 
(Gomes-Laranjo et al., 2006).  

4. Impact of different orchard management strategies on gas exchange rates 
4.1 Soil management 
Producers have submitted their orchards to intense management practices, such as soil tillage, 
fertilization and irrigation to increase productivity. In a study done between 2003 and 2007, in 
Trás-os-Montes region (Portugal), the effect of tillage and irrigation on the predawn leaf water 
potential (wpd) (Figure 12) and gas exchanges rates (Figure 13) were demonstrated. 
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Fig. 12. Predawn leaf water potential values (wpd) during the studied period in three years, 
for TTC (▲, soil surface tillage with a tiny cultivator), USP (Δ, no tillage with rain feed 
seeded pasture under canopy) and ISP (■, no tillage with irrigated seeded pasture under 
canopy) treatments (n=12). The arrows display irrigation dates.  
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As shown in Figure 12, in 2003 and 2004, no significant differences in wpd were found among 
treatments, with a level around -0.6 MPa. These results showed a complete recovery of the 
water level during the night, suggesting the availability of enough water for chestnut 
requirements in the soil, even without irrigation, and favourable conditions for chestnut growth. 
This observation provides an evidence that trees can absorb water according to its availability 
across the root zone, which is consistent with earlier observations above-mentioned. 
In relation to photosynthetic rate (A) (Figure 13), no significant differences in cultural 
practices were detected in 2003 and 2004, following the same pattern as wpd. 
Nevertheless, significant differences were detected between the measurements at different 
T. Independent on the measurement date, highest values of A, in the range of 9-9.5 µmol 
CO2.m-2.s-1, were measured when T reached 28-29 ºC, decreasing to 8-8.5 µmol CO2.m-2.s-1 
at 33 ºC and to 4-5 µmol CO2.m-2.s-1, in August, when T rose up to 37.5 ºC. These data are 
consistent with above lines and previous studies (Gomes-Laranjo et al., 2006) as also with 
the values obtained for August 2005, showing that photosynthetic rate of C. sativa Mill. 
seems more dependent on atmospheric T than on soil water, under the climatic conditions 
of the studied region. 
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Fig. 13. Obtained results for photosynthesis rate (A) and atmospheric temperature (T) on 
TTC (▲, soil surface tillage with a tine cultivator), USP (Δ, no tillage with rain feed seeded 
pasture under canopy) and ISP (■, no tillage with irrigated seeded pasture under canopy) 
treatments in 2003, 2004 and 2005 from June to September. When present, each arrow 
indicates irrigation in the ISP treatment. 

Nevertheless, related to 2005, a decrease in A was observed from 5th August to 20th 
September, from 8.4 to 4.8 µmol CO2.m-2.s-1, in spite of the maintenance of atmospheric T 
at 30-32 ºC, which might be due to the water stress as the very low wpd (-1.6 MPa) 
suggested. 
Fertilization with nitrogen, phosphorus and potassium is common practice among 
producers; however applications of magnesium (Mg) and boron (B) are hardly carried out in 
chestnuts. Both nutrients, Mg and B greatly affect vegetative growth, namely the size and 
shape of the leaves and obviously LAI and photosynthetic activity. Portela et al. (1999) 
showed that trees with pronounced yellowing due to Mg deficiency may reduce LAI to 
values less than 50%, and nut size and productivity were also greatly decreased (Portela et 
al, 2003). Although B deficiency in chestnuts has been identified and B fertilization was 
carried out in some orchards with unequivocal positive effects on nut production, only 
recently post-treatment evaluation was carried out (Portela et al., 2011). 
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saturation of fatty acids in membrane lipids which turns membranes less fluid (Gomes-
Laranjo et al., 2006). These authors also demonstrated that chloroplasts from north side 
showed approximately 5% more of surface thylakoids than those from south chloroplasts. 
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from leaves collected in south and north-side of canopy. For membrane potential 
measurements there was used the molecular probe 9-amino-6-chloro-methoxyacridine 
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4.1 Soil management 
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fertilization and irrigation to increase productivity. In a study done between 2003 and 2007, in 
Trás-os-Montes region (Portugal), the effect of tillage and irrigation on the predawn leaf water 
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for TTC (▲, soil surface tillage with a tiny cultivator), USP (Δ, no tillage with rain feed 
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Fig. 13. Obtained results for photosynthesis rate (A) and atmospheric temperature (T) on 
TTC (▲, soil surface tillage with a tine cultivator), USP (Δ, no tillage with rain feed seeded 
pasture under canopy) and ISP (■, no tillage with irrigated seeded pasture under canopy) 
treatments in 2003, 2004 and 2005 from June to September. When present, each arrow 
indicates irrigation in the ISP treatment. 

Nevertheless, related to 2005, a decrease in A was observed from 5th August to 20th 
September, from 8.4 to 4.8 µmol CO2.m-2.s-1, in spite of the maintenance of atmospheric T 
at 30-32 ºC, which might be due to the water stress as the very low wpd (-1.6 MPa) 
suggested. 
Fertilization with nitrogen, phosphorus and potassium is common practice among 
producers; however applications of magnesium (Mg) and boron (B) are hardly carried out in 
chestnuts. Both nutrients, Mg and B greatly affect vegetative growth, namely the size and 
shape of the leaves and obviously LAI and photosynthetic activity. Portela et al. (1999) 
showed that trees with pronounced yellowing due to Mg deficiency may reduce LAI to 
values less than 50%, and nut size and productivity were also greatly decreased (Portela et 
al, 2003). Although B deficiency in chestnuts has been identified and B fertilization was 
carried out in some orchards with unequivocal positive effects on nut production, only 
recently post-treatment evaluation was carried out (Portela et al., 2011). 
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4.2 Boron applications 
The trees suffering B deficiency show death of shoot tips and the terminal buds 
systematically fail; many branches are leafless; leaves are small and narrow, sometimes 
malformed and with irregular shape; the internodes are shortened and a rosetting 
arrangement of younger leaves can be observed (Portela et al., 2011). In 2008, fruit setting 
and productivity were increased fourfold with B applications. Epstein and Bloom (2005) 
emphasized the role of B in increasing the translocation rate of the sugars through the 
phloem from the photosynthetic tissues to the actively growing regions and also the 
developing fruits.  
Soil B application in a non-irrigated orchard (around 15 years old) located at 600 m a.s.l in 
Trás-os-Montes (corresponding to an amount of 2500 ºD, in the period of March-October), 
can increase the water potential in chestnut. This conclusion was drawn from 3 years of B 
experiment (2006-2009), where in October the leaf water potential (w) in fertilized trees 
with B was -2.14 MPa, while in control plants the value shifted to -2.24 MPa. As a 
consequence, a cascade of benefits was obtained. In the gas exchange rates (Table 3, 
unpublished data), an increase in gs, E, A were observed as so in chlorophyll content. 
Photosynthesis rate increased by 52% in 2008 (under 27ºC) and by 16% in 2009 (under 31ºC). 
It is noteworthy that values from 2009 were obtained under heat stress (optimal T for 
chestnut is around 27 ºC) inducing a reduction of about 50% in A.  
 
 
 
Year T PPFD gs E A WUE A/Ci A/gs �w

Treatment (ºC) (µmol.m-2.s-1) (mmol.m-2.s-1) (mmol.m-2.s-1) (µmolCO2.m-2.s-1) (µmolCO2.mmolH2O) (µmolCO2.µbar) (µmolCO2.mmol) (MPa)
2007

B0 28,09 1180,00 127,79 a 2,57 b 11,77 a 5,24 a 0,08 a 0,11 a -1,24 a
B1 29,58 1180,80 129,28 a 2,89 a 12,19 a 4,59 b 0,09 a 0,11 a -1,26 a

2008
B0 27,60 1305,00 84,00 b 2,27 b 8,29 b 3,66 b 0,04 b 0,10 a
B1 27,38 1305,00 158,00 a 3,13 a 12,65 a 4,08 a 0,06 a 0,08 b

2009
B0 31,50 1392,00 33,02 b 1,18 b 6,73 b 7,15 a 0,38 a 0,25 a -2,44 a
B1 31,65 1392,00 48,42 a 1,65 a 7,79 a 5,11 b 0,14 b 0,18 b -2,14 b  

 
 

Table 3. Effect of boron fertilization on gas exchange rates in chestnut trees.  

Boron application to the soil might have created better conditions for development of the 
root system and therefore a better acquisition of water from the soil. The role of B in root 
development is well supported by Dell and Huang (1997). 

4.3 Silicon applications 
Silicon (Si) is regarded as a beneficial element of higher plants (Epstein, 2001). It may 
increase plant resistance against biotic, e.g., diseases and pests (Hou & Han, 2010; 
Osunacanizalez et al., 1991) and abiotic stresses, e.g., water deficit (Gong et al., 2003), salt 
(Saqib et al., 2008) and heavy metals (Neumann & zur Nieden, 2001). Our recent work has 
shown that foliar application of Si significantly increased chestnut plant gs and A (Figure 14, 
unpublished data).  
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Fig. 14. The effect of silicon (Si) treatment on chestnut (C. sativa Mill. M.) plantlet gs and A.  

5. Understanding mechanisms of ink disease tolerance by analysing 
alterations in secondary metabolite synthesis 
The oomycete pathogen Phytophthora cinnamomi Rands. is generally found in areas with acid 
to neutral soils containing low amounts of nutrients (mainly low content of phosphorus and 
calcium), low organic matter, and fewer micro-organisms and also presenting poor 
drainage, where average annual rainfall is greater than 500 mm. The severity of the 
symptoms is related to climatic and soil characteristics, which have been shown to be 
greater in south-facing stands (Martins et al., 2005). The metabolism seems to be directly 
affected by the water stress provoked by the presence of the oomycete. The most important 
cause could be the blockage of the xylem and the consequent lack of water in the leaves 
(Bryant et al., 1983). Infection frequently occurs as a response to several biochemical stimuli 
exuded from host plants, which are mainly near root injuries. These stimulating compounds 
are sugar enriched, which attract and promote zoospore germination in plant tissues. A 
recent study, where resistant and sensitive plantlets were infected, shows an increase of 
soluble sugars in resistant ones (Dinis et al., 2011b). It is known that the increase in water 
stress induces accumulation of soluble sugars in leaves (Quick et al., 1992), and 
consequently an increase in osmotic strength, which in most of times occurs at expenses of 
starch content diminution (Gomes-Laranjo et al., 2004a). On the other side, there is expected 
an inhibition in the phloem loading, due to the lack of water, increasing by this way, the 
starch synthesis in chloroplasts. It is well known that the water stress can also alter carbon 
assimilation and the partitioning between sucrose and starch (Quick et al., 1992), resulting in 
an increase in sucrose concentration (Chaves, 1991). Soluble sugar, such as sucrose and 
glucose, either acts as substrate for cellular respiration or as osmolyte to maintain cell 
homeostasis. Fructose is not related to osmoprotection but it is related to secondary 
metabolite synthesis, namely with the synthesis of erythrose-4-P, which acts as a substrate 
for lignin and phenolic compound syntheses (Rosa et al., 2009). 
Dinis et al. (2011b), have observed a strong increase in phenols content (50%) in resistant 
plantlets with increase of soluble sugars, constituting a part of the defence mechanism 
against the hyphae invasion. Resistance to ink disease is attributed essentially to phenolic 
content, because most of them have fungicidal activity. Gallic acid is the most predominant 
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Table 3. Effect of boron fertilization on gas exchange rates in chestnut trees.  

Boron application to the soil might have created better conditions for development of the 
root system and therefore a better acquisition of water from the soil. The role of B in root 
development is well supported by Dell and Huang (1997). 

4.3 Silicon applications 
Silicon (Si) is regarded as a beneficial element of higher plants (Epstein, 2001). It may 
increase plant resistance against biotic, e.g., diseases and pests (Hou & Han, 2010; 
Osunacanizalez et al., 1991) and abiotic stresses, e.g., water deficit (Gong et al., 2003), salt 
(Saqib et al., 2008) and heavy metals (Neumann & zur Nieden, 2001). Our recent work has 
shown that foliar application of Si significantly increased chestnut plant gs and A (Figure 14, 
unpublished data).  
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Fig. 14. The effect of silicon (Si) treatment on chestnut (C. sativa Mill. M.) plantlet gs and A.  

5. Understanding mechanisms of ink disease tolerance by analysing 
alterations in secondary metabolite synthesis 
The oomycete pathogen Phytophthora cinnamomi Rands. is generally found in areas with acid 
to neutral soils containing low amounts of nutrients (mainly low content of phosphorus and 
calcium), low organic matter, and fewer micro-organisms and also presenting poor 
drainage, where average annual rainfall is greater than 500 mm. The severity of the 
symptoms is related to climatic and soil characteristics, which have been shown to be 
greater in south-facing stands (Martins et al., 2005). The metabolism seems to be directly 
affected by the water stress provoked by the presence of the oomycete. The most important 
cause could be the blockage of the xylem and the consequent lack of water in the leaves 
(Bryant et al., 1983). Infection frequently occurs as a response to several biochemical stimuli 
exuded from host plants, which are mainly near root injuries. These stimulating compounds 
are sugar enriched, which attract and promote zoospore germination in plant tissues. A 
recent study, where resistant and sensitive plantlets were infected, shows an increase of 
soluble sugars in resistant ones (Dinis et al., 2011b). It is known that the increase in water 
stress induces accumulation of soluble sugars in leaves (Quick et al., 1992), and 
consequently an increase in osmotic strength, which in most of times occurs at expenses of 
starch content diminution (Gomes-Laranjo et al., 2004a). On the other side, there is expected 
an inhibition in the phloem loading, due to the lack of water, increasing by this way, the 
starch synthesis in chloroplasts. It is well known that the water stress can also alter carbon 
assimilation and the partitioning between sucrose and starch (Quick et al., 1992), resulting in 
an increase in sucrose concentration (Chaves, 1991). Soluble sugar, such as sucrose and 
glucose, either acts as substrate for cellular respiration or as osmolyte to maintain cell 
homeostasis. Fructose is not related to osmoprotection but it is related to secondary 
metabolite synthesis, namely with the synthesis of erythrose-4-P, which acts as a substrate 
for lignin and phenolic compound syntheses (Rosa et al., 2009). 
Dinis et al. (2011b), have observed a strong increase in phenols content (50%) in resistant 
plantlets with increase of soluble sugars, constituting a part of the defence mechanism 
against the hyphae invasion. Resistance to ink disease is attributed essentially to phenolic 
content, because most of them have fungicidal activity. Gallic acid is the most predominant 
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phenolic acid in chestnut (De Vasconcelos et al., 2009). Non-structural carbohydrates tend to 
accumulate and more phenolic compounds are produced (Bryant et al., 1983). Some of those 
secondary metabolites, like the polyphenols, function as plant antioxidants due to their free 
radical scavenging property.  
Concerning the protein content opposing results were found. Gomes-Laranjo et al. (2004b) 
has shown an increase in infected plants with P. cinnamomi Rands., as many other authors 
also found in plants under water stress (Bacelar et al., 2006; Rosa et al., 2009; De Vasconcelos 
et al., 2009). However, Dinis et al., (2011b) obtained a decrease in soluble proteins content in 
the first answered period after infection. This could be a consequence of an increase in 
protein hydrolysis to provide an increase in amino acids under leaf drought conditions 
(Yadav et al., 1999). One of the most important responses of plants to drought is an 
overproduction of different types of compatible solutes (Ashraf & Harris, 2004; Serraj & 
Sinclair, 2002) namely total free amino acids, proline and soluble sugars. Among several 
biochemical indexes of water stress, proline accumulation and the decline in protein 
synthesis in plants have been widely reported. Other authors reported that the 
accumulation of certain cytosolutes, particularly proline and glycine betaine (a quaternary 
amine) could avoid the negative effects of the cell osmotic potential decrease, without 
interfering with protein synthesis (Raggi, 1994). Proline synthesis has been associated with 
protein hydrolysis induced by water decit (Bacelar et al., 2006). In the second period, the 
soluble protein content increased (Dinis et al., 2011b), probably due to defense enzyme 
activity against the oomycete invasion (Ricardi el al., 1998; Tabaeizadeh, 1998). 
In conclusion, leaf water deficit, caused by xylem blockage, due to the invasion of the 
oomycete hyphae, triggers phenol synthesis and phloem loading, resulting in the damage at 
the physiological and biochemical levels, which ultimately leading to plant death.  

6. Genetic modifications targeting improved chestnut tolerance against 
abiotic stresses 
Abiotic stresses adversely affect growth and productivity and trigger a series of 
morphological, physiological, biochemical and molecular changes in plants. Drought, 
extreme T, and saline soils are the most common abiotic stresses that plants have to face. 
Globally, approximately 22% of the agricultural land is saline (FAO, 2004), and areas under 
drought have been already expanding and this is expected to increase further (Burke et al., 
2006). Gene expression profiles of either drought- or salt-stressed barley plants indicated 
that, although various genes were differentially regulated in response to different stresses, 
they possibly induce a similar defense response (Ozturk et al., 2002).  
Progress in breeding for drought tolerance has consequently been limited. Molecular 
biology, however, provides new tools that promise better understanding of the mechanisms 
of drought stress and drought tolerance. Drought tolerance is a complex trait, and breeding 
for tolerance has been hampered by interactions between genotype and environment. From 
the conventional plant breeding point of view, several characteristics and processes have 
been considered important in drought tolerance improvement.  
Similarly, many physiological and morphological (phenotypic) characters are considered 
important in adaptation to drought stress. Osmotic adjustment, in which the plant increases 
the concentration of organic molecules in the cell water solution to bind water, is one 
example of the mechanism that alleviates some of the detrimental effects of drought. A 
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thicker layer of waxy material at the plant surface and more extensive and deeper rooting 
are the others. Root development plays a major role in a plant’s response to water 
availability. Root development is restricted in acid soils, because of aluminium toxicity. 
Phosphorus is also highly fixed in acid soils and this too adversely affects root development. 
Therefore, improving aluminium tolerance and phosphorus uptake indirectly improves 
drought tolerance. Similarly, physiological and biochemical traits that might enhance 
drought tolerance have been proposed but only a few of these mechanisms have been 
demonstrated to be casually related to the expression of tolerance under field conditions. 
It has been reported that photosynthesis and several other related physiological traits differ 
significantly between drought-tolerant and susceptible genotypes. Some crops are naturally 
more drought tolerant than others, and are obviously better suited to drought environments 
(Gomes-Laranjo et al., 2006). 
Gomes-Laranjo et al. (2006) studied the T effect in three chestnut (C. sativa Mill.) varieties’ 
behaviour, ‘Judia’, ‘Longal’ and ‘Aveleira’ and they found differences among them 
indicating, the least adaptability of ‘Judia‘ to high T (T100, 23.5 ºC) and also ‘Longal‘, 
showing a shift of one degree increase (T100, 24.5 ºC) in the optimal T for photosynthesis, 
and ‘Aveleira‘ which exhibits quite different behaviour (T100, 26 ºC and T50, 38.5 ºC). When 
different clones of the ‘Judia’ variety were studied in terms of heat tolerance, some intra-
clonal variety was observed, clones with higher tolerance to heat were found and that seems 
to be associated with a "memory" heat, since they followed a pattern of behaviour similar to 
the climatic conditions of the place of origin (Dinis et al., 2011c, d). These genotypes may be 
interesting for selective breeding for heat resistance. Adaptive traits have been evaluated in 
progenies from local varieties (Ciordia et al., 2011) between the most genetically 
differentiated areas in Spain (Pereira-Lorenzo et al., 2010, 2011), the North and the Centre-
South. Progenies showed significant differences in growth and morphological aspects, as a 
strategy for adaptation to water stress, quite common in central and southern Spain. 
Identification of areas of the genome that have a major influence on drought tolerance, 
namely Quantitaive Trait Loci (QTL), could allow marker assisted selection (MAS) to be 
used to identify those plants from a population that are likely to be better adapted to 
drought. These areas of the genome are invariably numerous and large, and it is a further 
step to identify the genes underlying the QTL and assess their contributions to drought 
tolerance. In addition to accounting for variation in drought tolerance directly, these QTL 
will also largely determine root morphology and development, and may well govern 
expression of a whole range of other associated genes. Once the major QTLs have been 
identified, they might be transferred among plants using linked molecular markers 
associated with them. 
In the mapping project undertaken for the European chestnut (C. sativa Mill.) a family 
obtained from controlled crosses between two trees with contrasting phenotypes, with 
respect to the efficiency of water use was used: the female parent (‘Bursa‘) belonging to type 
adapted to drought in the Western part of Turkey, and the male parent (‘Hopa‘) adapted to 
flooding in Eastern Turkey. Two genetic linkage maps were constructed for the first time for 
European chestnut, based on this plant material and different markers: RAPD, ISSR and 
isozyme markers for identification of genomic regions (QTL) related to water use efficiency 
(Casasoli et al, 2004). QTLs were detected for bud flush, growth and carbon isotope 
discrimination using female and male parents originated from two Turkish chestnut 
populations adapted to a drought and humid environment, respectively (Casasoli et al., 
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phenolic acid in chestnut (De Vasconcelos et al., 2009). Non-structural carbohydrates tend to 
accumulate and more phenolic compounds are produced (Bryant et al., 1983). Some of those 
secondary metabolites, like the polyphenols, function as plant antioxidants due to their free 
radical scavenging property.  
Concerning the protein content opposing results were found. Gomes-Laranjo et al. (2004b) 
has shown an increase in infected plants with P. cinnamomi Rands., as many other authors 
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et al., 2009). However, Dinis et al., (2011b) obtained a decrease in soluble proteins content in 
the first answered period after infection. This could be a consequence of an increase in 
protein hydrolysis to provide an increase in amino acids under leaf drought conditions 
(Yadav et al., 1999). One of the most important responses of plants to drought is an 
overproduction of different types of compatible solutes (Ashraf & Harris, 2004; Serraj & 
Sinclair, 2002) namely total free amino acids, proline and soluble sugars. Among several 
biochemical indexes of water stress, proline accumulation and the decline in protein 
synthesis in plants have been widely reported. Other authors reported that the 
accumulation of certain cytosolutes, particularly proline and glycine betaine (a quaternary 
amine) could avoid the negative effects of the cell osmotic potential decrease, without 
interfering with protein synthesis (Raggi, 1994). Proline synthesis has been associated with 
protein hydrolysis induced by water decit (Bacelar et al., 2006). In the second period, the 
soluble protein content increased (Dinis et al., 2011b), probably due to defense enzyme 
activity against the oomycete invasion (Ricardi el al., 1998; Tabaeizadeh, 1998). 
In conclusion, leaf water deficit, caused by xylem blockage, due to the invasion of the 
oomycete hyphae, triggers phenol synthesis and phloem loading, resulting in the damage at 
the physiological and biochemical levels, which ultimately leading to plant death.  
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Globally, approximately 22% of the agricultural land is saline (FAO, 2004), and areas under 
drought have been already expanding and this is expected to increase further (Burke et al., 
2006). Gene expression profiles of either drought- or salt-stressed barley plants indicated 
that, although various genes were differentially regulated in response to different stresses, 
they possibly induce a similar defense response (Ozturk et al., 2002).  
Progress in breeding for drought tolerance has consequently been limited. Molecular 
biology, however, provides new tools that promise better understanding of the mechanisms 
of drought stress and drought tolerance. Drought tolerance is a complex trait, and breeding 
for tolerance has been hampered by interactions between genotype and environment. From 
the conventional plant breeding point of view, several characteristics and processes have 
been considered important in drought tolerance improvement.  
Similarly, many physiological and morphological (phenotypic) characters are considered 
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the concentration of organic molecules in the cell water solution to bind water, is one 
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thicker layer of waxy material at the plant surface and more extensive and deeper rooting 
are the others. Root development plays a major role in a plant’s response to water 
availability. Root development is restricted in acid soils, because of aluminium toxicity. 
Phosphorus is also highly fixed in acid soils and this too adversely affects root development. 
Therefore, improving aluminium tolerance and phosphorus uptake indirectly improves 
drought tolerance. Similarly, physiological and biochemical traits that might enhance 
drought tolerance have been proposed but only a few of these mechanisms have been 
demonstrated to be casually related to the expression of tolerance under field conditions. 
It has been reported that photosynthesis and several other related physiological traits differ 
significantly between drought-tolerant and susceptible genotypes. Some crops are naturally 
more drought tolerant than others, and are obviously better suited to drought environments 
(Gomes-Laranjo et al., 2006). 
Gomes-Laranjo et al. (2006) studied the T effect in three chestnut (C. sativa Mill.) varieties’ 
behaviour, ‘Judia’, ‘Longal’ and ‘Aveleira’ and they found differences among them 
indicating, the least adaptability of ‘Judia‘ to high T (T100, 23.5 ºC) and also ‘Longal‘, 
showing a shift of one degree increase (T100, 24.5 ºC) in the optimal T for photosynthesis, 
and ‘Aveleira‘ which exhibits quite different behaviour (T100, 26 ºC and T50, 38.5 ºC). When 
different clones of the ‘Judia’ variety were studied in terms of heat tolerance, some intra-
clonal variety was observed, clones with higher tolerance to heat were found and that seems 
to be associated with a "memory" heat, since they followed a pattern of behaviour similar to 
the climatic conditions of the place of origin (Dinis et al., 2011c, d). These genotypes may be 
interesting for selective breeding for heat resistance. Adaptive traits have been evaluated in 
progenies from local varieties (Ciordia et al., 2011) between the most genetically 
differentiated areas in Spain (Pereira-Lorenzo et al., 2010, 2011), the North and the Centre-
South. Progenies showed significant differences in growth and morphological aspects, as a 
strategy for adaptation to water stress, quite common in central and southern Spain. 
Identification of areas of the genome that have a major influence on drought tolerance, 
namely Quantitaive Trait Loci (QTL), could allow marker assisted selection (MAS) to be 
used to identify those plants from a population that are likely to be better adapted to 
drought. These areas of the genome are invariably numerous and large, and it is a further 
step to identify the genes underlying the QTL and assess their contributions to drought 
tolerance. In addition to accounting for variation in drought tolerance directly, these QTL 
will also largely determine root morphology and development, and may well govern 
expression of a whole range of other associated genes. Once the major QTLs have been 
identified, they might be transferred among plants using linked molecular markers 
associated with them. 
In the mapping project undertaken for the European chestnut (C. sativa Mill.) a family 
obtained from controlled crosses between two trees with contrasting phenotypes, with 
respect to the efficiency of water use was used: the female parent (‘Bursa‘) belonging to type 
adapted to drought in the Western part of Turkey, and the male parent (‘Hopa‘) adapted to 
flooding in Eastern Turkey. Two genetic linkage maps were constructed for the first time for 
European chestnut, based on this plant material and different markers: RAPD, ISSR and 
isozyme markers for identification of genomic regions (QTL) related to water use efficiency 
(Casasoli et al, 2004). QTLs were detected for bud flush, growth and carbon isotope 
discrimination using female and male parents originated from two Turkish chestnut 
populations adapted to a drought and humid environment, respectively (Casasoli et al., 
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2004). Phenology showed the higher proportion of stable QTLs. Phenotypic correlations and 
co-localizations among QTLs for different adaptive traits was related with the genetic 
adaptation of the female parent to drought. Homeologous genomic regions identified 
between oak and chestnut allowed to compare QTL positions (Casasoli et al., 2006). Co-
location of the QTL controlling the timing of bud burst was significant between the two 
species.  
To date, 517 markers were mapped in C. sativa Mill. linkage map, covering 80% of their 
genome, and 12 linkage groups that were aligned to obtain a consensus between the male 
and female parents. In order to obtain orthologous markers for comparative mapping, 
microsatellite markers developed for species of Quercus and C. sativa Mill. were tested in 
both species. Nineteen loci, 15 of which from Quercus and four from C. sativa Mill., were 
integrated into the two maps previously established, allowing the first comparative 
mapping between the linkage groups of the two species (Barreneche et al., 2004). The same 
loci were also used to perform the alignment of the maps obtained for the European 
chestnut with inter map x-specific C. mollissima Blume x C. dentata (Marsh.) Borkh. (Sisco et 
al., 2005). 
The candidate-gene approach is a powerful and robust method. Compared to the genome 
wide mapping strategy, the chances of finding markers linked to putative QTL are 
maximized, since the selection of candidate-gene markers is based on known relationships 
between biochemistry, physiology and the agronomic character under study.  
Genetic association between allelic variants and trait differences on a population scale is a 
powerful, and relatively recent approach to identifying genes or alleles that contribute to 
variation in adaptive traits (Long & Langley 1999; see Neale & Savolainen, 2004 for conifers). 
Regarding forest trees, progress on identification of drought-related genes and development 
of expressional studies are relatively recent (Chang et al. 1996; Dubos & Plomion, 2003; 
Watkinson et al., 2003). The molecular basis of dehydration tolerance in trees is extremely 
complex and a wide variety of expressional candidate genes have been suggested 
(González-Martínez et al., 2006). 
Being multigenic as well as a quantitative trait, it is a challenge to understand the molecular 
basis of abiotic stress tolerance and to manipulate it as compared to biotic stresses (Amudha 
& Balasubramani, 2010). Stress-induced gene expression can be broadly categorized into 
three groups: (1) genes encoding proteins with known enzymatic or structural functions, (2) 
proteins with as yet unknown functions, and (3) regulatory proteins. Intuitively, genetic 
engineering would be a faster way to insert beneficial genes than through conventional or 
molecular breeding. Also, it would be the only option when genes of interest originate from 
cross barrier species, distant relatives, or from non-plant sources (Bhatnagar-Mathur et al., 
2008). 
Initial attempts to develop transgenics (mainly tobacco) for abiotic stress tolerance involved 
‘‘single action genes’’ i.e., genes responsible for modification of a single metabolite. 
However, that approach has overlooked the fact that abiotic stress tolerance is likely to 
involve many genes at a time, and that single-gene tolerance is unlikely to be sustainable 
(Bhatnagar-Mathur et al., 2008). 
Therefore, a second ‘‘wave’’ of transformation attempts to transform plants with the third 
category of stress-induced genes, namely, regulatory proteins has emerged. Through these 
proteins, many genes involved in stress response can be simultaneously regulated by a 
single gene encoding stress inducible transcription factor (Kasuga et al., 1999), thus offering 
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possibility of enhancing tolerance towards multiple stresses including drought, salinity, and 
freezing. Regarding the genetic transformation of chestnut, apart from the success obtained 
for American chestnut (Polin et al., 2006), where we can find reports of transgenic plants 
with resistance genes to Cryphonectria parasitica in field trials (Powel et al., 2005), the studies 
attempted for European chestnut didn’t show significant results of stable transformation 
(Seabra & Pais, 1998, Corredoira et al., 2004). 

7. Conclusion 
A great deal of work has been done to assess the biodiversity in chestnut species, part of 
them with the aim to understand species’ potentialities facing to climate changes.  
Chestnut is quite spread in the world, mostly of those regions being located in the North 
Hemisphere. The cradle of chestnut, is attributed to a region in east of China, from where it 
spread for many regions, Europe being one of the most important areas. Nowadays, European 
chestnut occupies areas in the south part of Europe, mainly corresponding to the 
Mediterranean countries, ranging between 27º N and 53º N, where climate change impacts can 
be more significant. In fact, it is consensual that the main consequences of those, might be an 
increase in T and a decrease in the water availability. The large spread of chestnut in Europe 
during thousands of years has induced long-term adaptations and by this way a certain 
specialization of genotypes according to the local edaphoclimatic characteristics of each one. 
According to elegant studies performed in the Cascade project (Eriksson et al., 2005b), chestnut 
presents a substantial adaptive variation among populations. They demonstrated that 
Mediterranean ecotypes might have more tolerance to drought than other ones from wet 
locals. Additionally, Pereira-Lorenzo et al. (2010) verified that the south Iberian areas of 
chestnut were colonized by genotypes from the north Iberian region concluding by this way 
that this species has potential to adapt itself to new climatic conditions and eventually to the 
new context of climate changes. Anyway, chestnut is not very much heat tolerant as outlined 
in the present chapter. Air temperatures in the range of 22 to 30 ºC are optimal for it growth. 
Thus for this species, the summer T is one of the most decisive factors.  
Chestnut is a dim-light species presenting significant adaptive degree even inside same 
canopy, where shady and sunny leaves where also characterized. Chestnut is also an 
anisohydric species, with considerable buffer capacity during summer times on leaf water 
Potential, being -0.8 MPa is the typical value of predawn leaf water potential without water 
stress. This buffer capacity is attributed to deep root system which allows plant to absorb 
water from the deep soil layers. As this species is less heat tolerant, transpiration plays a 
decisive role in leaf cooling and by this way in promoting the best photosynthetic rates for 
such edaphoclimatic conditions. In consequence, chestnut needs great quantity of water, 
perfectly supporting the popular dictate for chestnut “Chestnut wants to boil in July and 
drink in August”. So, increase of water absorption capacity, must be integrated into the new 
management strategies. The impacts of boron and silicon applications were studied with 
promising results. The above referred abiotic stresses, which induce loss of plant vigor, 
sensitize plant to pests and diseases. The most common, the root rot ink disease attacks the 
fragile chestnuts, blocking xylem and stopping water uptake, triggering phenol synthesis. 
Besides agronomic characteristics, heat and drought stress are two important traits that 
must continue to be in account for future studies. Morphological and ecophysiological 
studies in strict connection with genetic studies aiming to identify tolerant genotypes, 
including the necessary variety breeding programs, must continue in future. The employ of 
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new context of climate changes. Anyway, chestnut is not very much heat tolerant as outlined 
in the present chapter. Air temperatures in the range of 22 to 30 ºC are optimal for it growth. 
Thus for this species, the summer T is one of the most decisive factors.  
Chestnut is a dim-light species presenting significant adaptive degree even inside same 
canopy, where shady and sunny leaves where also characterized. Chestnut is also an 
anisohydric species, with considerable buffer capacity during summer times on leaf water 
Potential, being -0.8 MPa is the typical value of predawn leaf water potential without water 
stress. This buffer capacity is attributed to deep root system which allows plant to absorb 
water from the deep soil layers. As this species is less heat tolerant, transpiration plays a 
decisive role in leaf cooling and by this way in promoting the best photosynthetic rates for 
such edaphoclimatic conditions. In consequence, chestnut needs great quantity of water, 
perfectly supporting the popular dictate for chestnut “Chestnut wants to boil in July and 
drink in August”. So, increase of water absorption capacity, must be integrated into the new 
management strategies. The impacts of boron and silicon applications were studied with 
promising results. The above referred abiotic stresses, which induce loss of plant vigor, 
sensitize plant to pests and diseases. The most common, the root rot ink disease attacks the 
fragile chestnuts, blocking xylem and stopping water uptake, triggering phenol synthesis. 
Besides agronomic characteristics, heat and drought stress are two important traits that 
must continue to be in account for future studies. Morphological and ecophysiological 
studies in strict connection with genetic studies aiming to identify tolerant genotypes, 
including the necessary variety breeding programs, must continue in future. The employ of 
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QTL’s, which allows the identification of determined genome areas, could allow marker 
assisted selection (MAS) to be used to identify tolerant plants from a population that are 
likely to be better adapted to those stresses. 
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1. Introduction 
1.1 Crassulacean Acid Metabolism (CAM) 
Crassulacean Acid Metabolism (CAM) is one of three photosynthetic assimilation pathways 
of atmospheric CO2, together with the photosynthetic pathways C3 and C4 (Silvera et al., 
2010a). The CAM is characterized by the temporal separation between CO2 fixation and its 
assimilation into organic compounds. In CAM plants, CO2 is fixed during the dark period 
through the action of the enzyme phosphoenolpyruvate carboxylase (PEPC), which uses 
CO2 for carboxylation of phosphoenolpyruvate (PEP), giving rise to oxaloacetate (OAA). 
The OAA formed is converted into malate by the action of malate dehydrogenase (MDH). 
Then, this organic acid is transported to the vacuole along with H+ ions, causing the typical 
nocturnal acidification of CAM plants. During the light period, the decarboxylation of 
malate and refixation of the CO2 by the enzyme ribulose bisphosphate carboxylase 
oxygenase (RUBISCO - C3 cycle) takes place in the cytosol, causing a decrease of acidity in 
the tissues (Herrera, 2009; Luttge, 2004; Silvera et al., 2010b) (Figure 1). 
The CAM pathway can be separated into four phases (Luttge, 2004; Osmond, 1978; Silvera et 
al., 2010b). Phase I is characterized by the opening of stomata during the night, the uptake 
and subsequent fixation of atmospheric CO2 by PEPC in the cytosol and the formation of 
organic acids, such as malate. Phase II consists of fixing CO2 by the enzyme RUBISCO and 
PEPC concurrently, a phase characterized essentially by the decrease in the activity of PEPC 
and the start of the activity of RUBISCO. Phase III consists of the reduction of stomatal 
opening, efflux of organic acids from the vacuole and subsequent decarboxylation of these 
acids. Finally, phase IV comprises the depletion in the stock of organic acids associated with 
an increase of stomata conductance.   
Due to nighttime fixation of atmospheric CO2, CAM plants exhibit greater water use efficiency 
(EUA) when compared with the photosynthetic pathways C3 and C4 (Herrera, 2009), given that 
CAM plants use 50 to 100 g of water per gram of CO2 fixed, while C3 plants use 400 to 500 g 
(Drennam & Nobel, 2000). The ratio of transpiration is 3- to 10-fold lower in CAM plants than in 
C3 (Kluge & Ting, 1978). Besides the EUA, another advantage of CAM comprises mechanisms 
to minimize the damage caused by reactive oxygen species (ROS) (Sunagawa et al., 2010). 
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Fig. 1. Temporal separation of CO2 uptake and fixation typical of the crassulacean acid 
metabolism (CAM). Atmospheric CO2 is taken up and fixed during the night (upper panel). 
Nighttime-accumulated organic acids are decarboxylated during the day, and the internally 
released CO2 is refixed (lower panel). The nighttime stomatal opening allows a reduction of 
water loss by transpiration, which is an important adaptive trait of CAM pathway. PEP: 
phosphoenolpyruvate, AOA: oxaloacetate. 
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Regarding its occurrence, CAM species are distributed in semiarid, tropical and subtropical 
environments, including epiphytic species in the humid tropics (Silvera et al., 2010a, 2010b). 
The more representative plant families in number of CAM species are Aizoaceae, 
Asclepiadaceae, Asteraceae, Bromeliaceae, Cactaceae, Crassulaceae, Euphorbiaceae, 
Portulacaceae and Orchidaceae. In the Orchidaceae, at least half of all species are classified 
as CAM (Winter & Smith, 1996).  
The CAM pathway can operate in different modes: obligate CAM, facultative CAM, CAM-
cycling and CAM-idling (Figure 2). Obligate CAM species exhibit high accumulation of 
organic acids at night and nocturnal CO2 fixation even under optimal environmental 
conditions (Kluge & Ting, 1978). On the other hand, facultative CAM species, also known as 
C3-CAM, are plants capable of performing C3 photosynthesis under favorable growth 
conditions and switching to CAM mode when challenged by environmental constraints, 
such as water limitation or excessive light incidence. In both constitutive and facultative 
CAM species, CAM is more strongly expressed in mature tissues (Gehrig et al., 2005), while 
young plants or young tissues of a mature plant tend to perform exclusively C3 
photosynthesis (Avadhani et al., 1971). CAM-cycling consists of diurnal CO2 fixation and 
accumulation of organic acids; however, the stomata remain closed at night, and the CO2 
necessary for the nighttime formation of the organic acids is exclusively obtained from the 
respiratory activity of the plant tissues. Finally, plants in CAM-idling mode exhibit only a 
small accumulation of organic acids, and the stomata remain closed both day and night; this 
nocturnal accumulation of organic acids is also provided by the recycling of respiratory 
CO2. Overall, CAM-cycling is considered a weak CAM, while CAM-idling is currently 
believed to consist of a strong CAM mode (Luttge, 2004). Facultative C3-CAM species, such 
as Guzmania monostachia (Bromeliaceae) and Talinum triangulare (Portulacaceae), can be 
induced to CAM by various environmental factors, such as drought stress (Freschi et al., 
2010; Herrera et al., 1991), photoperiod (Brulfert et al., 1988), salinity (Winter & Von Willert, 
1972), nitrogen deficiency (Ota, 1988), phosphorus deficiency (Paul & Cockburn, 1990) and 
high photosynthetic photons flux (Maxwell, 2002). The CAM induction by environmental 
factors is usually fast and reversible, a conspicuous example of plasticity. Exemplifying the 
plasticity of C3-CAM species, plants of facultative C3-CAM bromeliad G. monostachia have 
recently been shown to be clearly induced to a CAM-idling mode of photosynthesis when 
maintained under drought stress during a seven-day period. Interestingly, these same 
plants returned to a typical C3 condition after a subsequent period of seven days of 
rehydration (Freschi et al., 2010).  
Despite the above-mentioned favorable adaptive traits, the CAM pathway exhibits some 
disadvantages related to biomass productivity and photorespiration. The biomass 
productivity in grams of dry weight/m/day in CAM plants is between 1.5 and 1.8, while in 
C3 plants the productivity is 50-200 (Black, 1973). The energy costs for the assimilation of 
each CO2 molecule is significantly higher in CAM plants than in C3 species. The estimated 
stoichiometry of ATP: NADPH: CO2 of C3 plants is 3: 2: 1, while for CAM plants it is 4.8: 3.2: 
1 (Winter et al., 1978). Regarding photorespiration, it was verified that the vigorous 
assimilation of the CO2 provided by decarboxylation of organic acids after stomata closure 
can result in increases of up to 40% in the O2 concentration inside the leaves during phase III 
(Spalding et al., 1979). Hence, the photorespiration in CAM plants occurs not only in phase 
IV of CAM, when the stock of malate was exhausted and the stomata are open for CO2 
absorption to occur, but also in phase III, where the CO2 concentration is counterbalanced 
by the O2 concentration (Luttge, 2011). 
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Fig. 1. Temporal separation of CO2 uptake and fixation typical of the crassulacean acid 
metabolism (CAM). Atmospheric CO2 is taken up and fixed during the night (upper panel). 
Nighttime-accumulated organic acids are decarboxylated during the day, and the internally 
released CO2 is refixed (lower panel). The nighttime stomatal opening allows a reduction of 
water loss by transpiration, which is an important adaptive trait of CAM pathway. PEP: 
phosphoenolpyruvate, AOA: oxaloacetate. 
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Fig. 2. Different modes of CAM in relation to C3, constitutive CAM, CAM-cycling and CAM-
idling. Differences related to the opening of stomata, atmospheric CO2 uptake, flux of 
organic acids and flux of carbohydrates. The gray box represents the dark period, while the 
white box represents the light period.  
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Despite the decrease of biomass productivity and photorespiration problems, the fixation 
of CO2 via CAM evidently guarantees a maximum carbon gain combined with a 
minimum loss of water supplies in the plant tissues. In xeric habitats, some plants are 
only able to survive in low precipitation periods mainly due to the presence of CAM 
photosynthesis. In this sense, the epiphytic habitat can be considered an excellent example 
of xeric habitat, where some epiphytic plants, including orchids, often face situations of 
limited water supply.    

2. Crassulacean acid metabolism in the epiphytic habitat 
Epiphytes are plants that spend much or all of their lives attached to other plants (Benzing, 
1990). They are responsible for much of the biotic diversity that makes humid tropical 
forests the most complex of all the world’s ecosystems (Gentry & Dodson, 1987). Canopy-
based species constitute virtually one third of the total vascular flora in some pluvial 
neotropical forests (Benzing 1990). The majority of epiphytes, including Araceae, 
Gesneriaceae, Cactaceae and pteridophytes, can be found in the parts of the canopy which 
have greater quantities of moisture and nutrients than are available to their more xeric 
counterparts growing in arid zone canopies (Gentry & Dodson, 1987). Their occurrence in 
drier sites is less common and usually involves fewer taxa but not necessarily lower 
abundance. Foremost species of these taxa are the few stress-tolerant bromeliads 
(Bromeliaceae) and orchids (Orchidaceae), which are commonly classified as the extreme 
epiphytes (Benzing, 1973). The Orchidaceae has been more successful than any other lineage 
in colonizing tree crowns. About two out of three epiphytes are orchids; at least 70% of the 
family is canopy-adapted (Benzing, 1990). 
Aerial substrata can impose severe environmental stresses on the survival of epiphytic 
vegetation (Benzing, 1987). The adaptations that facilitate extreme epiphytism are 
numerous and involve many morphological or anatomical characteristics of the plant 
body as well all stages of the life cycle. Their success of survival in drier sites of the 
canopy is associated mainly with refined water-balance mechanisms, singular nutritional 
modes and efficient reproductive systems (Benzing, 1990). Some of the adaptive traits of 
epiphytes can be summarized as high water use efficiency, crassulacean acid metabolism, 
low surface to volume ratio, aerial seed dispersion, mycoheterotrophy (Orchidaceae), 
holdfast structures, slow growth rate and efficient mineral use (Benzing, 1973; Dodson, 
2003; Yoder et al., 2010).  
The availability of nutrients and water in the forest canopy is sporadic and totally 
dependent on the rainy period. Of the natural water supplies available to epiphytes, 
precipitation intercepted by the canopy and reaching the ground by flowing down the 
trunks or by falling through the foliage usually contains the most abundant quantities of 
nutrient solutes (Benzing, 1973). Nevertheless, a liter of stem-flow or fall-through rarely 
contains more than a few milligrams of any specific mineral nutrient (McColl, 1970; Sollins 
& Drewry, 1970). Therefore, most extreme epiphytes need to take and accumulate water and 
all required nutrients during brief intervals (few hours or minutes) when the shoot or root 
systems are in contact with rainfall and leachates. The extreme epiphytes often have some 
characteristics that enable plants to absorb and accumulate water and minerals faster and 
with greater efficiency. In species of the Orchidaceae, the roots of many orchids are covered 
with a special structure called velamen, which acts as a sponge, allowing the root to 
immobilize a temporary but highly accessible reservoir of moisture and minerals (Benzing & 
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Ott, 1981). Moreover, the velamen slows root transpiration, provides mechanical protection 
and assists in the attachment of orchids to the bark of host trees (Ackerman, 1983; Benzing et 
al., 1982). Epiphytic orchids have considerable succulence in their shoot organs (leaves and 
pseudobulbs), which are important reservoir structures for storing water and nutrients 
(Benzing, 1990). 
The vegetative growth is strongly influenced by water supply, the shortage of which can be 
considered the most severe environmental stress in the epiphytic habitat. The extreme 
epiphytes need to adjust water-balance mechanisms in all plant tissues rapidly and 
constantly, via appropriate stomatal and photosynthetic responses, to avoid irreversible 
drought injuries. The drought endurance observed in the majority of epiphytes is provided 
by a strong CAM photosynthetic behavior, which promotes a very favorable water economy 
(Benzing & Ott, 1981). 
A high number of epiphytic species perform CAM photosynthesis (Benzing, 1989; Luttge, 
2004). Among orchids species it is likely that at least half could perform this type of 
photosynthetic pathway owing to the high number of epiphytic species, of which the 
Epidendroideae subfamily is the richest in epiphyte CAM species. This subfamily is 
believed to have radiated at the beginning of the Tertiary (Ramirez et al., 2007), a period 
marked by climatic changes such as soil aridification and declining CO2 concentrations 
(Pearson & Palmer, 2000), favoring the survival of the epiphyte species displaying CAM 
photosynthesis. Nevertheless, CAM does not seem to be related to phylogenetic 
relationships among the taxa. Silvera et al. (2009) suggest that among the Orchidaceae, CAM 
arose independently at least 10 times from a C3 ancestor. Indeed, the enzymatic machinery 
to perform CAM is present in all plants, including those performing C3 photosynthesis 
exclusively, and the differences between both photosynthetic pathways are mainly 
associated with the regulation of such machinery (Silvera, 2010a). 
The existence of a significant correlation between photosynthetic pathways and epiphytism 
has already been observed by Silvera et al. (2009). The phylogenetic analyses showed that C3 
photosynthesis is the ancestral state and that CAM has evolved multiple independent 
origins, indicating the great evolutionary flexibility of CAM in Orchidaceae (Silvera et al., 
2009). Moreover, when using maximum likelihood to trace epiphytism as a character state 
across the orchid phylogeny, the authors have also verified that the terrestrial habit is the 
ancestral state within tropical orchids and, similar to CAM, the epiphytic habit is derived. 
Throughout evolutionary time, the CAM divergence observed by δ13C analysis is 
consistently accompanied by divergence in epiphytism, demonstrating a functional 
relationship between these traits. Correlated divergence between the photosynthetic 
pathway and epiphytism is likely an important factor contributing to the burst of speciation 
that occurred in diverse epiphytic orchid clades (Silvera et al., 2009). 
Besides epiphytism, it is currently accepted that CAM is also strongly linked with a 
certain degree of succulence, as commonly observed in members of the Crassulaceae 
(Kluge et al., 1993) and Orchidaceae (Silvera et al., 2005), in which the leaf thickness 
provides a higher storage capacity for organic acid accumulation (Ting, 1985). Although 
succulence and CAM usually coincide, some epiphytes are an exception to this rule 
(Benzing, 1990) since there are clear demonstrations that some epiphytic orchid species 
with thin leaves performed CAM, while some species with thick leaves performed C3 
metabolism (Silvera et al., 2005). However, Zotz et al. (1997) have clearly demonstrated 
the correlation between chlorenchyma thickness and CAM in the leaves of different 
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orchids. In their study, they have shown that species with strong CAM had thicker 
chlorenchyma, highlighting that the importance of the relationship between leaf thickness 
and CAM does not reside in the thickness of the leaf, but rather in the thickness of the 
chlorenchyma, as in most cases the succulence is due to the presence of a thick 
hydrenchyma, which does not contribute to CAM (Winter et al., 1983) in terms of organic 
acid storage capacity. 
Most of the knowledge of the distribution of CAM orchids comes from studies in New 
Guinea, Australia (Earnshaw et al., 1987; Winter et al., 1983), Panama (Silvera et al., 2005, 
2009, 2010; Zotz & Ziegler, 1997; Zotz, 2004), Mexico (Mooney et al., 1989) and Costa Rica 
(Silvera, 2009). These surveys reveal an increase in the number of epiphyte CAM orchid 
species following the forest precipitation frequency, rising from 25% in wet tropical 
rainforests and moist tropical forests to 100% in dry forests (Figure 3A). Among the 
Orchidaceae an evolutionary correlation was found between the photosynthetic pathways 
and epiphytism, following a direct relation between the epiphytic orchid habit and the 
presence of CAM, which is more evident in regions ranging from 0 to 500 m when 
compared to higher regions (Silvera et al., 2009). The same authors attribute this relation to 
the canopy height of the forests at these altitudes, favoring epiphytism and, consequently, 
the CAM pathway. Indeed, even in the same location, the presence of CAM epiphytes 
increases with canopy height, ranging from 7% in the forest understory to 50% in exposed 
canopy sites (Zotz & Ziegler, 1997). In regions above 2000 m, the tree height is lower and, by 
consequence, so is the canopy. Therefore, the epiphyte habitat in these regions is reduced 
(Figure 3B). 
It is worth mentioning that the main technique to determine the photosynthetic pathway 
in the surveys of orchids was based on the quantification of the stable isotope 13C 
(expressed in δ13C‰) on plants leaves. The typical range of δ13C‰ for C3 plants is 
between -33‰ to -22.1‰, while for strong CAM plants it ranges from -22‰ to -12‰ 
(Elheringer & Osmond, 1989). Several studies done in different taxa have shown a 
bimodal pattern of the frequency distribution of δ13C‰ values among orchid species, 
following their photosynthetic pathway (Holtum et al., 2005; Motomura et al., 2008b; 
Pierce et al., 2002; Silvera et al., 2005, 2009, 2010a, 2010b); this behavior is characterized by 
a cluster formed by a high number of C3 species (indicated by values near -28‰) and a 
smaller cluster formed by CAM species (with values near -16‰); between the clusters are 
intermediate values that could represent weak CAM or facultative CAM species (usually 
in response to a stress, such as drought) (Silvera et al., 2009). In fact, it was found that 
although some orchid species presented δ13C‰ values typical of a C3 plant, they were 
capable of nighttime carbon fixation, reflected by an increase in tissue titratable acidity 
(Silvera et al., 2005). Therefore, the characterization of the photosynthetic pathways by 
isotopic measurement alone tends to underestimate the number of species capable of 
performing some degree of CAM (Pierce et al., 2002; Silvera et al., 2005, 2009, 2010a, 
2010b; Winter et al., 2008). 
Nowadays, it is thought that approximately 40% of the tropical orchid species could 
exhibit some form of CAM (strong, weak or facultative) (Silvera et al., 2010a), but there is 
insufficient knowledge about the photosynthetic pathways in other non-leaf organs, such 
as pseudobulbs or roots. Also, studies about the capacity of a photosynthetic shift 
between C3 and CAM triggered by environmental conditions are very rare in the 
literature. 
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Fig. 3. The occurrence of CAM epiphytic plants according to (A) forest rainfall and (B) 
variation of altitude and canopy height.   

3. Crassulacean acid metabolism in orchid leaves 
CO2 fixation in orchid leaves has been widely studied in the past few years. Most of these 
studies suggest that thin-leaved orchids present C3 photosynthesis pathway (Calvin-Benson 
cycle), while thick-leaved succulent orchids photosynthesize basically via CAM pathway 
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(Avadhani et al., 1982). Goh et al. (1977) and Winter et al. (1983) observed that the majority 
of orchid species and hybrids that possess succulent leaves presented nocturnal stomatal 
opening and acidity rhythms typical of CAM. Orchids like Cattleya, Laelia, Brassavola and 
Sophronitis have thick leaves, and all of those are reported as CAM plants (Avadhani & 
Arditti, 1981, Avadhani et al., 1982). On the other hand, C3 orchids like Arundina graminifolia 
and Oncidium Goldiana are characterized by thin leaves (Hew & Yong, 2004). When under 
water stress, daytime CO2 uptake is greatly reduced by thin or thick orchid leaves. In some 
CAM orchids submitted to an extended water stress, the nighttime CO2 uptake can be 
severely curtailed due to the closure of stomata even at night. These plants under severe 
drought for a long period of time may convert to a CAM-idling mode, in which organic 
acids fluctuate without exogenous CO2 uptake (Fu & Hew, 1982).  
In addition to succulence and water storage capacity, there are other leaf features observed 
by Cushman (2001) and Cushman & Borland (2002) in Epidedrum secundum, such as thick 
cuticles, large and vacuolated cells with capacity to store organic acids and reduced stomata 
size and frequency. The stomata of some Orchidaceae species occur only on the lower 
epidermis of the leaves, and occasionally they can be located within hyperstomatic 
chambers, as seen in Arachnis cv. Maggie Oei, Aranda cv. Deborah, Arundina graminifolia, 
Bromheadia finlaysoniana, Cattleya bowringiana X C. forbesii and Spathoglottis plicata 
(Orchidaceae) (Goh et al., 1977). Orchid leaf stomata may vary in shape, size and 
distribution (Goh et al., 1977). In addition, as reported previously by Withner et al. (1974), 
there are many species in which upper leaf stomata are not seen, contributing to water 
maintenance. It is commonly accepted that the stomatal rhythm in CAM plants is due to 
internal CO2 concentration (Kluge, 1982). In CAM orchids, normally thick-leaved, stomatal 
opening/closing seems to be regulated by dark fixation of CO2 in the mesophyll cells, which 
reduces CO2 in the internal atmosphere, promoting stomatal opening at night (Goh et al., 
1977).  
The capacity of the leaves of CAM plants to accumulate acids at night has been shown to 
increase as they unfold, till the leaves are completely expanded reaching their maturity; 
however, it decreases in the senescence stage (Ranson & Thomas, 1960). Goh et al. (1984) 
observed that in Arachnis Maggie Oei there was a reduction in acidity fluctuation in young 
and old leaves by half when compared to mature green leaves and an even smaller 
fluctuation in yellow senescent leaves, ranging from 20% to 30%. It is worth noting that in 
some CAM plants the PEPC activity is much higher in mature leaves than in young ones 
(Amagasa, 1982; Lerman et al., 1974; Nishida, 1978). In full-grown leaves of Arachnis Maggie 
Oei, the stomatal rhythms as well as the CO2 exchange pattern are consistent with CAM as 
shown by acidity fluctuations. The stomata open in late afternoon and acidity increases as 
CO2 is absorbed. During daytime, de-acidification occurs and stomata are closed (Goh et al., 
1977). 
In a study of eighteen Cymbidium species, Motomura et al. (2008b) verified that there are 
different CAM intensities, ranging from weak to strong. They found that three strong CAM 
Cymbidium species have thicker leaves than other species: >1.0 mm and <0.7 mm, 
respectively. In contrast, weak CAM species displayed thin leaves, like C3 species. Their 
studies corroborate preview data that emphasize the existence of a tendency for less 
negative 13C values as the leaf thickness increases, while in thinner leaves a wide range of 
δ13C values can be found (Earnshaw et al., 1987; Silvera et al., 2005; Zotz & Ziegler 1997; 
Winter et al., 1983). 
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Fig. 3. The occurrence of CAM epiphytic plants according to (A) forest rainfall and (B) 
variation of altitude and canopy height.   
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Moreira et al. (2009), in a comparative study regarding photosynthetic and structural 
features in leaves of Dichaea cogniauxiana and Epidendrum secundum, noted that diurnal 
titratable acidity uctuations indicate the presence of CAM in the second species. Moreover, 
several morphological features in E. secundum leaves are typical of plants with this 
photosynthetic pathway, including the occurrence of a thick mesophyll with few stomata 
and a wide cuticle. On the other hand, in D. cogniauxiana, a C3 species, there was a 
neglegible diurnal acidity variation and the leaves were less succulent and covered by a thin 
cuticle. 
In order to investigate whether the major compounds which are produced during the dark 
14CO2 fixation in orchids are similar to those in other plants, Knauft & Arditti (1969) 
undertook a study of Cattleya leaves. A high dark CO2 uptake and a prominent diurnal 
acidity rhythm were reported for Cattleya orchids, which have succulent leaves (Borriss, 
1967; Nuerenbergk, 1963), while in thin-leaved orchids such as Cymbidium, they did not 
observe organic acid production from CO2 dark fixation (Hatch, et al., 1967). They also 
noticed that three organic acids arose during CO2 dark fixation: malate, citrate and a third 
unidentified one whose relative amounts varied based on temperature change (from 18°C to 
29°C).  The major acids at 18°C were malate and citrate, while at 29°C the predominant acid 
was malate. The unidentified acid increased from 13% to 30% with rising temperature 
(Knauft & Arditti, 1969). 

4. Crassulacean acid metabolism in orchid pseudobulbs 
Pseudobulbs are commonly described as enlarged internodes provided with a thick cuticle, 
epidermis devoid of stomata with gross cell walls resulting in an impervious organ, 
fundamental parenchyma, vascular bundles and water storage cells that determine a 
succulent aspect. Although devoid of stomata, the pseudobulbs have chloroplasts in part of 
their cells indicating, therefore, a certain capacity of photosynthetic activity (Milaneze-
Gutierre & da Silva, 2004; Oliveira &, Sajo 2001). The pseudobulb is a characteristic of 
epiphytic orchids and secondary terrestrial orchids (Hew et al., 1998; Kozhevnikiva & 
Vingranova, 1999, Stancato et al., 2001; Zimmerman, 1990). This organ has been frequently 
studied as a storage organ capable of storing minerals (Zimmerman, 1990), water (Stancato 
et al., 2001; Zimmerman, 1990) and carbohydrates (Hew et al., 1998; Stancato et al., 2001; 
Zimmerman, 1990). Although there is considerable information about its storage function, 
there are few studies focusing on pseudobulb photosynthesis, especially regarding the 
occurrence of the CAM pathway.  
Aschan & Pfanz (2003) revised stem photosynthesis, and distinguished it in four categories: 
two characterized by internal CO2 refixation (wood photosynthesis and corticular bark 
photosynthesis) and two characterized by net photosynthesis (stem photosynthesis and 
CAM in stem succulent plants).  
The hermetic feature of most orchid pseudobulbs do not allow them to fix carbon from the 
air. The only possibility is recycling the respiratory CO2 generated by the voluminous 
underlying parenchyma (Ng & Hew, 2000). Hew et al. (1998) detected the presence of 
chlorophylls and PEPC and Ribulose-1,5-biphosphate carboxilase/oxigenase (Rubisco) 
activities in pseudobulbs and other non-foliar organs of Oncidium Goldiana and suggested 
that the photosynthesis in non-foliar organs was regenerative. Nevertheless, in the same 
study they observed that the δ13C values of pseudobulbs were not characteristic of a CAM 
plant.   
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Winter et al. (1983) studied stems and leaves of 82 species from the Orchidaceae and 
discovered that 53 species exhibited δ13C values compatible with dark CO2 fixation. Species , 
possessing pseudobulbs and having δ13C values of a CAM plant in leaves presented had 
similar δ13C values in pseudobulbs as well. Curiously, the majority of pseudobulbs 
examined exhibit an enrichment in 13C by up to 3% compared to corresponding leaves, 
suggesting that there is less discrimination against this isotope in these organs. This could 
not been explained at the time since, according to the authors, virtually nothing was known 
about their gas exchange. Another interesting fact was that the leafless species Bulbophyllum 
minutissimum, which have pseudobulbs with thick chlorenchyma and stomata in a 
depression, had δ13C values characteristic of CAM. In this case, the pseudobulbs may play a 
considerable role in performing the CAM pathway and, therefore, contribute to the carbon 
acquisition in this species. 
One of the most interesting studies about the role of pseudobulbs for net CO2 uptake in light 
and dark period was done by Ando & Ogawa (1987). They measured CO2 exchange of 
shoots of Laelia anceps and noted that pseudobulbs alone were apparently not able to 
assimilate carbon due to their absence of stomata, unlike the leaves. However, when the 
entire shoot was illuminated during the light period, the leaf assimilated carbon during both 
the light and dark periods. Notwithstanding, when the pseudobulbs were submitted to dark 
conditions during the light period, the leaf only assimilated carbon at night revealing a 
possible influence of the pseudobulbs in the light and dark CO2 uptake by the leaf. The 
authors hypothesized that the organic acid, fixed during the night by the leaf, is transported 
to the pseudobulbs and decarboxylated in this organ during the day. This transport is up-
regulated by the exposure of the pseudobulbs to light, causing a decline in the amount of 
organic acid in the leaf and, therefore, stimulating the net carbon uptake during the day. 
The above-mentioned studies clearly raise questions about the occurrence and functionality 
of the CAM in pseudobulbs of orchids. In fact, current data on this issue remain remarkably 
scarce and more studies are needed to clarify the mechanisms of gas exchange, 
discrimination of carbon isotopes, types of organic acids produced or stored in pseudobulbs 
and translocation of those compounds between leaves and pseudobulbs. 

5. Crassulacean acid metabolism in orchid roots 
5.1 Structure and function of velamen on aerial roots 
A typical orchid root has a cortex with chloroplasts in cortical cells and an exodermis 
enveloped by the velamen, a multilayered epidermis originating at the root tip. The 
numbers of cell layers depends on the species and growing conditions (Benzing et al., 1982; 
Dycus & Knudson, 1957). There is some disagreement about the importance of velamen in 
aerial roots. Dycus & Knudson (1957), in a study involving the species Laelia purpurata, 
Cattleya labiata and Vanda hybrid, observed no active phosphorus absorption on aerial roots 
even after immersion in a solution of this nutrient, except after mechanical injury of the 
velamen or after roots entered a solid substrate. They proposed that aerial roots which were 
not able to absorb the phosphorus had lost the ability to retain water and nutrients. 
However, more recent studies of several species proved that salts in solution can be taken 
and translocated by aerial roots, an interpretation supported by Benzing et al. (1982). Based 
on morphological and anatomical observations with the terrestrial orchid Sobralia macrantha, 
the authors proposed that velamen act as a sponge, due to the presence of an internal dead 
space, which can be a temporary and accessible source of water and minerals. The presence 
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of many mitochondria and external passage cells with well-developed membranes support 
the role of roots in nutrient accumulation. Between rainstorms, velamen and exodermis can 
act as a boundary layer that slows roots transpiration (Benzing, 1990; Benzing et al., 1983).  
The velamen contains living cells on the root tip, which remain green, and dead cells, which 
can mask the green color of cortex when dry, reflecting light. After absorbing water, the 
velamen becomes transparent or translucent (Aschan & Pfanz, 2003; Dycus & Knudson, 
1957; Goh et al., 1983). According to Benzing et al. (1983), velamentous roots are a basic but 
important adaptation of Orchidaceae to conquer an epiphytic environment.   

5.2 Photosynthesis on aerial roots and presence of CAM 
The capacity of green orchid aerial roots to photosynthesize is well known; however, in 
leafy orchids, roots have a secondary role in photosynthesis, unlike in shootless plants 
(Aschan & Pfanz, 2003; Benzing et al., 1983; Dycus & Knudson, 1957; Goh et al., 1983). Goh 
et al. (1983) observed that diurnal CO2 exchange pattern and acidity fluctuations in the aerial 
roots of the CAM hybrids Arachnis Maggie Oei and Aranda Deborah were typical of CAM, 
but based on 14 CO2 incorporation studies, the C3 pathway seemed to operate during the day 
and might represent the major pathway of CO2 fixation. The authors concluded that these 
roots were not completely autotrophic and were still dependent on the leaves.  
In a more recent study, Motomura et al. (2008a) identified a low degree of CAM expression 
in aerial roots of two Phalaenopsis species, but there were variations into CAM expression 
between aerial roots of the same plant. Different regions of aerial roots also seem to have 
different intensities of CAM expression, as observed by Martin et al. (2010) in 12 epiphytic 
orchids. They separated aerial roots in green root tips and white portions. Although 11 taxa 
performed CAM in leaves, three taxa performed CAM in the white portion of the roots (one 
of them from Phalaenopsis genus) and only one taxon performed CAM in the green portion. 
There was no correlation between the presence and intensity of CAM in leaves and roots 
from the same plant. They concluded that roots of the CAM species analyzed were too 
shaded to perform CAM, as proven by high chlorophyll amounts and low chlorophyll a/b 
ratios.  
Apparently, the presence of CAM in roots is not related with its presence in leaves. C3 root 
photosynthesis can be found in CAM orchids, but CAM in roots was not found in C3 
orchids. Moreira et al. (2009) worked with leaves and roots of the C3 Dichaea cogniauxiana 
and the CAM Epidendrum secundum and observed that roots of both species had ratios of 
13CO2/12CO2 and titratable acid fluctuation typical of a C3 plant. Gehrig et al. (1998) 
analyzed the photosynthetic behavior and isolated the different forms of PEPC in leaves, 
stem and aerial roots of the obligate CAM Vanilla planifolia. They demonstrated that aerial 
roots have low malate accumulation at night and expressed only Ppc V2, the 
“housekeeping” isoform of PEPC, unlike leaves and stem, which had substantial malate 
accumulation and expressed the Ppc V1, the isoform related to CO2 fixation in CAM. They 
found that loss of CO2 in the light was low for aerial roots, so it was proposed that during 
the day, respiratory CO2 was partially refixed by C3 photosynthesis.  

5.3 Photosynthesis in aerial roots of shootless orchids 
In leafy orchids, no expression of CAM or expression of weak CAM is expected in the roots, 
even in plants classified as CAM since the roots do not possess a mechanism to control 
water loss like stomata in leaves, so carbon uptake at night would not be advantageous in 
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terms of water conservation. Moreover, photosynthesis in roots plays only a secondary 
function since leaves are the main source of photoassimilates. However, this is not the case 
of shootless orchids, where roots assume most or full responsibility for carbon gain for the 
whole plant, besides mineral uptake and assimilation. Compared to roots of leafy plants, 
they usually have a thinner velamen layer and larger, chloroplast-containing parenchyma 
cells in the cortex (Benzing et al., 1983; Benzing & Ott, 1981; Winter et al., 1985).  
The presence of CAM in roots appeared more common in this type of orchid compared to 
leafy ones, as demonstrated by Benzing & Ott (1981). In a study using 12 orchid taxa, 
although all leafy plants performed CAM, small quantities of CO2 were assimilated by their 
roots during day and night. The only species which exhibited CAM rhythms in roots were 
shootless taxa and one leafy taxon with a small number of well-developed leaves. Similarly, 
Benzing et al. (1983) observed that, compared to leaves, roots of Epidendrum radicans and 
Phalaenopsis amabilis had much weaker diurnal fluctuations in titratable acid, which was not 
the case for the shootless orchid Polyradicion lindenii, which showed more intense dark 
acidification than roots of the two leafy plants.  
In a study of the leafless orchid Campylocentrum tyrridion, Winter et al. (1985) observed a 
nocturnal increase in titratable acidity content and a daily cycle of CO2 uptake that 
resembled classical CAM. Cockburn et al. (1985) found similar results in the shootless orchid 
Chiloschista usneoides. The major acid produced at night was malic acid, which indicates CO2 
uptake via PEPC. They observed that despite the absence of stomata, leakage of CO2 was 
low, indicating a balance between CO2 carboxylation and fixation, so the CO2 concentration 
in roots and in the atmosphere is the same. Considering that classical CAM plants maintain 
the balance of CO2 by controlling stomata aperture, the authors proposed the term astomatal 
CAM to this variant.   
In all these cases, the functional significance of the CAM for aerial roots is not related to a 
water conserving mechanism but most probably to the role of CAM as a CO2 
concentrating mechanism. CO2 uptake is limited by velamen and exodermis; therefore, by 
performing C3 photosynthesis the low partial pressure of CO2 can lead to damage of the 
photosynthetic apparatus in high light intensities. Another advantage of CAM could be 
the recycling of CO2 produced by respiration of the plant tissues and of the endocellular 
fungi since this kind of association is very common in Orchidaceae (Benzing et al., 1983, 
Winter et al., 1985).  

6. Crassulacean acid metabolism in orchid floral organs 
One of the first studies on photosynthesis in orchid flowers was in 1968 by Dueker & 
Arditti, in which they studied the occurrence and contribution of photosynthesis in two 
different varieties of green Cymbidium flowers, the green color of which is due to chlorophyll 
present in the floral parts.  
Even though green leaves are considered the main sources of photosynthate  production,  
Studies support the notion that reproductive organs, such as greenish flowers, can be 
photosynthetically active (Dueker et al., 1968; Weiss et al.,  1988). Among plants, some have 
green flowers, while others have photosynthetic parts associated with the inflorescence. 
These structures may contribute positively to total carbon gain and the energy costs of 
reproduction (Antlfinger & Wendel, 1997; Bazzaz et al., 1979; Marcelis & Hofman-Eijer, 
1995; Reekie & Bazzaz, 1987). 
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terms of water conservation. Moreover, photosynthesis in roots plays only a secondary 
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uptake via PEPC. They observed that despite the absence of stomata, leakage of CO2 was 
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6. Crassulacean acid metabolism in orchid floral organs 
One of the first studies on photosynthesis in orchid flowers was in 1968 by Dueker & 
Arditti, in which they studied the occurrence and contribution of photosynthesis in two 
different varieties of green Cymbidium flowers, the green color of which is due to chlorophyll 
present in the floral parts.  
Even though green leaves are considered the main sources of photosynthate  production,  
Studies support the notion that reproductive organs, such as greenish flowers, can be 
photosynthetically active (Dueker et al., 1968; Weiss et al.,  1988). Among plants, some have 
green flowers, while others have photosynthetic parts associated with the inflorescence. 
These structures may contribute positively to total carbon gain and the energy costs of 
reproduction (Antlfinger & Wendel, 1997; Bazzaz et al., 1979; Marcelis & Hofman-Eijer, 
1995; Reekie & Bazzaz, 1987). 
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The most important advantage of photosynthesizing flowers is their position relative to 
light. Sepals or bracts are normally shaped in the outermost layer protecting the 
reproductive parts throughout the floral bud stage. This provision takes full advantage of 
radiant light energy and may result in a higher carbon fixation, which means that 
photoassimilates needed for inflorescence growth can be supplemented at least in part by 
their own photosynthesis (Antlfinger & Wendel, 1997; Khoo et al., 1997). Despite this, it is 
noteworthy that these organs are one of the main plant sinks, requiring the input of 
photoassimilates from the leaves and/or pseudobulbs (Yong & Hew, 1995)  
Previous work demonstrated that based on chlorophyll content green parts of reproductive 
structures have up to three times higher photosynthetic assimilatory capacity than green 
leaves of the same plant species (Heilmeier & Whale 1987; Luthra et al., 1983; Smillie, 1992; 
Werk & Ehleringer, 1983; Williams et al., 1985). Surveys of floral orchid organs 
demonstrated some capacity for 14CO2 fixation in the light. These studies also indicated that 
the fixation rates vary among flower parts, plant varieties and stage of floral development 
(Antlfinger & Wendel, 1997; Dueker et al., 1968; Khoo et al., 1997). Since the amount of CO2 
fixation is highest in the sepals, lower in the petals (Dueker et al., 1968; Khoo et al., 1997) 
and lowest in the ovary, despite their similarity in appearance between the petals and 
sepals, these results suggest certain metabolic differences between them (Dueker et al., 
1968). 
In order to regulate floral gas exchange, stomata like those in leaves can be found in the 
epidermal layer of petals, but their density is normally lower than that found in leaves (He 
et al., 1998; Hew et al., 1980). Hew et al. (1980) observed that stomata in orchid flowers are 
not functional since they could not respond to light intensity, CO2 and abscisic acid (ABA). 
Nevertheless, Goh in 1983 indicated the capacity for photosynthesis in orchid flowers, 
measuring gas exchange, acidity fluctuation and compounds synthesized when providing 
14CO2 in three succulent-leaf orchids, Arachnis, Aranda, Dendrobium, and one thin-leaf 
Oncidium Goldiana. They verified that orchids with succulent leaves performed night CO2 
fixation and accumulation of acidity, and radioactive malate was formed when 14CO2 was 
provided characterizing CAM, while Oncidium Goldiana exhibited C3 pattern. Thus, it  
appears  that  flowers  of  at  least some  succulent orchids are capable of  both  C3 and CAM  
photosynthesis. Dueker & Arditti (1968) also observed a capacity for CO2 fixation at night in 
Cymbidium flowers.  
Given that most existing information on the CO2 exchange and carbon gain of vascular 
epiphytes is on leaves, data on the carbon gain in flowers are limited (Zotz & Hietz, 2001). 
Several studies have characterized the responses of flowers from CAM orchids to 
environmental conditions such as different light irradiances (Khoo et al., 1997; He et al., 
1998; He & Teo, 2007) and temperatures (He et al., 1998) through the contents of pigments, 
acidity and certain photosynthetic parameters, such as PSII and Fv / Fm. Nevertheless, none 
of these surveys have, in fact, characterized CAM metabolism in flowers. Since this is an 
understudied field, more attention is clearly needed to determine whether different organs 
of a given plant can perform CAM. 

7. Conclusion 
Crassulacean acid metabolism is characterized by nocturnal CO2 fixation and organic acid 
accumulation in the vacuole by the decarboxylation of PEP catalyzed by the enzyme PEPC. 
The decarboxylation of the organic acids occurs during the day, and the CO2 released is 
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reattached by the enzyme RUBISCO after the closing of the stomata. By closing stomata 
during most of the daytime, CAM plants exhibit greater efficiency in water use. Thus, CAM 
plants can inhabit semiarid and arid environments, including deserts, exposed rock 
outcrops and epiphytic habitats. Despite these advantages, the CAM pathway is also 
accompanied, however, by lower biomass productivity, higher energy expenditure and the 
occurence of photorespiration during phases III and IV. 
The main technique used to distinguish C3, C4 and CAM plants is based on the quantification 
of stable isotopes of 13C in plant leaves. However, this technique has a certain degree of 
variability among individuals of the same species or between plant material derived from the 
same plant, as in shaded leaves and leaves exposed to light of the same plant. In fact, for 
several orchid species, values of 13C‰ typical of C3 plants were found, despite the fact that 
they clearly exhibited the ability to fix some of the carbon at night, as reflected in the increased 
nocturnal acidity in the tissues. This illustrates why the use of only isotopic measurements to 
determine the type of photosynthetic metabolism tends to underestimate the number of 
species capable of expressing CAM photosynthesis. Therefore, other parameters, such as 
day/night fluctuations in titratable acidity, activity of enzymes of CAM and diurnal patterns 
of gas exchange, are needed to determine the photosynthetic pathway. 
Other problems that researchers need to face when determining the photosynthetic pathway 
of orchid plants is the fact that many experiments are planned using only some parts of the 
plant, normally leaves, and other organs such as roots, pseudobulbs and flowers are often 
not included in the study analysis. Moreover, few studies give attention to the fact that some 
orchids have plasticity in switching between C3 and CAM photosynthesis in response of 
changes in environmental conditions. 
Despite the existence of technical difficulties in studying the CAM features, there is no 
doubt that CAM plants have sparked the curiosity of many researchers around the world 
for decades. Nowadays, it is well known that the majority of CAM plants have been found 
living in the epiphytic habitat along with many species of Orchidaceae. The proportion of 
CAM epiphytic orchid flora is completely associated with the degree of water availability in 
the ecosystems. The occurrence of CAM orchid species increases from wet tropical rainforest 
and moist tropical forests to dry forests, and steadily declines with increasing altitude, 
which is entirely related with the increase of mean annual precipitation, and, within a single 
site, the percentage of CAM epiphytic orchids increases with canopy height. The scarcity of 
water is arguably the most important and severe abiotic stress in the epiphytic habitat. The 
epiphytic orchids need to adjust water-balance mechanisms in all plant tissues rapidly and 
constantly, via appropriate stomatal and photosynthetic responses, to avoid irreversible 
drought injuries and maintain water storage. The drought endurance observed in the 
majority of epiphytic orchids is provided by a strong CAM photosynthetic behavior, which 
promotes a very favorable water economy.  
The CAM features also appear to be linked with succulence in orchid plant tissues. The 
existence of a thicker chlorenchyma tissue, which was detected in some strong CAM 
orchids, can be important to increase the capacity of organic acid storage. Interestingly, the 
thickness of the chlorenchyma is not entirely associated with leaf thickness. In the majority 
of cases the succulence is due to the presence of a thick hydrenchyma, which does not 
contribute to CAM in terms of night-produced organic acid storage capacity. Therefore, 
there are epiphytic orchid species with thin leaves performing CAM, while some species 
with thick leaves display typical C3 photosynthesis. 
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Most of studies on water relation and CAM photosynthesis in vascular epiphytes have only 
looked at the leaf tissues. According to Zotz (1999), focusing on leaves alone may lead to a 
skewed picture of plant functioning. Orchids have organs other than leaves that also exhibit 
considerable succulence (e.g. pseudobulbs) which are important reservoir structures for 
storing water and nutrients. The translocation of water between organs may be an important 
mechanism to maintain near-constant water content in leaves even during times of drought, 
while allowing substantial fluctuations in the water content of stems or roots, indicating that 
non leaf organs may have great importance and influence in the water relations and, 
therefore, photosynthetic activity in many orchids.  
Despite the fact that the leaf is considered the main site where photosynthesis occurs, other 
organs are able to perform the photosynthetic functions, as long they have all essential 
biochemical requisites, such as chlorophyll and functional chloroplasts. In most cases, the 
leaf assumes a secondary function, like respiratory CO2 refixation, and assimilates are not 
exported to sink organs. This carbon recycling enables the plant to reduce water loss, which 
is extremely important to plant survival in the case of epiphytes. The organs of epiphytic 
orchids also have many other adaptations which enable water economy. Leaves can be 
succulent and have stomata only in lower epidermis or, in some cases, inside hyperstomatic 
chambers, which provides a more stable environment around stomata. In roots, the 
existence of velamen is associated with epiphytic habitats and provides water absorption 
and conservation, mechanical protection and attachment to substrate. Pseudobulbs can 
appear in some orchid species as a variation of stem that provides drought tolerance. 
The CAM expression can occur in organs like stems, roots and/or flowers. In stems or 
pseudobulbs, it seems to be associated with the presence of CAM in leaves. In flowers, it 
was proposed that both C3 and CAM genetic information can be expressed in CAM orchids. 
Photosynthesis in this organ is less intense and can contribute to reproductive costs. In 
roots, however, no correlation was found and C3 photosynthesis appears to be more 
common in roots, even in CAM species. However, when leaves are not present on the plant 
body, stems or pseudobulbs and/or roots might have an important and more relevant role 
in CAM expression since they are the unique source for photosynthetic assimilates. The lack 
of some plant organs, like leaves, enables more water economy and investment in 
reproductive structures. 
It is also relevant to mention the importance of uncovering the interaction between different 
organs of the plant. According to Zotz & Hietz (2001), it is still premature to link the 
physiology of a single organ with the entire individual, or the physiology of one individual 
to the entire community. There are rare studies which seek integration between organs in 
the physiological studies, as exemplified by the work of Ando & Ogawa (1987), who 
analyzed the influence of light on both leaves and pseudobulbs. It is important to consider 
that orchid organs other than leaves (e.g. roots, pseudobulbs and flowers) might also have 
great importance to the survival of these plants in the dry epiphytic habitat since these 
organs might perform different physiological functions, including, perhaps, distinct modes 
of CAM photosynthesis. Certainly, a more integrated view is needed in CAM studies of 
vascular epiphytes to allow a better understanding of the functional importance of each 
organ to the whole plant. 
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that orchid organs other than leaves (e.g. roots, pseudobulbs and flowers) might also have 
great importance to the survival of these plants in the dry epiphytic habitat since these 
organs might perform different physiological functions, including, perhaps, distinct modes 
of CAM photosynthesis. Certainly, a more integrated view is needed in CAM studies of 
vascular epiphytes to allow a better understanding of the functional importance of each 
organ to the whole plant. 
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1. Introduction 
Macroalgae or macrophytes are a heterogeneous assemblage of macroscopic eukaryotes 
belonging to various evolutionary lineages, which live predominantly in aquatic habitats. 
They have undifferentiated vegetative bodies organized in pseudoparanchymatous and 
parenchymatous bodies. As with higher plants, marine macroalgae or seaweeds are 
photosynthetic species that, by harvesting sunlight energy, convert carbon dioxide in 
oxygen to produce organic compounds, especially carbohydrates. In addition, they require 
mineral nutrients, essential for growth, development and reproduction, which are 
incorporated into carbon skeletons. 
In natural aquatic ecosystems, 95% of the nitrogen which occurs as dissolved dinitrogen gas 
(N2), is not directly accessible to most photosynthetic-oxygen organisms. Dissolved 
inorganic nitrogen (DIN) includes the ions, ammonium (NH4+), nitrite (NO2-), and nitrate 
(NO3-). In seawater, and under natural conditions, about 3,5% is NO3- (ca. 0.35 mg NO3-.L-1), 
which, near to coastal zones, appears in abundance as a product of upwelling or pollution, 
whence, their importance as the predominant cause of local eutrophication. 
Thus, nitrate constitutes the prevailing available nitrogen source for macroalgae in the 
marine environment. The available DIN may be supplemented by dissolved organic 
nitrogen (DON), this including urea and amino acids. For all eukaryotic photoautotrophs, 
NH4+, NO2-, and NO3- are the only directly assimilated sources. 
Nitrogen, which is rapidly taken up, is a key element in several compounds present in the 
cells. It is used to build up amino acids, proteins, nucleoside phosphates, nucleic acids, and 
other organic N-containing macromolecules. The availability of nutrients, especially 
nitrogen, in marine habitats is one of the main regulating factors that limit growth, 
morphology, development, reproduction, distribution, and biochemical composition in 
seaweeds. The importance of nitrogen for biological life is evident, in that only oxygen, 
carbon, and hydrogen are more abundant in the cells of photosynthetic organisms. 
Macroalgae and photoautotrophic organisms have considerable intracellular capacity for 
storing nitrogen as soluble nitrogen and organic molecules, whereby growth and 
development can be regulated and limited according to nitrogen uptake. This characteristic 
for storing and assimilating nutrients, when available and at high concentrations, besides 
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belonging to various evolutionary lineages, which live predominantly in aquatic habitats. 
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oxygen to produce organic compounds, especially carbohydrates. In addition, they require 
mineral nutrients, essential for growth, development and reproduction, which are 
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In natural aquatic ecosystems, 95% of the nitrogen which occurs as dissolved dinitrogen gas 
(N2), is not directly accessible to most photosynthetic-oxygen organisms. Dissolved 
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(NO3-). In seawater, and under natural conditions, about 3,5% is NO3- (ca. 0.35 mg NO3-.L-1), 
which, near to coastal zones, appears in abundance as a product of upwelling or pollution, 
whence, their importance as the predominant cause of local eutrophication. 
Thus, nitrate constitutes the prevailing available nitrogen source for macroalgae in the 
marine environment. The available DIN may be supplemented by dissolved organic 
nitrogen (DON), this including urea and amino acids. For all eukaryotic photoautotrophs, 
NH4+, NO2-, and NO3- are the only directly assimilated sources. 
Nitrogen, which is rapidly taken up, is a key element in several compounds present in the 
cells. It is used to build up amino acids, proteins, nucleoside phosphates, nucleic acids, and 
other organic N-containing macromolecules. The availability of nutrients, especially 
nitrogen, in marine habitats is one of the main regulating factors that limit growth, 
morphology, development, reproduction, distribution, and biochemical composition in 
seaweeds. The importance of nitrogen for biological life is evident, in that only oxygen, 
carbon, and hydrogen are more abundant in the cells of photosynthetic organisms. 
Macroalgae and photoautotrophic organisms have considerable intracellular capacity for 
storing nitrogen as soluble nitrogen and organic molecules, whereby growth and 
development can be regulated and limited according to nitrogen uptake. This characteristic 
for storing and assimilating nutrients, when available and at high concentrations, besides 
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facilitating their use under external, restrictive conditions, provides certain species with 
ecological advantages for persistence and prolife during limiting stress periods. 
Seasonal nutrient limitation in macroalgal growth is well known (Lobban & Harrison, 1994). 
The importance of nitrogen for the growth-cycle is related to life-strategy. In perennial 
species, nutrient availability is a determinant factor that plays an important role in the 
seasonal reproductive life-cycle (Kain, 1989). In annual species, nitrogen, when available, is 
uptake and stored inside the cells, whence its rapid conversion into new biomass. 
During the past decades, substantial efforts have been made to understand the 
biochemistry, molecular biology and regulation of nitrate reductase (NR) in higher plants, to 
so further ecophysiological information and applied botany. The basic-action mechanisms 
and importance of NR in seaweeds are no different from higher plants. Notwithstanding, 
the amount of knowledge is still superficial and phycological studies scarce. 
Based on higher plants and microalgae, the purpose is to briefly point out the role of NR in 
nitrogen metabolism, with a focus on macroalga research, and highlight the importance of in 
vitro NR assay optimization and its value as a physiological tool. 

2. Overview of nitrate assimilation 
Inorganic nitrogen availability plays a critical role in the physiology of marine macroalgae 
and the productivity of complete ecosystems (Lapointe & Duke, 1984). Nitrogen depletion 
has been shown to increase photoinhibitory responses in the photosynthesis of marine 
organisms, including macroalgae (Korbee-Peinado et al., 2004; Huovinen et al., 2006). On the 
other hand, photosynthetic pigments, through generally being positively correlated with 
nitrogen availability, rapidly respond to varying nitrogen levels (Davison et al., 2007). For 
example, phycobiliproteins, reported as nitrogen-storage compounds in N-rich conditions, 
act as nitrogen sources under N-limiting conditions (Lobban et al., 1985). 
Much of what is known on nitrogen metabolism is based on studies with microalgae; the 
number with macroalgae is still few in comparison. 
As nitrogen uptake by macroalgae are usually studied by monitoring the disappearance of 
the nutrient from the culture medium and is influenced by irradiance, temperature, water 
motion, desiccation, and age. 
Macroalgae have either the plasticity or preference to uptake several forms of nitrogen. 
Hanisak (1983) noted that the uptake rate of ammonium generally exceeds that of nitrate. 
Chow et al. (2001) registered the same trend for Gracilaria chilensis, with total uptake of only 
ammonium, when present together with nitrate and nitrite. However, very high 
concentrations of ammonium (> 30 -50 µM) can saturate nitrate transport, thereby inducing 
toxification by ammonium. As ammonium can be used directly to synthesize amino acids, 
and nitrate stored inside vacuoles, the energetic cost of ammonium assimilation is lower 
than that of nitrate. 
Nitrate uptake normally involves saturating kinetics (DeBoer, 1981). As greater 
concentrations of intracellular nitrate than that of the surrounding seawater constitute a 
negative gradient for transport, active transport can be considered as a primary process. 
Some authors have proposed that the NR plasma membrane acts as protein transporter to 
within the cell. 
Considering the relative abundance of environmental nitrate in seawater, the nitrogen 
metabolism is usually commanded by nitrate assimilation fitness. Nitrate (NO3-) is taken up 
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by the cells and translocated across the plasmalemma by energy-dependent processes. Once 
inside the cells, any excess can be stored within vacuoles, while a fraction is being 
metabolized in the cytoplasm by reduction to nitrite, via the enzyme nitrate reductase (NR), 
and using NAD(P)H as electron donor. In turn nitrite (NO2-) is transported to chloroplasts 
and reduced to ammonium, prior to assimilation into organic compounds by enzyme nitrite 
reductase (NiR), by means of reduced ferredoxin (Fdred) as electron source. Thus, the 
nitrogen assimilation pathway is a two-step process, first with NO3- reduction to NO2- (1) 
and then to ammonium (NH4+) (2) as described below: 

Nitrate reductase (NR) 

 NO3-   +   NAD(P)H   +   2e-   +   H+     →     NO2-   +   NAD(P)+   +   H2O (1) 

Nitrite reductase (NiR) 

 NO2-   +   6Fdred   +   6e-   +   8H+     →     NH4+   +   6Fdox   +   2 H2O (2) 

Nitrite and ammonium ions can not be accumulating inside cells, as they are cytotoxic 
through producing pH change and inducing reactive nitrogen species (RNS) and oxidative 
damage. Consequently, their incorporation into organic compounds must be relatively fast, 
in order to prevent accumulation and toxicity. In the case of photosynthetic organisms, 
fungi, and bacteria present a variety of mechanisms to regulate and control the expression of 
those enzymatic activities involved in nitrogen assimilatory pathways. 
The assimilation of ammonia-N into carbon compounds (amino acids) primarily takes place 
through the sequential actions of glutamine synthetase (GS) and glutamine 2-oxoglutarate 
aminotransferase (GOGAT), inside chloroplasts, where both are localized, although 
isozymes of both may also be found in cytosol. Ammonium assimilation by GS requires 
glutamate (Glu) as substrate and ATP input to form glutamine (Gln) (3). 

Glutamine synthetase (GS) 

 NH4+   +   glutamate (Glu)   +   ATP     →     glutamine (Gln)   +   ADP   +   Pi (3) 

The amino-N of glutamine, subsequently transferred to 2-oxoglutarate (2-OXG), is reduced 
by GOGAT to form two molecules of glutamate (4). 

Glutamine 2-oxoglutarate aminotransferase (GOGAT) 

 2-oxoglutarate  +  glutamine (Gln)  +  NADPH    →    2 [glutamate] (Glu)  +  NADP+ (4) 

The production of glutamate can be through two pathways. The first involves the reductive 
amination of -ketoglutarate catalyzed by the enzyme glutamate dehydrogenase (GDH), 
which is found in chloroplasts and mitochondria. In the latter, -ketoglutarate is normally 
continually produced by the Krebs cycle. 
Independent of the location of GS and GOGAT, glutamate is exported from chloroplasts to 
cytosols, where transamination reactions can proceed, thereby facilitating the synthesis of 
other amino acids. 
The control of the nitrate assimilatory rate is attributed to NR action, as this is the first 
enzyme in the specific pathway. Consequently, it is of increasing interest to study its 
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facilitating their use under external, restrictive conditions, provides certain species with 
ecological advantages for persistence and prolife during limiting stress periods. 
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species, nutrient availability is a determinant factor that plays an important role in the 
seasonal reproductive life-cycle (Kain, 1989). In annual species, nitrogen, when available, is 
uptake and stored inside the cells, whence its rapid conversion into new biomass. 
During the past decades, substantial efforts have been made to understand the 
biochemistry, molecular biology and regulation of nitrate reductase (NR) in higher plants, to 
so further ecophysiological information and applied botany. The basic-action mechanisms 
and importance of NR in seaweeds are no different from higher plants. Notwithstanding, 
the amount of knowledge is still superficial and phycological studies scarce. 
Based on higher plants and microalgae, the purpose is to briefly point out the role of NR in 
nitrogen metabolism, with a focus on macroalga research, and highlight the importance of in 
vitro NR assay optimization and its value as a physiological tool. 

2. Overview of nitrate assimilation 
Inorganic nitrogen availability plays a critical role in the physiology of marine macroalgae 
and the productivity of complete ecosystems (Lapointe & Duke, 1984). Nitrogen depletion 
has been shown to increase photoinhibitory responses in the photosynthesis of marine 
organisms, including macroalgae (Korbee-Peinado et al., 2004; Huovinen et al., 2006). On the 
other hand, photosynthetic pigments, through generally being positively correlated with 
nitrogen availability, rapidly respond to varying nitrogen levels (Davison et al., 2007). For 
example, phycobiliproteins, reported as nitrogen-storage compounds in N-rich conditions, 
act as nitrogen sources under N-limiting conditions (Lobban et al., 1985). 
Much of what is known on nitrogen metabolism is based on studies with microalgae; the 
number with macroalgae is still few in comparison. 
As nitrogen uptake by macroalgae are usually studied by monitoring the disappearance of 
the nutrient from the culture medium and is influenced by irradiance, temperature, water 
motion, desiccation, and age. 
Macroalgae have either the plasticity or preference to uptake several forms of nitrogen. 
Hanisak (1983) noted that the uptake rate of ammonium generally exceeds that of nitrate. 
Chow et al. (2001) registered the same trend for Gracilaria chilensis, with total uptake of only 
ammonium, when present together with nitrate and nitrite. However, very high 
concentrations of ammonium (> 30 -50 µM) can saturate nitrate transport, thereby inducing 
toxification by ammonium. As ammonium can be used directly to synthesize amino acids, 
and nitrate stored inside vacuoles, the energetic cost of ammonium assimilation is lower 
than that of nitrate. 
Nitrate uptake normally involves saturating kinetics (DeBoer, 1981). As greater 
concentrations of intracellular nitrate than that of the surrounding seawater constitute a 
negative gradient for transport, active transport can be considered as a primary process. 
Some authors have proposed that the NR plasma membrane acts as protein transporter to 
within the cell. 
Considering the relative abundance of environmental nitrate in seawater, the nitrogen 
metabolism is usually commanded by nitrate assimilation fitness. Nitrate (NO3-) is taken up 
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by the cells and translocated across the plasmalemma by energy-dependent processes. Once 
inside the cells, any excess can be stored within vacuoles, while a fraction is being 
metabolized in the cytoplasm by reduction to nitrite, via the enzyme nitrate reductase (NR), 
and using NAD(P)H as electron donor. In turn nitrite (NO2-) is transported to chloroplasts 
and reduced to ammonium, prior to assimilation into organic compounds by enzyme nitrite 
reductase (NiR), by means of reduced ferredoxin (Fdred) as electron source. Thus, the 
nitrogen assimilation pathway is a two-step process, first with NO3- reduction to NO2- (1) 
and then to ammonium (NH4+) (2) as described below: 

Nitrate reductase (NR) 

 NO3-   +   NAD(P)H   +   2e-   +   H+     →     NO2-   +   NAD(P)+   +   H2O (1) 

Nitrite reductase (NiR) 

 NO2-   +   6Fdred   +   6e-   +   8H+     →     NH4+   +   6Fdox   +   2 H2O (2) 

Nitrite and ammonium ions can not be accumulating inside cells, as they are cytotoxic 
through producing pH change and inducing reactive nitrogen species (RNS) and oxidative 
damage. Consequently, their incorporation into organic compounds must be relatively fast, 
in order to prevent accumulation and toxicity. In the case of photosynthetic organisms, 
fungi, and bacteria present a variety of mechanisms to regulate and control the expression of 
those enzymatic activities involved in nitrogen assimilatory pathways. 
The assimilation of ammonia-N into carbon compounds (amino acids) primarily takes place 
through the sequential actions of glutamine synthetase (GS) and glutamine 2-oxoglutarate 
aminotransferase (GOGAT), inside chloroplasts, where both are localized, although 
isozymes of both may also be found in cytosol. Ammonium assimilation by GS requires 
glutamate (Glu) as substrate and ATP input to form glutamine (Gln) (3). 

Glutamine synthetase (GS) 

 NH4+   +   glutamate (Glu)   +   ATP     →     glutamine (Gln)   +   ADP   +   Pi (3) 

The amino-N of glutamine, subsequently transferred to 2-oxoglutarate (2-OXG), is reduced 
by GOGAT to form two molecules of glutamate (4). 

Glutamine 2-oxoglutarate aminotransferase (GOGAT) 

 2-oxoglutarate  +  glutamine (Gln)  +  NADPH    →    2 [glutamate] (Glu)  +  NADP+ (4) 

The production of glutamate can be through two pathways. The first involves the reductive 
amination of -ketoglutarate catalyzed by the enzyme glutamate dehydrogenase (GDH), 
which is found in chloroplasts and mitochondria. In the latter, -ketoglutarate is normally 
continually produced by the Krebs cycle. 
Independent of the location of GS and GOGAT, glutamate is exported from chloroplasts to 
cytosols, where transamination reactions can proceed, thereby facilitating the synthesis of 
other amino acids. 
The control of the nitrate assimilatory rate is attributed to NR action, as this is the first 
enzyme in the specific pathway. Consequently, it is of increasing interest to study its 
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molecular and catalytic properties, as well as the physiological responses to environmental 
stressing conditions and intracellular factors. Nitrate reductase activity has been proposed 
as an index of the rate of nitrate incorporation, with the additional inference that nitrate 
reduction is a rate limiting process for nitrogen assimilation, since any reduction in 
enzymatic activity results in a relative drop in nitrogen assimilation. 
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Fig. 1. General brief of nitrate assimilation pathway. Nitrate (NO3-) is actively transported 
from the external medium across the plasma membrane into the cytoplasm. It can be stored 
into vacuoles or reduced to incorporating in carbon skeletons. Nitrate is reduced to nitrite 
(NO2-) in the cytoplasm by nitrate reductase (NR) that uses NAD(P)H. Nitrite is transported 
inside the chloroplast and reduced to ammonium (NH4+) by nitrite reductase (NiR) that  
uses reduced ferredoxin (Fdred). Ammonium is incorporated into glutamate (Glu) to form 
glutamine (Gln) via the action of glutamine synthetase (GS). The amino-N of Gln is then 
transferred to 2-oxoglutarate (2-OXG) via the action of glutamine 2-oxoglutarate 
aminotransferase (GOGAT). This reaction produces two molecules of Glu, one of them 
reenters to the assimilation pathway as substrate for GS and the second molecule of  
Glu is exported to the cytoplasm and will participate of transamination reactions  
with α-ketoacids to produces other amino acids and proteins  
(modified from Falkowski & Raven, 1997). 

3. Interaction between nitrate assimilation and carbon metabolism 
Nitrate assimilation is intrinsically dependent on the organic carbon substrates, reductants, 
and ATPs that are supplied for both processes photosynthesis and respiratory processes 
(Turpin, 1991). When nitrogen is limited, or photosynthesis and respiration are negatively 
affected, this dependency becomes multifactorial, whereupon compensatory mechanisms or 
regulation must be activated. 
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It is clearly evident that nitrogen metabolism in macroalgae is closely linked to 
photosynthetic carbon metabolism (Vergara et al., 1998). Nitrate reductase activity presents 
maximal enzymatic rates during the diurnal phase, and minimal during dark phase, with a 
narrow relationship of maximal and minimal photosynthetic rates. These responses indicate 
regulatory activation of both processes by light. The intracellular toxic conditions of nitrite 
and ammonium make the urgent incorporation of both into the carbon skeleton essential, to 
so avoid toxicity. 
Carbon molecules and reductant sources proceeding from photosynthesis, is an indication 
of the existence of related regulatory mechanisms between both processes. Carbon and 
nitrogen metabolic pathways consume large amounts of photosynthetic carbon and energy 
sources. Both metabolic forms are connected, either by the organic carbon and energy that 
are directly supplied for photosynthetic electron transport and fixated CO2, or by the 
respiration of fixed carbon, via glycolysis by the Krebs cycle, and the electron transport 
chain of mitochondria. Therefore, the integration of these important metabolic processes 
must have integrated regulatory mechanisms. 
Nitrogen limitation affects photosynthetic processes. Under N-limiting conditions, there is a 
concomitant decrease in PSII photochemical efficiency, as a consequence of the dissipation 
of absorbed excitation energy in the center of pigments. Depleted photosynthetic efficiency 
appears to occur through a drop in the number of functional PSII reaction centers relative to 
the antennae system (Falkowski, 1992). On the other hand, the reduction in photosynthetic 
energy conversion under N-limiting conditions appears to affect amino acid biosynthetic 
processes. Nitrogen limitation also affects the respiration rate. The molecular basis of 
nitrogen limitation and respiratory rate alteration is unclear, but it appears to be related to 
the demand for carbon skeletons and ATP, two of the major products of respiratory 
pathways. Thus, the depletion of nitrogen creates a chain reaction that decompensates 
energy metabolism and amino acid biosynthesis, thereby affecting photosynthesis, 
respiration and growth. 

4. Nitrate reductase in macroalgae 
Nitrate reductase, a relatively large molecule, is usually composed of two or four subunits, 
each of which with approximately 100 kDa. Nakamura & Ikawa (1993) reported these 
subunits in Porphyra yezoensis at close to 100 kDa. The four in Gracilaria tenuistipitata var. liui 
(Lopes et al., 2002), were also of the same size, as were the possibly two in Kappaphycus 
alvarezii (Granbom et al., 2007). 
Three assimilatory NR forms are recognized in eukaryotes: (a) EC 1.6.6.1 NADH-specific 
and (b) EC 1.6.6.2 NADP/NADPH, both occurring in eukaryotic algae and higher plants, 
and (c) EC 1.6.6.3 NADPH-specific. 
The enzyme is preferentially present in the cytoplasm, although there is growing evidence 
of NR associated to chloroplast membranes (Solomonson & Barber, 1990) and plasmalemma 
(Tischner et al., 1989; Fernandez-Lopez et al., 1996). 
Nitrate reductase becomes interesting through its usefulness as a model for prospecting 
multi-component interaction mechanisms related to redox enzymes. Nitrate reductase is one 
of the few inducible/repressible enzymatic systems reasonably well-characterized in 
photoautotrophs, especially in higher plants and microalgae, thus making it a fantastic 
biological model for physiological studies. On the other hand, it is of concern to use NR as 
an ecophysiological parameter for predicting nutritional rates of nitrate assimilation and 
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molecular and catalytic properties, as well as the physiological responses to environmental 
stressing conditions and intracellular factors. Nitrate reductase activity has been proposed 
as an index of the rate of nitrate incorporation, with the additional inference that nitrate 
reduction is a rate limiting process for nitrogen assimilation, since any reduction in 
enzymatic activity results in a relative drop in nitrogen assimilation. 
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Fig. 1. General brief of nitrate assimilation pathway. Nitrate (NO3-) is actively transported 
from the external medium across the plasma membrane into the cytoplasm. It can be stored 
into vacuoles or reduced to incorporating in carbon skeletons. Nitrate is reduced to nitrite 
(NO2-) in the cytoplasm by nitrate reductase (NR) that uses NAD(P)H. Nitrite is transported 
inside the chloroplast and reduced to ammonium (NH4+) by nitrite reductase (NiR) that  
uses reduced ferredoxin (Fdred). Ammonium is incorporated into glutamate (Glu) to form 
glutamine (Gln) via the action of glutamine synthetase (GS). The amino-N of Gln is then 
transferred to 2-oxoglutarate (2-OXG) via the action of glutamine 2-oxoglutarate 
aminotransferase (GOGAT). This reaction produces two molecules of Glu, one of them 
reenters to the assimilation pathway as substrate for GS and the second molecule of  
Glu is exported to the cytoplasm and will participate of transamination reactions  
with α-ketoacids to produces other amino acids and proteins  
(modified from Falkowski & Raven, 1997). 

3. Interaction between nitrate assimilation and carbon metabolism 
Nitrate assimilation is intrinsically dependent on the organic carbon substrates, reductants, 
and ATPs that are supplied for both processes photosynthesis and respiratory processes 
(Turpin, 1991). When nitrogen is limited, or photosynthesis and respiration are negatively 
affected, this dependency becomes multifactorial, whereupon compensatory mechanisms or 
regulation must be activated. 
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It is clearly evident that nitrogen metabolism in macroalgae is closely linked to 
photosynthetic carbon metabolism (Vergara et al., 1998). Nitrate reductase activity presents 
maximal enzymatic rates during the diurnal phase, and minimal during dark phase, with a 
narrow relationship of maximal and minimal photosynthetic rates. These responses indicate 
regulatory activation of both processes by light. The intracellular toxic conditions of nitrite 
and ammonium make the urgent incorporation of both into the carbon skeleton essential, to 
so avoid toxicity. 
Carbon molecules and reductant sources proceeding from photosynthesis, is an indication 
of the existence of related regulatory mechanisms between both processes. Carbon and 
nitrogen metabolic pathways consume large amounts of photosynthetic carbon and energy 
sources. Both metabolic forms are connected, either by the organic carbon and energy that 
are directly supplied for photosynthetic electron transport and fixated CO2, or by the 
respiration of fixed carbon, via glycolysis by the Krebs cycle, and the electron transport 
chain of mitochondria. Therefore, the integration of these important metabolic processes 
must have integrated regulatory mechanisms. 
Nitrogen limitation affects photosynthetic processes. Under N-limiting conditions, there is a 
concomitant decrease in PSII photochemical efficiency, as a consequence of the dissipation 
of absorbed excitation energy in the center of pigments. Depleted photosynthetic efficiency 
appears to occur through a drop in the number of functional PSII reaction centers relative to 
the antennae system (Falkowski, 1992). On the other hand, the reduction in photosynthetic 
energy conversion under N-limiting conditions appears to affect amino acid biosynthetic 
processes. Nitrogen limitation also affects the respiration rate. The molecular basis of 
nitrogen limitation and respiratory rate alteration is unclear, but it appears to be related to 
the demand for carbon skeletons and ATP, two of the major products of respiratory 
pathways. Thus, the depletion of nitrogen creates a chain reaction that decompensates 
energy metabolism and amino acid biosynthesis, thereby affecting photosynthesis, 
respiration and growth. 

4. Nitrate reductase in macroalgae 
Nitrate reductase, a relatively large molecule, is usually composed of two or four subunits, 
each of which with approximately 100 kDa. Nakamura & Ikawa (1993) reported these 
subunits in Porphyra yezoensis at close to 100 kDa. The four in Gracilaria tenuistipitata var. liui 
(Lopes et al., 2002), were also of the same size, as were the possibly two in Kappaphycus 
alvarezii (Granbom et al., 2007). 
Three assimilatory NR forms are recognized in eukaryotes: (a) EC 1.6.6.1 NADH-specific 
and (b) EC 1.6.6.2 NADP/NADPH, both occurring in eukaryotic algae and higher plants, 
and (c) EC 1.6.6.3 NADPH-specific. 
The enzyme is preferentially present in the cytoplasm, although there is growing evidence 
of NR associated to chloroplast membranes (Solomonson & Barber, 1990) and plasmalemma 
(Tischner et al., 1989; Fernandez-Lopez et al., 1996). 
Nitrate reductase becomes interesting through its usefulness as a model for prospecting 
multi-component interaction mechanisms related to redox enzymes. Nitrate reductase is one 
of the few inducible/repressible enzymatic systems reasonably well-characterized in 
photoautotrophs, especially in higher plants and microalgae, thus making it a fantastic 
biological model for physiological studies. On the other hand, it is of concern to use NR as 
an ecophysiological parameter for predicting nutritional rates of nitrate assimilation and 
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growth. Furthermore, as NR-protein characteristics differ among algal groups, this diversity 
may be of relevance in revealing evolutionary adaptation patterns (Zhou & Kleinhofs, 1996; 
Howartha & Baumb, 2002; Stolz & Basu,  2002). 
Marine macrophytes inhabiting intertidal coastal regions are exposed to extreme 
fluctuations in physicochemical parameters, midday increased irradiance levels, UV 
radiation (UVR), nitrogen depletion, desiccation, high-temperature stress, etc. (Lobban et al., 
1985). Individually or together these stressing conditions result in drastic physiological 
responses and acclimation. Thus, comprehension of macroalgal responses to daily and 
seasonal fluctuations in these abiotic factors is critical for a better understanding of the 
regulation of nitrogen metabolism. 
Nitrate reductase-activity assaying has been used for indicating algal capacity in using 
nitrate and the internal nutritional index. A newer approach is to determine the protein at 
the molecular level by studies of gene NR-mRNA expression. 
The use of NR in an ecological context is particularly relevant for marine environments 
where nitrogen is often limiting, thereby providing relevant information regarding the 
physiological nitrogen status of organisms (Hernández et al., 1993). 
Nitrate reductase is considered as a key enzyme in nitrogen metabolism, through being, not 
only the rate-limiting enzyme in inorganic nitrogen assimilation, but also the major 
regulatory step in nitrogen metabolism (Crawford, 1995; Berges, 1997; Davison & Stewart, 
1984; Lartigue & Sherman, 2005; Young et al., 2009). Changes in NR activity, both in the field 
or in laboratory, have been examined in very few macroalgae. 
Nitrate reductase expression is a complex process regulated by various factors, such as 
levels of nitrate, CO2, light, carbon skeletons and nitrogen metabolites (Crawford, 1995, 
Lopes et al., 2002). Furthermore, it is highly regulated in multiple steps, transcriptionally, 
post-transcriptionally, translationally and post-translationally. These regulatory 
mechanisms can act individually or synergically, and are correlated to short and long-term 
NR response. Thus, NR activity can be modified rapidly in response to nitrate availability 
and other controlling factors. 
This intricate control can be shown experimentally by adding nitrate to the medium. In 
Gracilaria chilensis, NR activity was thus rapidly stimulated within a few minutes (Chow et 
al., 2007; Chow & Oliveira, 2008), probably by post-translational NR-protein regulation. 
Lartigue & Sherman (2005) observed the same trend in Enteromorpha sp. A like inducing 
response, under the same conditions, has also been observed in other macroalgae (Gao, 
Smith & Alberte 1995; Lartigue & Sherman, 2005; Young et al., 2007; Martins et al., 2009; 
Cabello-Pasini et al., 2011). 
Nitrate reductase activity in Arctic species appears to be directly enhanced by nitrate 
addition, with relatively little feedback from the N-status of the cell (Gordillo et al., 2006). 
Communities of Laminariales species apparently possess a high degree of resilience to 
disruption in natural nutrient-availability patterns. 
Inactivation of NR activity and degradation of NR-protein have been observed in 
microalgae, macroalgae and higher plants undergoing nitrate deficiency or other forms of 
reduced nitrogen (e.g. ammonium and urea) (Weidner & Kiefer, 1981; Vergara et al., 1998; 
Solomonson & Barber, 1990; Balandin & Aparicio, 1992; Crawford &Arst, 1993; Berges et al., 
1995; Vergara et al., 1998; Campbell, 1999; Gao et al., 2000; Chow & Oliveira, 2007; 
Nicodemus et al., 2008). The NR-inhibiting action mechanism is unknown, although it is 
thought to occur via feedback-regulation of ammonium assimilation by metabolites, e.g. 
glutamine (Flynn 1991, Vergara et al., 1998), or indirectly by inhibition of nitrate-uptake 
(Collos, 1989). 
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Synthesis of the NR protein is also regulated by its substrate with a half-life of a few hours. 
The induction of NR activity is preceded by an increase in NR mRNA, which is activated in 
a question of hours (Granbom et al., 2007). 
Light is a regulatory factor of nitrogen metabolism. Light provides the energy to 
produce/reduce the power and ATP utilized in nitrate transport, nitrate and nitrite 
reduction and ammonium fixation into amino acids. Furthermore, light increases the 
production of carbon skeletons essential for nitrogen assimilation. Additionally, light may 
play a signaling role in controlling the activity-level and NR-protein synthesis. 
As NR-protein degradation normally takes a few hours, near to the interphase light:dark 
cycle, NR is rapidly regulated by phosphorylation and dephosphorylation mechanisms. 
Transient induction of NR activity in G. chilensis by light pulse, during the dark phase, was 
inhibited by the addition of calyculin A (Chow et al., 2008), thereby inferring this rapid NR 
regulation, as already reported in higher plants (Kaiser & Spill, 1991; Huber et al., 1992a, b; 
Kaiser & Huber, 1994; Campbell, 1996). 
Probably the quick-NR regulatory mechanisms by phosphorylation and dephosphorylation 
constitute an essential system for tolerating changes in environmental stress, especially for 
macroalgae, which undergo tidal variation that affects nutrient availability and irradiance 
intensity. Under permanent stressing-conditions on a scale of hours to weeks, the synthesis 
and degradation of NR proteins and mRNA would be the most functional mechanism in 
preventing unnecessary energy expenditure.  
Nitrate reductase is also influenced by irradiance (Davison & Stewart, 1984; Gao et al., 1995; 
Lopes et al., 1997; Vergara et al., 1998; Lartigue & Sherman, 2002; Chow & Oliveira, 2008), 
the rapid suppression in darkness probably arising from the availability of carbon skeletons, 
ATP, and NAD(P)H from photosynthesis and respiration. 
Ultraviolet radiation also affects NR activity in macroalgae (Figueroa & Viñegla, 2001). 
Nevertheless, studies are scarce, and the mechanisms of action unknown. 
NR and NR-protein activities manifest a daily rhythm with circadian influence (Lillo, 1983; 
Deng et al., 1991; Lopes et al., 1997, 2002; Granbom et al., 2004, 2007; Chow et al., 2004, 2007; 
Granbom et al., 2007). Under the light:dark cycle, NR activity reaches a plateau around the 
middle of the photoperiod, as well as a nocturnal minimum (Weidner and Kiefer 1981, Gao 
et al. 1992, Ramalho et al. 1995, Lopes et al. 1997, Chow et al. 2004, 2007; Granbom et al. 
2004), presumably the normal behavior in photosynthetic species.. The circadian diel cycle 
of NR seems to be primarily regulated transcriptionally and correlated to the rate of mRNA 
protein-synthesis (Smith et al., 1992; Ramalho et al., 1995; Granbom et al., 2007). The peaks 
of enzymatic activity appear to be in concert with maximal photosynthetic flow, when 
intracellular carbohydrates and end products of photosynthesis begin to accumulate. At this 
point, the importance of light in promoting NR activity and synthesis is indirectly linked to 
carbon metabolic requirements. 
Low NR activities during darkness have been suppressed by the artificial apply of light-
mimicry carbohydrate sources. Furthermore, a light-pulse of 15 minutes during the dark 
phase, also induced NR activity to levels similar to those of the light phase in G. chilensis 
(Chow & Oliveira, 2008), possibly indicating NR inducible behavior by post-translational 
mechanisms. When intracellular carbohydrates begin  to accumulate in excess, NR mRNA 
transcription is suspended. Inversely, when carbohydrates become depleted, NR expression 
is enhanced. 
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growth. Furthermore, as NR-protein characteristics differ among algal groups, this diversity 
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Higher NR activities are also associated with parts with active metabolic rates, and 
probably, to high levels of photosynthetic activity. In macroalgae with apical growth, NR 
activity in the tips is higher than in the basal parts (Granbom et al., 2004, 2007; Chow, 2004), 
thereby implying post-translational regulation. Nevertheless, NR protein content in the 
basal parts is the highest (Granbom et al., 2007), possibly indicating that a large part of NR is 
in an active form, compared to the basal part of the thallus. 
Post-translational regulatory mechanisms are common in NR enzymes, especially during 
short-term response. This mechanism includes phosphorylation (Huber et al., 1992) 
involving specific protein kinases, protein phosphatases and a protein inativator 
(MacKintosh et al., 1995; Glaab & Kaiser, 1996). 
In most studies of macroalgae NR activity, it is possible to establish the same trend of 
physiological response, i.e., the pronounced dependence on the external and internal pool of 
available nitrate, light stimulation and low or constitutive dark activity, temperature range 
of action according to the natural habitat of the seaweed, and correlations with carbon and 
ATP availability from photosynthesis and respiration. The slight differences in NR behavior 
can be attributed to species-specific response depending on particular environmental 
conditions, and may reflect special turnover of NR activity, as a product of acclimation and 
adaptation response to the extremely changeable intertidal environment. 

5. In vitro nitrate reductase assay (optimization) 
For several years, we have been studying the physiology of the red macroalgae, gracilariods 
(Rhodophyta, Gracilariales), from different view-points. In most cases, these have been 
cultured in PES (Provasoli Enrichment Medium) and VSES (von Stosch Enrichment 
Solution), at different concentrations and biomass densities. 
Nitrogen repletion and starvation causes, not only alterations in pigment content, nitrogen 
assimilation and photosynthesis, but also morphological changes in growth and 
ultrastructure. Consequently, certain studies in our laboratory were directed towards 
characterizing and understanding nitrogen assimilation regulation, especially as regards NR 
behavior. Undoubtedly, physiological changes in nitrate assimilation and NR activity are 
involved during alga growth and development. Knowledge of these responses would 
contribute towards a better optimization of laboratory efforts and in-field cultures for 
physiological studies and biomass yield, for possible economical usage. 
Methods for estimating in vitro NR activity have been developed by Weidner & Kiefer 
(1981), Chapman & Harrison (1988), Thomas & Harrison (1988), Brinkhuis et al. (1989) and 
Chow et al. (2001). Assaying procedures of NR activity are based on quantifying the 
reduction rate of nitrate to nitrite during the reaction catalyzed by intracellular NR 
enzymes. 
Enzymatic NR assays have been used without considering adequate optimization of the 
method. The low NR activity observed during assaying could be due to the loss of 
enzymatic cofactors during extraction, inhibition of activity by phenolic compounds or other 
inhibitors, and the presence of endogenous proteases. The key points in NR assaying 
depend on adequate enzyme extraction, preservation, and stability during the whole 
procedure. There are two important considerations in enzymatic assays: (a) the enzyme 
must to be completely or nearly completely extracted, and (b) assaying conditions, such as 
pH, temperature, substrate and electron donor concentrations, and protectant, must be 
optimal for maximal activity, in order to preserve enzymatic activity during the process. In 
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most cases, NR activity is measured by saturating the enzymatic system with substrate. 
Under saturation conditions, NR activity is used as a nutritional estimator of nitrogen 
metabolism capacity. Some researchers prefer to use in vitro NR data as “potential activity”, 
this representing a theoretical maximum of real NR activity. 
Furthermore, the amount of detectable NR activity depends on protocol optimization, since 
enzymatic activities can vary between and within species, according to environmental 
conditions, circadian fluctuation and endogenous nutritional status, as well as thallus 
portion, age and size. Thus, for reliable comparison and evaluation, it is important to 
optimize the enzymatic assay, and clearly establish the conditions of the biological material 
to be studied. 
Nitrate redutase assay is based on defining, spectrophotometrically, nitrite concentrations of 
the product from nitrate substrate reduction by the NR enzyme at constant temperature and 
time (Eppley et al., 1969). Spectrophotometric in vitro NR assay, while relatively easy and 
fast, and conferring the advantage of kinetic dependence between activity and time, 
confirmable by quantification of nitrate reduction, is not sensitive to any enzymatically 
crude extract. Nevertheless, it is recommended for very active and induced extracts. The 
comparison between deficient N samples cannot be sensitive enough. Therefore, even for 
studies of limited N, it is recommended to supply nitrate before sampling, to thus guarantee 
NR  induction during the assay. 
Appropriate extraction of the complete NR enzyme for in vitro assaying was achieved by 
grinding the biological material in liquid nitrogen. Sample grinding under liquid nitrogen 
increases cell disruption, thus facilitating the extraction of larger amounts of NR enzymes. 
The addition of bovine serum albumin (BSA) is advisable for protection against proteolytic 
enzymes or phenolic compounds, although additional protectants must be used in the case 
of complex species, so as to avoid enzyme denaturation by proteases, or phenolic and other 
compounds (e.g. high phenolic-containing brown algae). Another precaution for preserving 
enzymatic activity is to maintain the crude extract at a low temperature (4°C or on ice), and 
protected from light, to so prevent activity-degradation until assaying. 
In vitro assays require fixed conditions, as regards pH, temperature, and the concentration of 
substrate and reductant source, as well as strict testing of each parameter of all the biological 
material to be studied. Macroalgal pH assaying varies slightly between species, maximal 
activity having been observed close to pH 8.0 (Lopes et al., 1997; Chow et al., 2004, 2007; 
Granbom et al., 2004). 
Nitrate reductase activity is temperature sensitive over a narrow range, with several 
optimum temperatures for the various species, depending on the habitat. For temperate 
macroalgae, this ranges from 10 to 25 °C (Gao et al., 2000; Berges et al., 2002; Chow et al., 
2004). Activities at low temperatures may require a larger amount of NR protein or higher 
catalytic rates to so maintain the same catalytic activity, as during low winter temperatures 
enzymes function below the optimum. Species with high NR activity during the winter may 
present a cold acclimation component. This high activity has been reported in Laminaria 
saccharina (Davison & Davison 1987), Fucus vesiculosus (Collén & Davison 2001), and L. 
digitata, Fucus serratus, Fucus vesiculosus and Fucus spiralis (Young et al. (2007). Macroalgae in 
tropical and sub-tropical environments presented high temperature tolerance during 
assaying (Lopes et al., 1997; Chow et al., 2007; Granbom et al., 2004; Martins et al., 2009), the 
optimum usually being higher than normal. 
Nitrate reductase activity can also vary considerably among and within species, depending 
on natural or laboratory growing conditions. Therefore, optimal concentrations of electron 
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donor (NAD(P)H) and substrate must be verified for each of the species studied, to so 
guarantee saturating conditions for assaying. 
As nitrate reductase activity is daily cyclical, this requires  care with the period of collecting 
samples, since differences among treatments can arise from natural circadian behavior, and 
not from treatment effects. Furthermore, NR is more active in areas with highly active 
metabolic rates, usually the meristematic region. For example, Granbom et al. (2004, 2007) 
and Chow (2004) detected higher NR activity in apical than basal parts in Kappaphycus 
alvarezii and G. chilensis, respectively. Thus, the appropriate choice of biological material for 
enzymatic assaying is also extremely important, as the amount of extractable enzyme varies 
drastically among and within species, with thallus part and age, internal nutritional stock, 
environmental nitrogen availability, culture conditions, etc. 
Optimized in vitro NR activity in some macroalgae was studied and important highlights 
described (Lopes et al., 1997; Lartigue & Sherman, 2002; Chow et al., 2004, 2007; Granbom et 
al., 2004). 
There is a growing interest in applying macroalga NR activity to evaluating nutritional 
physiology in the laboratory and field, as a useful ecophysiological index. On the other 
hand, NR is regarded as a focal point in regulating the nitrogen assimilation pathway and 
for integrating the control of carbon and nitrogen metabolism. However, the potential 
applicability of in vitro NR assaying, as an important parameter of N and C metabolism, 
must to be carefully considered, in which case optimal assaying procedures are required. 

6. Important remarks 
In general, the importance of nitrogen metabolism in the marine environment, particularly 
nitrate assimilation, is based on the frequent identification of nitrogen as limiting nutrients 
for macroalgal growth. Various species under the same environmental conditions have 
developed special strategies for remaining in the habitat and benefit from the adversity of 
nitrogen limitation, either by taking advantage of nitrogen pulses or learning to live with 
low nutrient levels. 
On the other hand, the increasing eutrophication of coastal aquatic environments, associated 
with anthropogenic nitrogen inputs, is a global reality. Opportunistic green macroalgae, 
other bloom species and species susceptible to growing nitrogen concentration, can be 
rapidly affected by ammonium and nitrate availability altering ecological dynamics of both 
populations and communities. 
Nitrate reductase, through being the first enzyme in the nitrogen assimilatory pathway, 
assumes the responsibility for controlling the nitrate assimilatory rate in all algal cells. Thus, 
due to its importance in the general metabolism connected to N and C pathways, there is a 
constantly growing interest in studying the molecular and catalytic properties of NR 
enzymes and physiological responses to environmental stressing conditions and 
intracellular factors. 
Previous studies on NR activity in micro and macroalgae, encountered the contradiction of 
using assay protocols without optimization, thus making comparison difficult, with little 
emphasis being placed on appropriate NR extraction and assaying. Nitrate reductase, 
through being a sensitive enzyme, rapidly inducible and repressive at various molecular 
levels and with diverse internal and external factors, is important for establishing minimum 
optimal conditions, both for comparison and acquiring an understanding of nitrogen 
metabolism. 
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The constant accumulation of knowledge on NR activities, together with studies of nutrient 
uptake, will facilitate the collection of tools for: (1) identifying limiting, defective and 
saturating levels of growth-nutrients; (2) regulating pathways of nitrogen assimilation and 
incorporation; (3) providing environmental indicators for monitoring; (4) identifying 
macroalgae with high nitrate-reduction potential for biofilter application in eutrophized 
environments and increasing the standing crop in polycultures; (5) optimizing culture 
systems by regulating the reduction rate of nitrate with optimal nitrogen uptake and 
reduction; (6) developing management strategies for the culture of economically important 
algae; and (7) understanding evolutive patterns that support the adaptation of macroalgae 
to their environment. 
Further studies of NR activity, both in the field and laboratory, are necessary as a 
contribution, both to understanding seaweed physiology, as well as to clarify the 
importance and role of these algae in near-shore biogeochemical cycling. Moreover, the 
constant changes in the coastal environment, brought about by anthropic action (artificial 
eutrophication), and variations arising from global climate change, will undoubtedly 
influence the ranges of tolerance and acclimation of algae, whereby the necessity for 
monitoring changes in coastal environments and communities. 
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donor (NAD(P)H) and substrate must be verified for each of the species studied, to so 
guarantee saturating conditions for assaying. 
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alvarezii and G. chilensis, respectively. Thus, the appropriate choice of biological material for 
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Optimized in vitro NR activity in some macroalgae was studied and important highlights 
described (Lopes et al., 1997; Lartigue & Sherman, 2002; Chow et al., 2004, 2007; Granbom et 
al., 2004). 
There is a growing interest in applying macroalga NR activity to evaluating nutritional 
physiology in the laboratory and field, as a useful ecophysiological index. On the other 
hand, NR is regarded as a focal point in regulating the nitrogen assimilation pathway and 
for integrating the control of carbon and nitrogen metabolism. However, the potential 
applicability of in vitro NR assaying, as an important parameter of N and C metabolism, 
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developed special strategies for remaining in the habitat and benefit from the adversity of 
nitrogen limitation, either by taking advantage of nitrogen pulses or learning to live with 
low nutrient levels. 
On the other hand, the increasing eutrophication of coastal aquatic environments, associated 
with anthropogenic nitrogen inputs, is a global reality. Opportunistic green macroalgae, 
other bloom species and species susceptible to growing nitrogen concentration, can be 
rapidly affected by ammonium and nitrate availability altering ecological dynamics of both 
populations and communities. 
Nitrate reductase, through being the first enzyme in the nitrogen assimilatory pathway, 
assumes the responsibility for controlling the nitrate assimilatory rate in all algal cells. Thus, 
due to its importance in the general metabolism connected to N and C pathways, there is a 
constantly growing interest in studying the molecular and catalytic properties of NR 
enzymes and physiological responses to environmental stressing conditions and 
intracellular factors. 
Previous studies on NR activity in micro and macroalgae, encountered the contradiction of 
using assay protocols without optimization, thus making comparison difficult, with little 
emphasis being placed on appropriate NR extraction and assaying. Nitrate reductase, 
through being a sensitive enzyme, rapidly inducible and repressive at various molecular 
levels and with diverse internal and external factors, is important for establishing minimum 
optimal conditions, both for comparison and acquiring an understanding of nitrogen 
metabolism. 
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The constant accumulation of knowledge on NR activities, together with studies of nutrient 
uptake, will facilitate the collection of tools for: (1) identifying limiting, defective and 
saturating levels of growth-nutrients; (2) regulating pathways of nitrogen assimilation and 
incorporation; (3) providing environmental indicators for monitoring; (4) identifying 
macroalgae with high nitrate-reduction potential for biofilter application in eutrophized 
environments and increasing the standing crop in polycultures; (5) optimizing culture 
systems by regulating the reduction rate of nitrate with optimal nitrogen uptake and 
reduction; (6) developing management strategies for the culture of economically important 
algae; and (7) understanding evolutive patterns that support the adaptation of macroalgae 
to their environment. 
Further studies of NR activity, both in the field and laboratory, are necessary as a 
contribution, both to understanding seaweed physiology, as well as to clarify the 
importance and role of these algae in near-shore biogeochemical cycling. Moreover, the 
constant changes in the coastal environment, brought about by anthropic action (artificial 
eutrophication), and variations arising from global climate change, will undoubtedly 
influence the ranges of tolerance and acclimation of algae, whereby the necessity for 
monitoring changes in coastal environments and communities. 
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1. Introduction 
The vast majority of the biological processes are dependent on solar radiation. 
Photosynthesis is the main process which intermediate between light and plant 
development. Plants utilize solar radiation as a source of energy for photosynthesis, drives 
water and nutrient transport (Ballaré and Casal, 2000). Besides they use it as environmental 
cue to modulate a wide range of physiological responses from germination to fruiting 
(Suetsugu and Wada, 2003), modulates several metabolic pathways affecting cell 
metabolism, also is the basis to plant structure and molecule production, thus part of what is 
produced by photosynthesis is used in photomorphogenesis (Quail, 2007). That composes a 
complex development program called photomorphogenesis.  
From many developmental processes that define plant form and function, flowering is of 
exceptional interest. A lot of horticulturally important plants are depended upon flowering. 
Much effort is being put into regulating the timing of flowering. Depending on particular 
species sensitivity to photoperiod, the transition of apex to the reproductive stage is affected 
by the duration of light (Leavy and Dean, 1998; Nocker, 2001). Many flowering-time studies 
are based on Arabidopsis thaliana model because classic events, the daylenght sensing 
mechanisms can be light mediated (Bernier et al., 1993). Over the years physiological studies 
have led to four separate but herewith interdependent models for the control of flowering: 
photoperiodic induction, non-photoperiodic (autonomous/vernalization), induction by 
gibberellins and by carbohydrates. The floral transition in biennial photoperiod-sensitive 
and cold-required plants is associated with an increased content of carbohydrates in apical 
meristems (Blazquez, Weigel 2000). According to Corbesier et al. (1998), the concentration of 
sucrose increases dramatically in phloem exudates upon photoinduction in both short and 
long day plants, even when the photoinductive treatment and accumulation of non-
structural carbohydrates limits photosynthesis by feedback regulation (Araya et al., 2006; 
Araya et al., 2010; Paul and Driscoll, 1997; Paul and Foyer, 2001;). Moreover, sucrose may 
function as long-distance signalling molecule during floral induction (Bernier et al., 1993; 
Leavy and Dean, 1998). Meanwhile, accumulation of glucose has been shown to suppress 
expression of photosynthetic genes and induce leaf senescence, via the signalling hexokinase 
pathway (Dai et al., 1999). Araya et al. (2006) states, that repression of photosynthesis occurs 
mainly in leaves that accumulates starch. Though starch per se is not metabolically active, 
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hexokinase is a sensor for sugar repression of photosynthesis (Araya et al., 2010). According 
to Paul and Foyer (2001), starch synthesis is promoted when sucrose synthesis is restricted 
and in many plant species leaf starch serves as a transient sink to accommodate excess 
photosynthate that cannot be converted to sucrose and explored. Thus several mechanisms 
for the carbohydrate repression of photosynthesis have been discussed: accumulation of 
non-structural carbohydrates in leaves represses photosynthesis through sucrose synthesis 
and accumulation of sugar phosphates in the cytosol (Chen et al., 2005); through starch 
accumulation which causes the deformation of chloroplasts (Nakano et al., 2000); soluble 
sugars suppress the expression of photosynthetic genes (Paul and Foyer, 2001). Araya et al. 
(2006) describes carbohydrate repression of photosynthesis in relation to leaf developmental 
stages, as the metabolic roles of carbohydrates dramatically change depending on the leaf 
age. The photosynthetic system is constructed by importing carbohydrates to young sink 
leaves, while mature source leaves with high photosynthetic activities export 
photosynthates to sink organs. As Apiaceae plants form below-ground storage organs, the 
translocation of assimilates and the distinct distribution of biomass between leaves and 
storage organs is a sensitive indicator for changes in environment conditions. Thus the 
transport and distribution of non-structural carbohydrates between plant organs is 
important for triggering the complete sequence of photosynthesis action and floral 
evocation. The distinct distribution of biomass between the leaves and below-ground 
storage organ, forming a clear model of assimilate partitioning between source and sink, can 
be a sensitive indicator for changes in environmental conditions. Moreover, it can play a key 
role as ‘cross-talk’ of response pathway with other flowering induction pathways. Therefore 
it is important to understand the biological regularities of plant vegetative growth and 
generative development. The photo and thermo induction is needed for biennial plants for 
the formation of inflorescence stem and flowers. The biological background of juvenile 
period and insensibility to the influence of photo- and thermo induction in the physiology of 
plant ontogenesis is not explored in detail yet. However still, the participation of 
photosynthetic system and its primary metabolites in flower initiation processes is not 
clearly understood. It is sill unclear how photosynthetic pigments, non-structural 
carbohydrates and other materials distribute and interact during photo and thermo 
induction and during other flowering initiation processes. Thus, it is very important to 
understand the mechanisms of plant morphogenesis, to control the growth and 
development processes and theirs’ ratio on the purpose to optimize the formation of 
productivity elements during different ontogenesis stages. 
Despite on light duration (photoperiod), light quality (spectral composition) and quantity 
(flux density) also make influence on plant morphogenetic processes (Hohewoning et al., 
2010; Matsuda et al., 2004). The genetic investigations showed that response to light is the 
outcome of various photoreceptors information acting through complex interacting signal 
network (Carvalho et al., 2011; Folta and and Childers, 2008; Leavy and Dean, 1998). 
Therefore this problem is being tried to solve by artificial lighting with solid-state light-
emitting diodes (LEDs). As pant physiology and development is regulated not only via 
photosynthesis (chlorophylls, carotenoids) but also through specific photomorphogenetic 
photoreceptors (phytochromes, cryptochromes and phototropin) (Ballaré and Casal, 2000; 
Carvalho et al., 2011). Thus the results from LEDs lighting suggest that the precise selection 
of particular spectral components enables to modulate the photomorphogenetic responses of 
the plant (Folta and and Childers, 2008; Goins et al., 1997; Hohewoning et al., 2010; Matsuda 
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et al., 2004). The light signal transduction pathways involve a complex system, which 
include photoreceptors absorbing particular wavelengths. Chlorophyll b absorb blue 
(absorption maximum at 430, 455 nm) and red (640nm) light, carotenoids absorb near 450 
nm, and chlorophyll a absorb near 660 nm and triggers photosynthetic process (Bell et al., 
2000; Carvalho et al., 2011), but these pigments reflect green light (Carvalho et al., 2011). The 
photomorphogenetic response depends on red (600 – 700 nm) and far-red (700 – 800 nm) 
absorbing phytochromes and blue/UV-A (320 – 400 nm) absorbing cryptochromes action 
(Bradburne et al., 1989; Bell et al., 2000; Carvalho et al., 2011). As it is known that blue light 
plays important roles in photomorphogenesis, chlorophyll biosynthesis, maturation of 
chloroplast, photosynthesis or stomatal opening (Hogewoning et al., 2010). Whereas red 
light is important for elongation processes, changes in plant anatomy, and development of 
photosynthetic apparatus of plants (Goins et al. 1997;). Thus blue and red LEDs have been 
used for studies in many areas of photobiological research such as photosynthesis, 
chlorophyll synthesis and morphogenesis with model plants such as Arabidopsis. However, 
very few studies have been carried out on the effects of LEDs on physiological responses or 
morphogenesis of Apiaceae plants. Besides, there is no much data about the effects of 
different solid-state light-emitting diodes spectral composition (blue, red, far-red, green, 
yellow, UV-A) on the growth and development of edible carrot, carbohydrate and 
chlorophyll contents and distribution between plant organs. Thus the manipulation of 
photosynthetically active and morphogenic light allows regulating allocation and use of 
photosynthate within the developing plant. 

2. Materials and methods 
2.1 Growth conditions and plant material 
Edible carrot (Daucus sativus (Hoffm.) Röhl.) and common caraway (Carum carvi L.) were 
initially grown in vegetative tumbler, 54x34x15 cm in size, placed in a greenhouse until 
particular developmental level needed for special experiment (16-hour photoperiod and 
21/16C day/night temperature were maintained). Peat (pH   6) was used as a substrate.  

2.2 Flowering initiation under controlled environment 
Carrots with 5 and 9 leaves in rosette, common caraway with 9 leaves in rosette were grown 
in a phytotron chambers with different photo and thermo periods for 120 days: 0hr and 
+4C; 8hr and +4C; 16hr and +4C; 8hr and +21/17C; 16hr and +21/17C. Then evocation, 
flower initiation and differentiation processes were investigated under illumination with the 
photoperiod of 16-hr and +21/162C day/night temperatures.  

2.3 The control of morphogenesis and photophysiological processes by light-emitting 
diodes (LED) 
To induce vernalization processes carrots with 9 leaves in rosette were moved from the 
greenhouse to the phytotron chambers under low temperature (+4C) treatment for 120 
days. Then evocation, flower initiation and differentiation processes were investigated 
under illumination with the photoperiod of 16 hour and +21/172C day/night 
temperatures maintained for one month. The originally designed (Tamulaitis et al., 2005) 
light emitting diode based lighting units, consisting of commercially available wavelengths: 
blue (445 nm, LuxeonTM type LXHL-LR5C, Lumileds Lighting, USA), red (638 nm, delivered 
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light emitting diode based lighting units, consisting of commercially available wavelengths: 
blue (445 nm, LuxeonTM type LXHL-LR5C, Lumileds Lighting, USA), red (638 nm, delivered 
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by AlGaInP LEDs LuxeonTM type LXHL-MD1D, Lumileds Lighting, USA), red (669 nm, L670-
66-60, Epitex, Japan), and far red (731 nm, L735-05-AU, Epitex, Japan) LEDs were used. 
Illumination with different spectra was generated by LED-based illuminator (Table 1). The 
lighting treatment started at vegetative stage. The analyses were performed before after four 
weeks LED treatment. 
 

Light spectral components Photon flux densities, µmol m-2s-1 
445, 638, 669, 731 nm (Basal) 167,2 
445, 638, 669 nm 167,9 
445, 638, 731 nm 160,1 
638, 669, 731 nm 169,5 
455, 638 nm 160,4 
638 nm 150,0 

Table 1. The composition of light spectral components (LED) 

2.4 Determination of photosynthetic pigments 
About 0.2 g of fresh leaf tissue was ground with 0.5 g CaCO3, washed with pure acetone, 
and filtered through cellulose filter. Sample was diluted till 50 ml with 100% of acetone. 
Chlorophyll a, b and carotenoids (carot.) were measured by spectrophotometric method of 
Wetshtein (Gavrilenko and Zigalova, 2003). The spectrum of photosynthetic pigments was 
measured at 440.5 nm, 662 nm and 644 nm respectively. 

2.5 Determination of non–structural carbohydrates  
Fructose (Fru) glucose (Glu) and sucrose (Suc) were measured by high performance liquid 
chromatography (HPLC) method. About 1 g of fresh plant tissue (leaves, zone of apical 
meristems or root-crop) was ground and diluted with +70º C 4 ml double distilled water. 
The extraction was carried out for 24 h. The samples were filtered using cellulose acetate 
(pore diameter 0.25 µm) syringe filters. The analyses were performed on Shimadzu HPLC 
(Japan) chromatograph with refractive index detector (RID 10A), oven temperature was 
maintained at +80º C. Separation of carbohydrates was performed on Shodex SC-1011 
column (300 x 4.6 mm) (Japan), mobile phase – double distilled water. The sensitivity of the 
HPLC method was established using a method validation protocol (ICH, 2005). 

2.6 Physiological indices 
Flowering initiation stages were described according to Duchovskis (2000). 
The net assimilation rate (NAR) of a plant was defined as its growth rate per unit leaf area 
(LA) for any given time period (day). It can be calculated as:  
NAR (g cm-2 d-1)=(1/LA)(dW/dt), where LA is leaf area (cm2) and dW/dt is the change in 
plant dry mass per unit time. 
The leaf area was measured by “WinDias” leaf area meter (Delta-T Devices Lts, UK). Leaves 
and root-crops were dried in a drying oven at 105° C for 24 h for the determination of dry 
mass. 

2.7 Statistical analysis 
The analysis were performed in seven (biometrical measurements) or five (analytical 
measurements) replications and data analysis was processed using one-way analysis of 
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variance Anova, the Duncan ’s LSD test to trial mean at the confidence level p = 0.05. The 
standard deviation of mean to express values of NAR was used. 

3. Results and discussion 
3.1 Flowering and physiological signals 
As flowering is the first step of sexual reproduction, thus the timing of the transition from 
vegetative growth to generative development is very important in agriculture, horticulture 
or plant breeding (Bernier et al., 1993; Nocker, 2001). During juvenile period plants are 
insensitive to any flowering inductive factor and are not able to form reproductive organs. 
The minimal developmental level to accept photo and thermo inductive factors for 
flowering induction for various plants differs (Duchovskis et al., 2003). Much of plant 
development occurs at the shoot apical meristem (SAM). The acquisition of reproductive 
competence is marked by changes in the morphology and physiology of vegetative 
structures, where SAM is the primordia for growth of vegetative organs (leaves) or is 
responsible for transition to reproductive development (Leavy and Dean, 1998).  
 

Juvenile period (SAM is incompetent to 
respond to any flowering signal) 

Flowering induction (photoperiod, 
phytochrome system, low temperature,  

action of metabolites) – vegetative growth 
 

A Evocation stage I 
(photoperiod) 

B Evocation stage II 
(low temperature) 

C Flower initiation and        
differentiation 

 
Fig. 1. Model of flowering initiation. 

The flowering initiation of biennial plants is a multicomponent and multistep mechanism. It 
has several stages: flowering induction, evocation, flower initiation and differentiation, 
gamete initiation and destruction of flowering stimulus (Duchovskis, 2004). Furthermore, it 
is essential to know the limiting factors of flowering initiation and further development. 
Endogenous and exogenous factors affecting this process are the complex ones and they 
depend on solid action of photosynthesis and metabolism systems (Gibson, 2004). Plant 
flowering initiation processes are related to the duration of juvenile period. During this 
period plants are insensitive to any inductive factor and are not able to form reproductive 
organs (Bernier et al., 1993; Duchovskis et al., 2003; Leavy and Dean, 1998). The model of 
flowering initiation is presented in Fig. 1. According to this model, flowering can occur 
when certain limiting factors are present at the apex at the right time and in the appropriate 
concentrations. The multifactoral control model of flowering shows, that a number of 
promoters and inhibitors, including assimilates, are involved in controlling the 
developmental transition (Bernier et al., 1993; Gibson, 2004; Németh, 1998). 
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organs (Bernier et al., 1993; Duchovskis et al., 2003; Leavy and Dean, 1998). The model of 
flowering initiation is presented in Fig. 1. According to this model, flowering can occur 
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promoters and inhibitors, including assimilates, are involved in controlling the 
developmental transition (Bernier et al., 1993; Gibson, 2004; Németh, 1998). 
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According to Németh (1998), for the majority of the most important vegetables of the Apiacea 
family temperature between 5–10°C proved to be the most effective for flowering, however 
both lower (5°C) and higher (15°C) temperatures might have an inductional effect. 
Duchovskis (2000) stated that the formation of inflorescence axis (5 formed leaves in rosette 
for carrots) means that photo induction ended and after that the processes of second 
evocation stage began. The thermo induction conditioned the formation of inflorescence axis 
elements (evocation stage II) when carrots had 8–9 leaves in rosette (Duchovskis et al., 2003). 
However, in opposite to high temperature, low positive temperature caused faster 
development rate of carrots independently from duration of photoperiod (Table 2). As for 
caraway, it seems that juvenile period is longer than in carrots. Németh (1998) noticed that 
optimal induction regime for caraway might lie between 5°C and 8°C, which is effective 
when lasting more than two weeks. In case of caraway, scientific data are very few. 
Putievsky (1983) examined the effect of day length and temperatures on the flowering of 
three Apiacea species: caraway, dill and coriander. The tree spices exhibited different 
reactions to the treatments. Caraway developed flowers under all experimental 
circumstances (18/12°C or 24/12°C day and night temperatures, with 10 h or 16 h 
photoperiods). Pursuant to other authors, a longer vegetative growth of caraway at low 
(4°C) temperature and short day (SD) (8 h) occurred, whereas earlier flowering was 
preceded by long day (LD) (16 h) and low temperature, and the duration of photoperiod did 
not affect flowering rate under treatment with high temperature (see Table 2). Thus, both a 
shorter period as well as high temperatures results in partial flowering of treated species. It 
might mean either that caraway does not need any short day induction for flower initiation 
at all, or that any photoperiodic response is effective only with interaction of low 
temperatures (Németh, 1998).  
Confirming the conception of flowering induction and evocation of wintering plants, we 
assume that the mechanisms of photo and thermo induction in edible carrot and common 
caraway are independent and autonomous. That’s why the minimal developmental level to 
accept these flowering inductive factors differs.  
 

Species 
Number of 
developed 

leaves 

Treatment 

+4ºC-0h +4ºC-8h +4ºC-16h +21/17ºC - 
8h 

+21/17ºC - 
16h 

Carrot 
5 - 4 4 2 2 
9 - 5 5 3 3 

Caraway 9 - 2 4 3 3 

Table 2. The transition level from vegetative to generative stage in edible carrot and 
common caraway. Note. 1 point – the lowest development rate, 5 points – the most 
intensive. 

According to our data there were no drastic changes in accumulation of photosynthetic 
pigments during transition from vegetative growth to generative development (Table 3). 
During flower initiation and differentiation the significant decrease of chlorophyll a and 
carotenoids was observed under low temperature and short photoperiod treatment, whereas 
normal temperature and SD photoperiod conditioned the significant increase of these 
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pigments for carrots with 5 leaves in rosette. In opposite to younger plants, the accumulation 
of photosynthetic pigments was significantly effected by low temperature already in first 
evocation stage. Moreover during flower initiation and differentiation maturated plants 
accumulated significantly less photosynthetic pigments under LD photoperiod. 
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Eddible carrot Common caraway 

5 leaves 9 leaves 9 leaves 

Chl a Chl b Carot. Chl a Chl b Carot. Chl a Chl b Carot. 

Ev
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4ºC-8h 1.97ab 0.51ab 0.83ab 2.55b 0.56a 0.78b 1.62c 0.52c 0.55abc 

4ºC-16h 1.92ab 0.51ab 0.90b 2.09a 0.65b 0.65a 1.42b 0.49abc 0.59c 

21ºC-8h 2.08b 0.52ab 0.84ab 1.76a 0.53a 0.56a 1.22a 0.40a 0.48a 

21ºC-16h 1.92ab 0.55b 0.73ab 1.98a 0.56a 0.61a 1.45b 0.50bc 0.53abc 

Ev
oc

at
io

n 
st

ag
e 

II
 

4ºC-8h 1.74ab 0.55ab 0.66ab 1.74ab 0.53a 0.65ab 1.40abc 0.38d 0.61b 

4ºC-16h 1.97ab 0.63ab 0.72b 2.15b 0.67c 0.73ab 1.62c 0.45c 0.75c 

21ºC-8h 2.03ab 0.63ab 0.61b 2.09ab 0.56abc 0.73b 1.22a 0.26a 0.46a 

21ºC-16h 2.19b 0.68b 0.68ab 2.08ab 0.61abc 0.64ab 1.47bc 0.44c 0.64b 
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nd
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ff
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4ºC-8h 1.70a 0.58ab 0.57a 2.09bc 0.69bc 0.67c 1.13b 0.25b 0.39bc 

4ºC-16h 1.89abc 0.59ab 0.76bcd 2.16c 0.71c 0.68c 0.89a 0.18a 0.32a 

21ºC-8h 2.47c 0.61ab 0.81d 2.00bc 0.69bc 0.60d 1.28c 0.31c 0.41c 

21ºC-16h 1.87abc 0.78b 0.61ab 1.19a 0.37a 0.41a 1.06b 0.23b 0.40bc 

Table 3. The distribution of photosynthetic pigment content during different flowering 
initiation stages in leaves of edible carrot and common caraway. The values with the same 
letters are not significantly different with P≤0.05 

In relation to leaf developmental stages the repression of photosynthesis by non-structural 
carbohydrate accumulation was examined by Araya et al. (2006) in Phaseolus vulgaris L. They 
noticed that carbohydrate accumulation on photosynthesis repression is significant in the 
source leaves, but not in the young sink leaves. According to our data, in carrot with 5 
leaves in rosette significantly the highest content of glucose was observed under low 
temperature and SD treatment on first evocation stage (Table 4). However the correlation 
between chlorophyll content and glucose was week. The accumulation of glucose in carrot 
leaves mostly was effected by low temperature and LD photoperiod. Meanwhile in caraway 
leaves significantly bigger contents of glucose were determined under LD and normal 
temperature during evocation. Paul and Stitt (1993) stated that at low temperature hexose 
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pigments for carrots with 5 leaves in rosette. In opposite to younger plants, the accumulation 
of photosynthetic pigments was significantly effected by low temperature already in first 
evocation stage. Moreover during flower initiation and differentiation maturated plants 
accumulated significantly less photosynthetic pigments under LD photoperiod. 
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Table 3. The distribution of photosynthetic pigment content during different flowering 
initiation stages in leaves of edible carrot and common caraway. The values with the same 
letters are not significantly different with P≤0.05 

In relation to leaf developmental stages the repression of photosynthesis by non-structural 
carbohydrate accumulation was examined by Araya et al. (2006) in Phaseolus vulgaris L. They 
noticed that carbohydrate accumulation on photosynthesis repression is significant in the 
source leaves, but not in the young sink leaves. According to our data, in carrot with 5 
leaves in rosette significantly the highest content of glucose was observed under low 
temperature and SD treatment on first evocation stage (Table 4). However the correlation 
between chlorophyll content and glucose was week. The accumulation of glucose in carrot 
leaves mostly was effected by low temperature and LD photoperiod. Meanwhile in caraway 
leaves significantly bigger contents of glucose were determined under LD and normal 
temperature during evocation. Paul and Stitt (1993) stated that at low temperature hexose 
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does not induce sugar repression. It is likely that more than one trigger is involved in 
modulating the carbohydrate signal perception or transduction. Observing the transition 
from vegetative growth to generative development, linear correlation was noticed under LD 
treatment in carrot with 5 leaves in rosette. But for carrots with 9 leaves in rosette such linear 
correlation was affected by low temperature and SD photoperiod. This may occur due to 
higher contents of glucose in older plants leaves. Krapp and Stitt (1995) noticed that cold 
exposure prevents carbohydrate export from leaves.  
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Eddible carrot Common caraway 
5 leaves 9 leaves 9 leaves 

Chl a+b Glu COREL Chl a+b Glu COREL Chl a+b Glu COREL 
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I 

4ºC-8h 2.48ab 3.18c -0.3 2.67ab 5.75c -0.6 2.14b 1.11c -0.8 
4ºC-16h 2.43ab 0.37ab -0.4 2.74b 5.01c -0.9 1.85a 0.40a 1.0 
21ºC-8h 2.60b 0.72b 1.0 2.28ab 3.15a -1.0 1.62a 0.87b -1.0 

21ºC-16h 2.47ab 0.02a 1.0 2.60ab 3.31a -0.9 1.75a 1.58d -0.5 

Ev
oc

at
io

n 
st

ag
e 

II
 4ºC-8h 2.62abc 2.17c 0.2 2.46ab 1.00b 1.0 1.78a 0.82c 0.7 

4ºC-16h 2.60abc 4.59d 1.0 2.82b 2.00c 0.4 2.07c 0.21a 0.9 
21ºC-8h 2.43a 0.13a 0.8 2.69ab 0.49a -0.6 1.58a 0.65b -0.2 

21ºC-16h 2.87c 1.39b -0.1 2.69ab 1.06b -0.3 1.81abc 1.10d 0.5 
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it
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. 4ºC-8h 2.28a 1.95a -0.3 2.68bc 2.56b -1.0 1.28abc 1.22d 0.9 
4ºC-16h 2.51a 1.67a 1.0 2.87c 3.12c 0.2 1.13a 0.25a 0.8 
21ºC-8h 3.26b 1.74a -0.7 2.69bc 2.17b -0.2 1.59c 0.80c -1.0 

21ºC-16h 2.45a 3.19b 0.9 1.49a 0.40a -0.5 1.32abc 0.45b -0.7 

Table 4. The correlation between chlorophyll a and b sum and glucose during different 
flowering initiation stages in edible carrot and common caraway leaves. The values with the 
same letters are not significantly different with P≤0.05 

Moreover, both chlorophyll and glucose contents were significantly higher in carrot with 9 
leaves in rosette, but the correlation was week under low temperature and SD photoperiod 
in flower initiation and differentiation stage. This is in agreement that mature source leaves 
export primary metabolites to sink organs, while carbohydrates in young sink leaves are 
used for photosynthetic system construction. In case of caraway, low correlation in second 
evocation stage was observed under normal temperature and SD due to significantly low 
contents of chlorophylls and decrease of glucose concentration. In other developmental 
stages strong or linear correlation in caraway was observed. Araya et al. (2010) observed 
negative relationship between leaf carbohydrate content and photosynthetic rate. They 
showed that leaf photosynthesis is influenced by changing carbohydrate level rather than 
through modifying sensitivity of the leaf to the carbohydrate level. 
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Photosynthesis and synthesis of primary metabolites occurs in leaves. Plants of Apiacea 
family are interesting because they form crop-root. It is important to handle 
mechanisms which regulate photosynthates export from source leaves in response to 
the demand in the growing sink organs of plant. One of widely cited possibilities is that 
sugar repression is associated with Rubisco and its distribution to other parts of the 
plant (Lu et al., 2002; Paul and Stitt, 1993; Paul and Foyer, 2001). The changes in 
carbohydrate accumulation are frequently in response to changes in the balance 
between supply and demand for fixed carbon perceived from dark reactions (Farrar et 
al., 2000). Moreover sink regulation of photosynthesis is highly dependent on the 
physiology of the rest of the plant, which regulates photosynthesis through signal 
transduction pathways (Paul and Foyer, 2001).  
According to our data (Table 5), under low temperature significantly higher concentrations 
of hexoses were determined in apical meristems of carrots with 5 and 9 leaves in rosette 
during transition from vegetative growth to generative development.  
Meanwhile in caraway apical meristem zone low temperature conditioned significantly 
higher accumulation of fructose and under normal temperature exposure significantly 
higher contents of glucose were determined during transition from first to second 
evocation stage. This means that glucose can act as morphogenetic factor and regulate the 
mechanisms of plant development and flowering (Borisjuk et al., 2003; Gibson, 2005). This 
is in correlation with our data, because the best development of carrot was observed 
under low temperature, and high development rate of caraway was observed under 
normal temperature (Table 2). The best development rate of caraway was observed under 
low temperature and LD (Table 2), this can be explained by significantly high content of 
sucrose in apical meristem zone (Table 5) during evocation. Moreover there were no 
significant differences in sucrose content in caraway leaves and the concentrations were 
very low. Besides, high contents of sucrose were detected in root-crop of caraway. It is 
known that many plant developmental, physiological and metabolic processes are 
regulated by soluble sugars such as glucose and sucrose and by other signaling molecules 
(Gibson, 2004). A lot of scientists investigated the sucrose distribution in apex and in other 
plant tissues (Bodson and Outlaw, 1985; Lejeune et al., 1993; King and Ben-Tal, 2001). It is 
presumed that the supply of sucrose to apical meristemic tissues is important for flower 
induction. Still it may not be the specific flowering induction stimulus and independent 
from the response to the photoperiod duration. In agreement with other authors (Borisjuk 
et al., 2002), the highest sucrose concentrations were determined in cells which can 
actively divide (Tabe 5). Carrots with 9 leaves in a rosette can accept the stimulus of photo 
induction. Unlike caraway, during the evocation, high temperature disturbs sugar 
metabolism in carrot apical meristems. Such sugar metabolism and transport to apical 
meristems can determine the differences in plant development processes (Table 2). Also it 
may depend on the special plant requirement to photo and thermo induction for the 
acceptation of flowering stimulus. After transition to generative development during 
flower initiation and differentiation intensive accumulation of sucrose in apical meristems 
and transport from leaves to root-crop was observed (Table 5). It is known that sucrose 
may be converted to glucose and fructose by acid invertase (Mansoor et al., 2002) or it can 
be reduced from starch by sucrose synthase (Sturm et al., 1999). There is contrary data 
about feedback inhibition of photosynthesis.  
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does not induce sugar repression. It is likely that more than one trigger is involved in 
modulating the carbohydrate signal perception or transduction. Observing the transition 
from vegetative growth to generative development, linear correlation was noticed under LD 
treatment in carrot with 5 leaves in rosette. But for carrots with 9 leaves in rosette such linear 
correlation was affected by low temperature and SD photoperiod. This may occur due to 
higher contents of glucose in older plants leaves. Krapp and Stitt (1995) noticed that cold 
exposure prevents carbohydrate export from leaves.  
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Eddible carrot Common caraway 
5 leaves 9 leaves 9 leaves 

Chl a+b Glu COREL Chl a+b Glu COREL Chl a+b Glu COREL 

Ev
oc

at
io

n 
st

ag
e 

I 

4ºC-8h 2.48ab 3.18c -0.3 2.67ab 5.75c -0.6 2.14b 1.11c -0.8 
4ºC-16h 2.43ab 0.37ab -0.4 2.74b 5.01c -0.9 1.85a 0.40a 1.0 
21ºC-8h 2.60b 0.72b 1.0 2.28ab 3.15a -1.0 1.62a 0.87b -1.0 

21ºC-16h 2.47ab 0.02a 1.0 2.60ab 3.31a -0.9 1.75a 1.58d -0.5 

Ev
oc

at
io

n 
st

ag
e 

II
 4ºC-8h 2.62abc 2.17c 0.2 2.46ab 1.00b 1.0 1.78a 0.82c 0.7 

4ºC-16h 2.60abc 4.59d 1.0 2.82b 2.00c 0.4 2.07c 0.21a 0.9 
21ºC-8h 2.43a 0.13a 0.8 2.69ab 0.49a -0.6 1.58a 0.65b -0.2 

21ºC-16h 2.87c 1.39b -0.1 2.69ab 1.06b -0.3 1.81abc 1.10d 0.5 

Fl
ow

er
  n

it
 

an
d 

di
ff

. 4ºC-8h 2.28a 1.95a -0.3 2.68bc 2.56b -1.0 1.28abc 1.22d 0.9 
4ºC-16h 2.51a 1.67a 1.0 2.87c 3.12c 0.2 1.13a 0.25a 0.8 
21ºC-8h 3.26b 1.74a -0.7 2.69bc 2.17b -0.2 1.59c 0.80c -1.0 

21ºC-16h 2.45a 3.19b 0.9 1.49a 0.40a -0.5 1.32abc 0.45b -0.7 

Table 4. The correlation between chlorophyll a and b sum and glucose during different 
flowering initiation stages in edible carrot and common caraway leaves. The values with the 
same letters are not significantly different with P≤0.05 

Moreover, both chlorophyll and glucose contents were significantly higher in carrot with 9 
leaves in rosette, but the correlation was week under low temperature and SD photoperiod 
in flower initiation and differentiation stage. This is in agreement that mature source leaves 
export primary metabolites to sink organs, while carbohydrates in young sink leaves are 
used for photosynthetic system construction. In case of caraway, low correlation in second 
evocation stage was observed under normal temperature and SD due to significantly low 
contents of chlorophylls and decrease of glucose concentration. In other developmental 
stages strong or linear correlation in caraway was observed. Araya et al. (2010) observed 
negative relationship between leaf carbohydrate content and photosynthetic rate. They 
showed that leaf photosynthesis is influenced by changing carbohydrate level rather than 
through modifying sensitivity of the leaf to the carbohydrate level. 
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Photosynthesis and synthesis of primary metabolites occurs in leaves. Plants of Apiacea 
family are interesting because they form crop-root. It is important to handle 
mechanisms which regulate photosynthates export from source leaves in response to 
the demand in the growing sink organs of plant. One of widely cited possibilities is that 
sugar repression is associated with Rubisco and its distribution to other parts of the 
plant (Lu et al., 2002; Paul and Stitt, 1993; Paul and Foyer, 2001). The changes in 
carbohydrate accumulation are frequently in response to changes in the balance 
between supply and demand for fixed carbon perceived from dark reactions (Farrar et 
al., 2000). Moreover sink regulation of photosynthesis is highly dependent on the 
physiology of the rest of the plant, which regulates photosynthesis through signal 
transduction pathways (Paul and Foyer, 2001).  
According to our data (Table 5), under low temperature significantly higher concentrations 
of hexoses were determined in apical meristems of carrots with 5 and 9 leaves in rosette 
during transition from vegetative growth to generative development.  
Meanwhile in caraway apical meristem zone low temperature conditioned significantly 
higher accumulation of fructose and under normal temperature exposure significantly 
higher contents of glucose were determined during transition from first to second 
evocation stage. This means that glucose can act as morphogenetic factor and regulate the 
mechanisms of plant development and flowering (Borisjuk et al., 2003; Gibson, 2005). This 
is in correlation with our data, because the best development of carrot was observed 
under low temperature, and high development rate of caraway was observed under 
normal temperature (Table 2). The best development rate of caraway was observed under 
low temperature and LD (Table 2), this can be explained by significantly high content of 
sucrose in apical meristem zone (Table 5) during evocation. Moreover there were no 
significant differences in sucrose content in caraway leaves and the concentrations were 
very low. Besides, high contents of sucrose were detected in root-crop of caraway. It is 
known that many plant developmental, physiological and metabolic processes are 
regulated by soluble sugars such as glucose and sucrose and by other signaling molecules 
(Gibson, 2004). A lot of scientists investigated the sucrose distribution in apex and in other 
plant tissues (Bodson and Outlaw, 1985; Lejeune et al., 1993; King and Ben-Tal, 2001). It is 
presumed that the supply of sucrose to apical meristemic tissues is important for flower 
induction. Still it may not be the specific flowering induction stimulus and independent 
from the response to the photoperiod duration. In agreement with other authors (Borisjuk 
et al., 2002), the highest sucrose concentrations were determined in cells which can 
actively divide (Tabe 5). Carrots with 9 leaves in a rosette can accept the stimulus of photo 
induction. Unlike caraway, during the evocation, high temperature disturbs sugar 
metabolism in carrot apical meristems. Such sugar metabolism and transport to apical 
meristems can determine the differences in plant development processes (Table 2). Also it 
may depend on the special plant requirement to photo and thermo induction for the 
acceptation of flowering stimulus. After transition to generative development during 
flower initiation and differentiation intensive accumulation of sucrose in apical meristems 
and transport from leaves to root-crop was observed (Table 5). It is known that sucrose 
may be converted to glucose and fructose by acid invertase (Mansoor et al., 2002) or it can 
be reduced from starch by sucrose synthase (Sturm et al., 1999). There is contrary data 
about feedback inhibition of photosynthesis.  
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T
re
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t Eddible carrot, 5 leaves 

Root-crop Apical meristem zone Leaves 

Fru Glu Suc Fru Glu Suc Fru Glu Suc 

Ev
oc

at
io

n 
st

ag
e 

I 4ºC-8h 7.40c 7.32b  6.31b 4.60a 0.33a 2.99c 3.18c  

4ºC-
16h 1.62ab   12.90d 13.11d 0.53b 2.22c 0.37ab  

21ºC-
8h 0.41a   4.56a 5.96b 1.93d 0.05a 0.72b  

21ºC-
16h 2.62b 1.57a  10.07c 7.00c 0.95c 0.04a 0.02a  

Ev
oc

at
io

n 
st

ag
e 

II
 4ºC-8h 8.41c 5.23c  6.34a 3.63a 0.47a 4.26ab 2.17c 1.05a 

4ºC-
16h 3.82a 3.12a  12.91c 10.34c 0.75a 5.12b 4.59d 1.03a 

21ºC-
8h 3.88a 3.99b 3.38b 8.43ab 6.25b 1.68c 2.37ab 0.13a 1.52b 

21ºC-
16h 7.75c 6.28d 2.12a 10.11b 5.52b 1.34c 3.64ab 1.39b 3.04c 

Fl
ow

er
  i

ni
t. 

an
d 

di
ff

. 

4ºC-8h 4.91c 6.16d 8.41a 4.04c 4.43d 8.86b 1.60a 1.95a 0.16a 

4ºC-
16h 4.34d 4.47c 10.28a 2.91b 2.32b 10.59c 1.28a 1.67a 0.09a 

21ºC-
8h 0.60a 1.16a 25.37b 2.14a 0.24a 7.46a 2.71b 1.74a 1.06b 

21ºC-
16h 4.86c 3.99b 32.03c 4.66d 3.88c 16.36d 3.82c 3.19b  

Eddible carrot, 9 leaves 

Ev
oc

at
io

n 
st

ag
e 

I 4ºC-8h 7.11c 8.81b 6.95a 7.10c 8.80b 6.92a  5.75c  

4ºC-
16h 12.25d 7.85a 14.60b 12.22d 7.82a 14.53b  5.01c  

21ºC-
8h 1.63a  16.49c 2.40a  16.43c  3.15a 0.77b 

21ºC-
16h 4.61b  18.50d 4.60b  18.43d  3.31a 0.08a 

Ev
oc

at
io

n 
st

ag
e 

II
 

4ºC-8h 4.19d  24.01d 6.48d 2.23c 11.12b 3.83d 1.00b  

4ºC-
16h 3.49b  18.47c 4.07c  7.79a 2.76c 2.00c  

21ºC- 2.25a 2.07b 6.80a 1.83a 0.21a  2.34b 0.49a  
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T
re
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m
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t Eddible carrot, 5 leaves 

Root-crop Apical meristem zone Leaves 

Fru Glu Suc Fru Glu Suc Fru Glu Suc 

8h 

21ºC-
16h 3.69bcd 1.39a 9.20b 3.57b 0.88b  1.11a 1.06b  

Fl
ow

er
  n

it
. a

nd
 d

if
f. 4ºC-8h 4.60c 3.42c 18.27a 5.82c 2.47c 5.10bcd 3.15d 2.56b  

4ºC-
16h 4.32b 4.67d 17.41a 5.84c 5.32d 4.64b 2.95c 3.12c  

21ºC-
8h 0.79a 1.71b 23.68b 3.59d 1.42b 1.95a 1.96b 2.17b  

21ºC-
16h 1.03a 0.25a 26.33c 2.15a 0.42a 5.56d 1.35a 0.40a  

Common caraway, 9 leaves 

Ev
oc

at
io

n 
st

ag
e 

I 4ºC-8h 0.67c 0.50b 3.58a 0.65c 0.63b 4.49a 2.63b 1.11c 0.34ab 

4ºC-
16h 1.16d 0.27a 5.43c 1.12d 0.33a 4.71b 2.19a 0.40a 0.60ab 

21ºC-
8h 0.40b 2.11d 7.85d 0.37b 2.63d 10.01d 3.28c 0.87b 0.87b 

21ºC-
16h 0.22a 1.02c 5.10b 0.23a 1.23c 6.51c 2.29a 1.58d 0.21ab 

Ev
oc

at
io

n 
st

ag
e 

II
 4ºC-8h 0.40c 0.30b 2.03a 2.60d 0.50b 1.21a 2.20a 0.82c 0.34ab 

4ºC-
16h 0.70d 0.20a 2.97b 1.73c 0.20a 5.43c 2.00a 0.21a 0.60ab 

21ºC-
8h 0.23b 1.50d 6.00c 1.34b 1.12c 3.89b 2.97b 0.65b 0.87b 

21ºC-
16h 0.10a 0.60c 3.03b 0.71a 1.50d 6.82d 1.90a 1.10d 0.21ab 

Fl
ow

er
 in

it
. a

nd
 d

if
f. 4ºC-8h 0.26b 1.01c 5.43b 1.47c 0.24c  1.80d 1.22d  

4ºC-
16h 0.31c 1.20d 7.40c 1.08b 0.97d 1.30b 1.05c 0.25a 0.38b 

21ºC-
8h 0.04a 0.50a 5.40b 0.77a 0.03a 0.08a 0.83a 0.80c  

21ºC-
16h 0.04a 0.80b 2.43a 1.16b 0.10b 0.04a 0.93b 0.45b 0.37a 

Table 5. The distribution of non-structural carbohydrates between edible carrot and 
common caraway organs. The values with the same letters are not significantly different 
with P≤0.05 
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Table 5. The distribution of non-structural carbohydrates between edible carrot and 
common caraway organs. The values with the same letters are not significantly different 
with P≤0.05 
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It has been found that inhibition of photosynthesis occurs in both starch-storing and low 
accumulating species (Goldschmidt and Huber, 1992). Recent evidence suggests that night-
time hexose content derived from starch may provide long term signals for gene expression 
responsible for feedback regulation. A lag in starch degradation lasts till there is a drop in 
leaf sucrose, thus the information on the carbohydrate status of the chloroplast may 
contribute information on the assimilate status of the leaf (Paul and Foyer, 2001). 
The effects on Rubisco expression depends not only on distribution between plant organs 
(Lu et al., 2002), but also on leaf age (Aryae et al., 2006). Since carbohydrate accumulation in 
the leaves leads to nitrogen release from Rubisco, then sugar signaling is dependent on both 
nitrogen and carbon status of the plant (Paul and Foyer, 2001). Moreover glucose and 
sucrose is supposed to be signaling molecules for flowering initiation (Gibson, 2005; King 
and Ben-Tal, 2001) and their metabolism and supply to apical meristemic tissues determine 
the plant development. Thus sugars must be considered in the wider context of other 
important factors, not only as a part of signals that coordinate source-sink interaction. 
 

A carrot, 5 leaves                           B carrot, 9 leaves                     C caraway, 9 leaves 

0.0 0.1 0.1 0.2 0.2 0.3 0.3 0.4 0.4

flower init. and diff.
evocation stage II
evocation stage I

flower init. and diff.
evocation stage II
evocation stage I

flower init. and diff.
evocation stage II
evocation stage I

flower init. and diff.
evocation stage II
evocation stage I

g m-2 day-1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

g m-2 day-1

0 0.2 0.4 0.6 0.8 1 1.2 1.4

g m-2 day-1

 
Fig. 2. The distribution of net assimilation rate during different flowering initiation stages in 
edible carrot and common caraway.  

Net assimilation rate (NAR) is related to whole-plant net photosynthetic rate on an area 
basis and is primary determinant of relative growth rate, which can change daily and over 
the growing season (Shipley, 2006). Moreover NAR depends on biomass accumulation in a 
given area and on CO2 assimilation during day, thus leaf area plays an important role in 
photosynthesis (Cho et al., 2007; Evans and Pooter, 2001). Therefore normalized 
photorespiration processes would improve net assimilation rate. Apart of light, temperature 
is one of indirect factors effecting photosynthesis as critically high temperature accelerates 
the los of water and stomata closing (Öpik, Rolfe, 2005). According to our data the common 
trend of NAR increase during second evocation stage was determined (Fig. 2). Such data 
confirms that plants can accept photo- and thermo- inductive stimulus, and the duration of 
juvenile period can be associated with maturity of photosynthetic pigments system. Besides 
normal temperature conditioned higher values of NAR in carrot and caraway with 9 leaves 
in rosette. The decrease of NAR in all cases was observed in flower initiation and 
differentiation stage (Fig. 2). This can be related with carbohydrate transport from leaves to 
root-crop and apical meristem (Table 5). Common trends allow presuming that 
photosynthetic apparatus of plant not only supply metabolites for morphogenetic processes 
but also proximately participates in these processes.  

 
Interaction Between Flowering Initiation and Photosynthesis 

 

133 

3.2 Photophysiological processes: Manipulation by light-emitting diodes 
In agreement with other authors (Yanagi et al., 2006), our results show that the elimination of 
both red (669 nm) and far-red (731 nm) light, which is utilized in the reversible transformation 
of phytochrome, suppresses floral initiation (Table 6). Although plants were treated by low 
positive temperatures required for floral induction, after treatment with above-mentioned 
illumination (455, 638 nm or sole 638 nm) carrots remained in the vegetative stage (Table 6). 
Also, for these treatments the sugar concentration was low and distribution of hexoses and 
sucrose was the same in roots and in leaves (Table 8). The elimination of only far-red (445, 638 
and 669 nm), red (455, 638 and 731 nm) or blue (638, 669 and 731 nm) light did not have such a 
dramatic effect on the suppression of plants flowering (Table 6). These results imply that at 
least far-red is required to invoke floral initiation, probably mediated by phytochrome 
response. This is in agreement with Ballaré and Casal (2000), where they states that both 
phytochromes and cryptochrome are involved in photoperiod sensing and accelerate 
flowering. The effect of the absence of blue light might be lower than that of the absence of far-
red light (Table 2). Similarly to our results a study of the light wavelength range for floral 
induction is required, because floral initiation by red and far-red lighting seems to be mild in 
strawberry plants (Yanagi et al., 2006). In higher plants there are general pathways in the 
transduction of photoperiodic/photomorphogenetic signals. Effects of different environmental 
stimuli (e.g., flowering occurs in response to long photoperiod as well as to low red to far-red 
ratio) often result in the same developmental or morphogenetic pattern depending on the 
plant life strategy. According to our results, when red to far-red ratio was equal to zero (445, 
638 and 669 nm) even 38% of plants formed the elements of inflorescence axis (flower initiation 
and differentiation started). In treatments where red to far-red ratio was equal to 50% (445, 
638, 669 and 731 nm; 445, 438 and 731 nm; 638, 669 and 731 nm), the development of carrots 
was lower (Table 6). In other words, photoperiodic and photomorphogenetic light signals 
trigger similar stress-avoidance response. In long-day plants with competitor strategy the 
same conditions influence rapid flowering and bolting response (Tarakanov, 2006). 
 

Treatment 

Flowering initiation stages (%) 

Vegetative Evocation I Evocation II 
Flower initiation 

and 
differentiation 

445, 638, 669, 731 nm  65 35  
445, 638, 669 nm  27 35 38 
445, 638, 731 nm  40 60  
638, 669, 731 nm 22 11 67  
445, 638 nm 100    
638 nm 100    

Table 6. The development rate of edible carrot after one month LED treatment. 

Photosynthetic system plays an important role in plant development. Moreover 
photosynthesis is the main process that interact between light and plant development 
(Carvalho et al., 2011) In photoperiodic plants, there is strong experimental evidence that 
leaves produce promoters and inhibitors of flowering when exposed to favorable and 
unfavorable conditions, respectively (Bernier and Prilleux, 2005). These signals are 
transported from the leaves to the apical meristem with metabolites of photosynthesis 
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It has been found that inhibition of photosynthesis occurs in both starch-storing and low 
accumulating species (Goldschmidt and Huber, 1992). Recent evidence suggests that night-
time hexose content derived from starch may provide long term signals for gene expression 
responsible for feedback regulation. A lag in starch degradation lasts till there is a drop in 
leaf sucrose, thus the information on the carbohydrate status of the chloroplast may 
contribute information on the assimilate status of the leaf (Paul and Foyer, 2001). 
The effects on Rubisco expression depends not only on distribution between plant organs 
(Lu et al., 2002), but also on leaf age (Aryae et al., 2006). Since carbohydrate accumulation in 
the leaves leads to nitrogen release from Rubisco, then sugar signaling is dependent on both 
nitrogen and carbon status of the plant (Paul and Foyer, 2001). Moreover glucose and 
sucrose is supposed to be signaling molecules for flowering initiation (Gibson, 2005; King 
and Ben-Tal, 2001) and their metabolism and supply to apical meristemic tissues determine 
the plant development. Thus sugars must be considered in the wider context of other 
important factors, not only as a part of signals that coordinate source-sink interaction. 
 

A carrot, 5 leaves                           B carrot, 9 leaves                     C caraway, 9 leaves 
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Fig. 2. The distribution of net assimilation rate during different flowering initiation stages in 
edible carrot and common caraway.  

Net assimilation rate (NAR) is related to whole-plant net photosynthetic rate on an area 
basis and is primary determinant of relative growth rate, which can change daily and over 
the growing season (Shipley, 2006). Moreover NAR depends on biomass accumulation in a 
given area and on CO2 assimilation during day, thus leaf area plays an important role in 
photosynthesis (Cho et al., 2007; Evans and Pooter, 2001). Therefore normalized 
photorespiration processes would improve net assimilation rate. Apart of light, temperature 
is one of indirect factors effecting photosynthesis as critically high temperature accelerates 
the los of water and stomata closing (Öpik, Rolfe, 2005). According to our data the common 
trend of NAR increase during second evocation stage was determined (Fig. 2). Such data 
confirms that plants can accept photo- and thermo- inductive stimulus, and the duration of 
juvenile period can be associated with maturity of photosynthetic pigments system. Besides 
normal temperature conditioned higher values of NAR in carrot and caraway with 9 leaves 
in rosette. The decrease of NAR in all cases was observed in flower initiation and 
differentiation stage (Fig. 2). This can be related with carbohydrate transport from leaves to 
root-crop and apical meristem (Table 5). Common trends allow presuming that 
photosynthetic apparatus of plant not only supply metabolites for morphogenetic processes 
but also proximately participates in these processes.  
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3.2 Photophysiological processes: Manipulation by light-emitting diodes 
In agreement with other authors (Yanagi et al., 2006), our results show that the elimination of 
both red (669 nm) and far-red (731 nm) light, which is utilized in the reversible transformation 
of phytochrome, suppresses floral initiation (Table 6). Although plants were treated by low 
positive temperatures required for floral induction, after treatment with above-mentioned 
illumination (455, 638 nm or sole 638 nm) carrots remained in the vegetative stage (Table 6). 
Also, for these treatments the sugar concentration was low and distribution of hexoses and 
sucrose was the same in roots and in leaves (Table 8). The elimination of only far-red (445, 638 
and 669 nm), red (455, 638 and 731 nm) or blue (638, 669 and 731 nm) light did not have such a 
dramatic effect on the suppression of plants flowering (Table 6). These results imply that at 
least far-red is required to invoke floral initiation, probably mediated by phytochrome 
response. This is in agreement with Ballaré and Casal (2000), where they states that both 
phytochromes and cryptochrome are involved in photoperiod sensing and accelerate 
flowering. The effect of the absence of blue light might be lower than that of the absence of far-
red light (Table 2). Similarly to our results a study of the light wavelength range for floral 
induction is required, because floral initiation by red and far-red lighting seems to be mild in 
strawberry plants (Yanagi et al., 2006). In higher plants there are general pathways in the 
transduction of photoperiodic/photomorphogenetic signals. Effects of different environmental 
stimuli (e.g., flowering occurs in response to long photoperiod as well as to low red to far-red 
ratio) often result in the same developmental or morphogenetic pattern depending on the 
plant life strategy. According to our results, when red to far-red ratio was equal to zero (445, 
638 and 669 nm) even 38% of plants formed the elements of inflorescence axis (flower initiation 
and differentiation started). In treatments where red to far-red ratio was equal to 50% (445, 
638, 669 and 731 nm; 445, 438 and 731 nm; 638, 669 and 731 nm), the development of carrots 
was lower (Table 6). In other words, photoperiodic and photomorphogenetic light signals 
trigger similar stress-avoidance response. In long-day plants with competitor strategy the 
same conditions influence rapid flowering and bolting response (Tarakanov, 2006). 
 

Treatment 

Flowering initiation stages (%) 

Vegetative Evocation I Evocation II 
Flower initiation 

and 
differentiation 

445, 638, 669, 731 nm  65 35  
445, 638, 669 nm  27 35 38 
445, 638, 731 nm  40 60  
638, 669, 731 nm 22 11 67  
445, 638 nm 100    
638 nm 100    

Table 6. The development rate of edible carrot after one month LED treatment. 

Photosynthetic system plays an important role in plant development. Moreover 
photosynthesis is the main process that interact between light and plant development 
(Carvalho et al., 2011) In photoperiodic plants, there is strong experimental evidence that 
leaves produce promoters and inhibitors of flowering when exposed to favorable and 
unfavorable conditions, respectively (Bernier and Prilleux, 2005). These signals are 
transported from the leaves to the apical meristem with metabolites of photosynthesis 
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process. Plants are adapted to utilize a wide-spectrum of light to control 
photomorphogenetic responses (Björn, 1994). Various parts of light spectrum serve as 
signals providing organism with important information from their environment. Besides 
through photosynthesis light modulates several metabolic pathways which invoke 
photomorphogenetic response (Quail, 2007). Appropriate combinations of red and blue light 
have great potential for use as a light source to drive photosynthesis due to the ability to 
tailor irradiance output near the peak absorption regions of chlorophyll. There are close 
relations between plant photosynthesis and photoperiodic response based on source-sink 
relations (Tarakanov, 2006). Chlorophyll b and inactive phytochrome form (Pr) have 
absorption spectrum at 660 nm, the elimination of this red light (445, 638 and 731 nm) 
resulted in significantly low rate of photosynthetic pigments synthesis (Table 7) and due to 
transport from leaves conditioned significantly the highest sucrose content in carrot root-
crop (Table 8). In the contrary, the elimination of far-red light (445, 638 and 669 nm) 
stimulated synthesis of chlorophylls and carotenoids (Table 7). The absorption spectrum of 
carotenoid and chlorophyll a is at blue light region. The elimination of this blue light did not 
influence the content of chlorophyll a but dramatically influenced sucrose transport from 
leaves and apical meristemic tissues: a high level was found in carrot root (Table 8).  
 

Treatment Chl a Chl b Carot. Chl a+b Glu COREL 

Before LED 1.48 
0.13 

0.50 
0.03 

0.58 
0.05 

1.98 
0.17 

7.73 
0.06 -0.9 

445, 638, 669, 731 nm 1.34ab 0.57bc 0.36a 1.54a 1.44b -1.0 
445, 638, 669 nm 1.67d 0.59bc 0.53d 2.27c 2.63c 0.1 
445, 638, 731 nm 1.16a 0.42a 0.35a 1.42a 7.07e -0.4 
638, 669, 731 nm 1.49bcd 0.62c 0.46bcd 2.21bc 4.24d -1.0 
445, 638 nm 1.34ab 0.47a 0.42ab 1.85abc 0.58a -0.8 
638 nm 1.39abcd 0.56bc 0.38a 1.95abc 0.71a 0.8 

Table 7. The content of photosynthetic pigments and correlation between chlorophyll a and 
b sum and glucose in edible carrot leaves before and after LED treatment. The values with 
the same letters are not significantly different with P≤0.05 

According to King (2006), the transported sucrose is effective as a florigen even if its main 
action is the energy supply. Moreover, conversion of sucrose to glucose can control 
flowering. According to Bernier and Perilleux (2005), mutants that block photosynthetic 
carbon metabolism usually exhibit late flowering as could be expected for a plant that shows 
flowering due to a photosynthetic response. The stability of photosynthetic pigment 
contents in growth runs without blue (638, 669 and 731 nm) and only with 638 nm lighting 
(carotenoid absorption maximum) shows very strong participation of photosynthetic system 
antennal complex (Table 7). Thus antennas permit organisms to increase greatly the 
absorption cross section for light without having to build an entire reaction center and 
associated electron transfer system for each pigment, which would be very costly in terms of 
cellular resources. In photomorphogenesis the attention falls on red/far-red light absorbing 
phytochromes (Carvalho et al., 2011; Yanagi et al., 2006). These photomorphogenetic 
receptors operate through interactions with one another and with signaling systems, thus 
forming complex response networks (Spalding and Folta, 2005). Thus the elimination of far-
red light (455, 638 and 669 nm) showed week correlation between chlorophyll content and 
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glucose, and the elimination of red light (455, 638 and 731 nm) conditioned negative medial 
correlation (Table 7). Meanwhile the elimination of both active components, responsible for 
phytochrome reversion, showed strong correlation (455, 638 nm; sole 638 nm). Negative 
linear correlation was observed when both 669 and 731 nm components were combined in 
illumination treatment (Table 7). 
 

Root-crop Apical meristem zone Leaves 
Fru Glu Suc Fru Glu Suc Fru Glu Suc 

Before LED 
3.29 

±0.09 
3.78 

±0.07 
43.69 
±1.68 

5.57 
±0.94 - 0.37 

±0.17 
5.76 

±0.25 
0.73 

±0.06 
1.52 

±0.21 
445, 638, 669, 731 nm (Basal) 

2.07b 20.86e 0.10a 3.20d 0.17a 2.25d 7.10e 1.44b 0.13a 
445, 638, 669 nm 

2.34b 10.95d 0.86b 2.34c 10.95d 0.86b 9.85f 2.63c 0.07a 
445, 638, 731 nm 

5.49d 6.63c 13.09d 1.98b 1.17b 0.37a 3.40c 7.07e 1.05c 
638, 669, 731 nm 

3.08c 1.54b 25.78e 1.98b 1.67c 0.47a 4.44d 4.24d 0.90b 
445, 638 nm 

1.21a 0.77a 1.93c 1.31a 0.87b 2.12d 1.02a 0.58a 5.37e 
638 nm 

1.41a 0.75a 1.56c 1.21a 0.83b 1.60c 1.23b 0.71a 1.85d 

Table 8. The distribution of non-structural carbohydrates among carrot organs before and 
after LED treatment. The values with the same letters are not significantly different with 
P≤0.05 

During the reproductive phase of development a lot of new structures are formed, the 
photosynthetic apparatus is complete. Photosynthetic pigments can participate like 
structural material for carbohydrates biosynthesis. Moreover photomorphogenetic 
responses may involve changes in the partitioning of photoassimilates (Ballaré and Casal, 
2000). Both, light quantity and quality are known to affect the contents and the ratio of 
individual proteins and pigment-protein complexes of the photosynthetic apparatus. It is 
well known that blue light promotes stomatal opening and influences the biochemical 
properties of photosynthesis. Table 8 shows that though the variation between hexoses and 
sucrose in different lighting treatments was different, but we found that when the total 
amount of monocarbohydrates is high, the levels of sucrose are low. Contrarily where the 
concentrations of monocarbohydrates were low, the amounts of sucrose were high. The 
significant decrease of sucrose content in leaves was observed under basal LED treatment 
and without far-red component. Significantly the lowest contents of hexoses and the highest 
contents of sucrose in leaves were detected under blue and red lighting (455 and 638 nm). 
Ballaré and Casal (2000) stated that increased export of photosynthates from leaves is due to 
low red and far-red ratio. 
Menard et al. (2005) showed that plants grown under blue fluorescent lamps had higher 
chlorophyll a-to-b ratios, smaller amounts of light-harvesting chlorophyll a/b-binding 
protein of photosynthetic system II per unit chlorophyll content, and higher ribulose-1.5-
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process. Plants are adapted to utilize a wide-spectrum of light to control 
photomorphogenetic responses (Björn, 1994). Various parts of light spectrum serve as 
signals providing organism with important information from their environment. Besides 
through photosynthesis light modulates several metabolic pathways which invoke 
photomorphogenetic response (Quail, 2007). Appropriate combinations of red and blue light 
have great potential for use as a light source to drive photosynthesis due to the ability to 
tailor irradiance output near the peak absorption regions of chlorophyll. There are close 
relations between plant photosynthesis and photoperiodic response based on source-sink 
relations (Tarakanov, 2006). Chlorophyll b and inactive phytochrome form (Pr) have 
absorption spectrum at 660 nm, the elimination of this red light (445, 638 and 731 nm) 
resulted in significantly low rate of photosynthetic pigments synthesis (Table 7) and due to 
transport from leaves conditioned significantly the highest sucrose content in carrot root-
crop (Table 8). In the contrary, the elimination of far-red light (445, 638 and 669 nm) 
stimulated synthesis of chlorophylls and carotenoids (Table 7). The absorption spectrum of 
carotenoid and chlorophyll a is at blue light region. The elimination of this blue light did not 
influence the content of chlorophyll a but dramatically influenced sucrose transport from 
leaves and apical meristemic tissues: a high level was found in carrot root (Table 8).  
 

Treatment Chl a Chl b Carot. Chl a+b Glu COREL 

Before LED 1.48 
0.13 

0.50 
0.03 

0.58 
0.05 

1.98 
0.17 

7.73 
0.06 -0.9 

445, 638, 669, 731 nm 1.34ab 0.57bc 0.36a 1.54a 1.44b -1.0 
445, 638, 669 nm 1.67d 0.59bc 0.53d 2.27c 2.63c 0.1 
445, 638, 731 nm 1.16a 0.42a 0.35a 1.42a 7.07e -0.4 
638, 669, 731 nm 1.49bcd 0.62c 0.46bcd 2.21bc 4.24d -1.0 
445, 638 nm 1.34ab 0.47a 0.42ab 1.85abc 0.58a -0.8 
638 nm 1.39abcd 0.56bc 0.38a 1.95abc 0.71a 0.8 

Table 7. The content of photosynthetic pigments and correlation between chlorophyll a and 
b sum and glucose in edible carrot leaves before and after LED treatment. The values with 
the same letters are not significantly different with P≤0.05 

According to King (2006), the transported sucrose is effective as a florigen even if its main 
action is the energy supply. Moreover, conversion of sucrose to glucose can control 
flowering. According to Bernier and Perilleux (2005), mutants that block photosynthetic 
carbon metabolism usually exhibit late flowering as could be expected for a plant that shows 
flowering due to a photosynthetic response. The stability of photosynthetic pigment 
contents in growth runs without blue (638, 669 and 731 nm) and only with 638 nm lighting 
(carotenoid absorption maximum) shows very strong participation of photosynthetic system 
antennal complex (Table 7). Thus antennas permit organisms to increase greatly the 
absorption cross section for light without having to build an entire reaction center and 
associated electron transfer system for each pigment, which would be very costly in terms of 
cellular resources. In photomorphogenesis the attention falls on red/far-red light absorbing 
phytochromes (Carvalho et al., 2011; Yanagi et al., 2006). These photomorphogenetic 
receptors operate through interactions with one another and with signaling systems, thus 
forming complex response networks (Spalding and Folta, 2005). Thus the elimination of far-
red light (455, 638 and 669 nm) showed week correlation between chlorophyll content and 
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glucose, and the elimination of red light (455, 638 and 731 nm) conditioned negative medial 
correlation (Table 7). Meanwhile the elimination of both active components, responsible for 
phytochrome reversion, showed strong correlation (455, 638 nm; sole 638 nm). Negative 
linear correlation was observed when both 669 and 731 nm components were combined in 
illumination treatment (Table 7). 
 

Root-crop Apical meristem zone Leaves 
Fru Glu Suc Fru Glu Suc Fru Glu Suc 

Before LED 
3.29 

±0.09 
3.78 

±0.07 
43.69 
±1.68 

5.57 
±0.94 - 0.37 

±0.17 
5.76 

±0.25 
0.73 

±0.06 
1.52 

±0.21 
445, 638, 669, 731 nm (Basal) 

2.07b 20.86e 0.10a 3.20d 0.17a 2.25d 7.10e 1.44b 0.13a 
445, 638, 669 nm 

2.34b 10.95d 0.86b 2.34c 10.95d 0.86b 9.85f 2.63c 0.07a 
445, 638, 731 nm 

5.49d 6.63c 13.09d 1.98b 1.17b 0.37a 3.40c 7.07e 1.05c 
638, 669, 731 nm 

3.08c 1.54b 25.78e 1.98b 1.67c 0.47a 4.44d 4.24d 0.90b 
445, 638 nm 

1.21a 0.77a 1.93c 1.31a 0.87b 2.12d 1.02a 0.58a 5.37e 
638 nm 

1.41a 0.75a 1.56c 1.21a 0.83b 1.60c 1.23b 0.71a 1.85d 

Table 8. The distribution of non-structural carbohydrates among carrot organs before and 
after LED treatment. The values with the same letters are not significantly different with 
P≤0.05 

During the reproductive phase of development a lot of new structures are formed, the 
photosynthetic apparatus is complete. Photosynthetic pigments can participate like 
structural material for carbohydrates biosynthesis. Moreover photomorphogenetic 
responses may involve changes in the partitioning of photoassimilates (Ballaré and Casal, 
2000). Both, light quantity and quality are known to affect the contents and the ratio of 
individual proteins and pigment-protein complexes of the photosynthetic apparatus. It is 
well known that blue light promotes stomatal opening and influences the biochemical 
properties of photosynthesis. Table 8 shows that though the variation between hexoses and 
sucrose in different lighting treatments was different, but we found that when the total 
amount of monocarbohydrates is high, the levels of sucrose are low. Contrarily where the 
concentrations of monocarbohydrates were low, the amounts of sucrose were high. The 
significant decrease of sucrose content in leaves was observed under basal LED treatment 
and without far-red component. Significantly the lowest contents of hexoses and the highest 
contents of sucrose in leaves were detected under blue and red lighting (455 and 638 nm). 
Ballaré and Casal (2000) stated that increased export of photosynthates from leaves is due to 
low red and far-red ratio. 
Menard et al. (2005) showed that plants grown under blue fluorescent lamps had higher 
chlorophyll a-to-b ratios, smaller amounts of light-harvesting chlorophyll a/b-binding 
protein of photosynthetic system II per unit chlorophyll content, and higher ribulose-1.5-
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bisphosphate carboxygenase/oxygenase activities per unit leaf area compared to plants 
grown under red fluorescent lamps. Our data shows that elimination of blue light (638, 669 
and 731 nm) influenced the highest net assimilation rate (Fig. 3). 2-3 times bigger values of 
NAR was observed in lighting treatments without red (669 nm) or without far-red (731 nm) 
components. Since NAR is closely related to biomass accumulation, CO2 assimilation during 
day, thus the production of assimilates is one of the most important components (Cho et al., 
2007; Evans and Pooter, 2001; Shipley, 2006). This correlates with our data, as the highest 
contents of total carbohydrates (44.1 mg g-1, 40.25 mg g-1 and 40.85 mg g-1 in fresh weight 
respectively) was exactly under discussed lighting conditions (Table 8). Thus this indicates 
that net assimilation rate is correlated with changes in photoassimilates content but this 
increase was not involved by changes in photosynthetic pigment contents (Table 7).  
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445, 638, 669, 731 nm

445, 638, 669 nm

445, 638, 731 nm
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445, 638 nm

638 nm

g cm-2 day-1

 
Fig. 3. The distribution of net assimilation rate in edible carrot after LED treatment. 

4. Conclusion 
To summarize, the following conclusions can be drawn.  
The photosynthesis system and carbohydrate metabolism not only supplies morphogenetic 
processes with metabolites, but also tendentiously varies during ontogenesis, especially 
during transition from vegetative growth to generative development. Normal development 
of carrots and caraway was observed only when particular ratio of fructose, glucose and 
sucrose in different flowering initiation stages constituted. The active supply of glucose and 
sucrose to apical meristems is important not only for flower induction but as signalling 
molecule it also participates in source-sink interaction. Notwithstanding, it is not the specific 
induction stimulus for flowering and is independent from response to photoperiodic 
duration. Besides temperature make stronger effect on carrot flowering initiation, 
morphogenetic effects, and on non-structural carbohydrate metabolism neither photoperiod 
regimes during different ontogenesis stages. Long day and vernalization determines almost 
full flowering, high temperatures independently from photoperiod results in partial 
flowering and short day and vernalization is the limiting factor of caraway flowering.  
Plant photosynthetic and photomorphogenetic processes, biosynthesis of primary and 
secondary metabolites and expression of genes can be controlled by light spectral 
composition. The elimination of both red (669 nm) and far-red (731 nm) or only blue (445 
nm) light appeared to suppress floral initiation, under such conditions vegetative growth of 
carrots was observed. In contrary, the elimination of solely far-red light resulted in faster 
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differentiation of influorescence axis. The elimination of solely red (669 nm) or blue (445 nm) 
light resulted in a low synthesis rate of photosynthetic pigments and conditioned 
carbohydrate transport from carrot leaves. Meanwhile, the elimination of solely far-red light 
resulted in the opposite effect. Dominating 638-nm light was found to considerably 
contribute to the excitation of the carotenoid antennal complex of the photosynthetic system. 
The ratio of blue and red light is less important for photosynthesis system than the ratio of 
different red lights. Blue (445 nm), red (638 and 669 nm) and far-red (730 nm) light and their 
ratio are very important for photomorphogenetic processes during different plant 
developmental stages.  
Common trends allow presuming that light signals perceived by specific photoreceptor 
system control the morphology and development of plants and photosynthetic apparatus of 
plant not only supply metabolites for morphogenetic processes but also proximately 
participates in these processes. Studies with individual plants in pot of experiments are 
important steps, but the results of these studies, due to great species and varieties diversity, 
can not be directly scaled up to predict the impacts of photomorphogenetic manipulations at 
the biennual plant level. 
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bisphosphate carboxygenase/oxygenase activities per unit leaf area compared to plants 
grown under red fluorescent lamps. Our data shows that elimination of blue light (638, 669 
and 731 nm) influenced the highest net assimilation rate (Fig. 3). 2-3 times bigger values of 
NAR was observed in lighting treatments without red (669 nm) or without far-red (731 nm) 
components. Since NAR is closely related to biomass accumulation, CO2 assimilation during 
day, thus the production of assimilates is one of the most important components (Cho et al., 
2007; Evans and Pooter, 2001; Shipley, 2006). This correlates with our data, as the highest 
contents of total carbohydrates (44.1 mg g-1, 40.25 mg g-1 and 40.85 mg g-1 in fresh weight 
respectively) was exactly under discussed lighting conditions (Table 8). Thus this indicates 
that net assimilation rate is correlated with changes in photoassimilates content but this 
increase was not involved by changes in photosynthetic pigment contents (Table 7).  
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Fig. 3. The distribution of net assimilation rate in edible carrot after LED treatment. 

4. Conclusion 
To summarize, the following conclusions can be drawn.  
The photosynthesis system and carbohydrate metabolism not only supplies morphogenetic 
processes with metabolites, but also tendentiously varies during ontogenesis, especially 
during transition from vegetative growth to generative development. Normal development 
of carrots and caraway was observed only when particular ratio of fructose, glucose and 
sucrose in different flowering initiation stages constituted. The active supply of glucose and 
sucrose to apical meristems is important not only for flower induction but as signalling 
molecule it also participates in source-sink interaction. Notwithstanding, it is not the specific 
induction stimulus for flowering and is independent from response to photoperiodic 
duration. Besides temperature make stronger effect on carrot flowering initiation, 
morphogenetic effects, and on non-structural carbohydrate metabolism neither photoperiod 
regimes during different ontogenesis stages. Long day and vernalization determines almost 
full flowering, high temperatures independently from photoperiod results in partial 
flowering and short day and vernalization is the limiting factor of caraway flowering.  
Plant photosynthetic and photomorphogenetic processes, biosynthesis of primary and 
secondary metabolites and expression of genes can be controlled by light spectral 
composition. The elimination of both red (669 nm) and far-red (731 nm) or only blue (445 
nm) light appeared to suppress floral initiation, under such conditions vegetative growth of 
carrots was observed. In contrary, the elimination of solely far-red light resulted in faster 
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differentiation of influorescence axis. The elimination of solely red (669 nm) or blue (445 nm) 
light resulted in a low synthesis rate of photosynthetic pigments and conditioned 
carbohydrate transport from carrot leaves. Meanwhile, the elimination of solely far-red light 
resulted in the opposite effect. Dominating 638-nm light was found to considerably 
contribute to the excitation of the carotenoid antennal complex of the photosynthetic system. 
The ratio of blue and red light is less important for photosynthesis system than the ratio of 
different red lights. Blue (445 nm), red (638 and 669 nm) and far-red (730 nm) light and their 
ratio are very important for photomorphogenetic processes during different plant 
developmental stages.  
Common trends allow presuming that light signals perceived by specific photoreceptor 
system control the morphology and development of plants and photosynthetic apparatus of 
plant not only supply metabolites for morphogenetic processes but also proximately 
participates in these processes. Studies with individual plants in pot of experiments are 
important steps, but the results of these studies, due to great species and varieties diversity, 
can not be directly scaled up to predict the impacts of photomorphogenetic manipulations at 
the biennual plant level. 
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1. Introduction  
Remote sensing cannot measure photosynthesis directly. However, remote sensing can 
provide information about parameters directly or indirectly connected to the photosynthetic 
activity of a plant or a vegetation canopy.  
Since the launch of the first earth resource satellite in 1972 researchers focused on the 
relationship between vegetation and its radiometric response. Comparisons of ground 
measurements and data of the first generations of the Landsat series proved very soon the 
suitability of the red and near infrared bands of the sensors for vegetation analysis. In the 
following years, various mathematical combinations of the green, red and near infrared 
bands, the so called vegetation indices (Bannani et al., 1995) were developed to quantify 
properties of plant canopies such as biomass, productivity or vigour (Pearson & Miller, 
1972; Kauth & Thomas, 1976; Misra et al., 1977; Huete, 1988). However, the low spectral 
resolution of those sensors was inadequate to derive biochemical properties of vegetation. 
The development of hyperspectral instruments with a high number of narrow bands first 
enabled the quantification of pigment concentration and indices related to the 
photosynthetic capacity of vegetation. While field spectrometers were used to derive 
pigment concentration of single leaves or small plots of vegetation, the advent of airborne 
imaging spectrometers such as the compact airborne spectral imager casi, the Airborne 
Visible/Infrared Imaging Spectrometer AVIRIS or the HyMAPTM Hyperspectral Scanner 
enabled the monitoring of vegetated canopies and small landscape sections from the 1980s. 
Since then a new generation of indices was developed considering limitations known from 
the first generation (Baret et al., 1989; Qi et al., 1994). However, due to the restriction to 
airborne instruments the acquisition of hyperspectral images was a cost-intensive task. 
Studies dealing with this kind of sensors assessing biochemical or biophysical plant 
properties were limited to a relatively small group of scientists and stakeholders.  
With the advent of space-borne hyperspectral instruments (e.g. the Compact High 
Resolution Imaging Spectrometer CHRIS (since 2001), the Moderate Resolution Imaging 
Spectroradiometer MODIS (since 2002) and the Environmental Mapper EnMAP (launch in 
2015)) monitoring of biophysical parameters related to photosynthesis becomes increasingly 
operational. The growing availability as well as the reduced costs for hyperspectral data had 
a great impact on the numbers of studies and literature dealing with pigment assessment of 
native and cultivated vegetation canopies on various spatial scales.  
Vegetation type and species composition strongly affect the derivation of biochemical plant 
properties and components. Biochemical components (e.g. chlorophyll content) and related 
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1. Introduction  
Remote sensing cannot measure photosynthesis directly. However, remote sensing can 
provide information about parameters directly or indirectly connected to the photosynthetic 
activity of a plant or a vegetation canopy.  
Since the launch of the first earth resource satellite in 1972 researchers focused on the 
relationship between vegetation and its radiometric response. Comparisons of ground 
measurements and data of the first generations of the Landsat series proved very soon the 
suitability of the red and near infrared bands of the sensors for vegetation analysis. In the 
following years, various mathematical combinations of the green, red and near infrared 
bands, the so called vegetation indices (Bannani et al., 1995) were developed to quantify 
properties of plant canopies such as biomass, productivity or vigour (Pearson & Miller, 
1972; Kauth & Thomas, 1976; Misra et al., 1977; Huete, 1988). However, the low spectral 
resolution of those sensors was inadequate to derive biochemical properties of vegetation. 
The development of hyperspectral instruments with a high number of narrow bands first 
enabled the quantification of pigment concentration and indices related to the 
photosynthetic capacity of vegetation. While field spectrometers were used to derive 
pigment concentration of single leaves or small plots of vegetation, the advent of airborne 
imaging spectrometers such as the compact airborne spectral imager casi, the Airborne 
Visible/Infrared Imaging Spectrometer AVIRIS or the HyMAPTM Hyperspectral Scanner 
enabled the monitoring of vegetated canopies and small landscape sections from the 1980s. 
Since then a new generation of indices was developed considering limitations known from 
the first generation (Baret et al., 1989; Qi et al., 1994). However, due to the restriction to 
airborne instruments the acquisition of hyperspectral images was a cost-intensive task. 
Studies dealing with this kind of sensors assessing biochemical or biophysical plant 
properties were limited to a relatively small group of scientists and stakeholders.  
With the advent of space-borne hyperspectral instruments (e.g. the Compact High 
Resolution Imaging Spectrometer CHRIS (since 2001), the Moderate Resolution Imaging 
Spectroradiometer MODIS (since 2002) and the Environmental Mapper EnMAP (launch in 
2015)) monitoring of biophysical parameters related to photosynthesis becomes increasingly 
operational. The growing availability as well as the reduced costs for hyperspectral data had 
a great impact on the numbers of studies and literature dealing with pigment assessment of 
native and cultivated vegetation canopies on various spatial scales.  
Vegetation type and species composition strongly affect the derivation of biochemical plant 
properties and components. Biochemical components (e.g. chlorophyll content) and related 
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biophysical properties (e.g. light use efficiency (LUE)) are more species-specific than biome-
specific (Ahl et al., 2004). Thus, biome-related parameter retrieval and canopy-related 
studies require different ambitions for parameter retrieval. Large scale and global 
approaches require the development of simple, generalized representations of the most 
important plant processes and can be used in different biomes with a minimum of 
modifications (Running & Hunt, 1993; Running et al., 2004). Contrary local studies focus on 
single crop canopies with specific approaches to estimate parameters affecting 
photosynthesis such as crop chlorophyll, nitrogen content or uptake, or stress factors for 
different species and phenological stages (e.g. Daughtry et al. 1992; Gamon et al., 1992; 
Gilabert et al., 1996; Rascher & Pieruschka, 2007; Yoder & Pettrigrew-Crosby, 1995). 
Photosynthetic parameter retrieval usually serves for applications related to precision 
farming, e.g. crop growth modelling, application of fertilizers, herbi- and fungicides and 
yield forecasting (e.g. Haboudane et al., 2002, 2004; Hank et al., 2007; Malenowski et al., 
2009; Oppelt et al., 2007; Strachan et al., 2008).  
This study focuses on the assessment of the chlorophyll content of wheat (Triticum aestivum 
L.) canopies using airborne hyperspectral data. Several types of indices were applied and 
resulting results are discussed. Then the estimation of crop growth, gross and net primary 
production using the indices is described exemplarily for two applications: the use of 
indices for operational remote sensing products as well as the integration of indices with 
physically based crop growth modelling  

2. Vegetation radiometric properties 
Plant leaves show typical characteristics in their reflectance in the visible (VIS), near-infrared 
(NIR) and shortwave infrared (SWIR) parts of the electromagnetic spectrum (Figure 1). In 
general, VIS is dominated by the absorption features of leaf pigments, mainly by the 
chlorophylls. In the near-infrared region, high reflectance is due to the internal structure of 
plant mesophyll. The internal structure of leaves with numerous refractive discontinuities 
and intercellular air spaces scatters incident radiation and results in a large proportion to be 
passed back as reflected radiation. Plant water absorption features affect the reflectance 
behaviour in the SWIR leading to a strongly decreased reflectance at high plant water 
contents. 
Light reaction is commonly measured using the chlorophyll absorption features in the VIS, 
which are known to correspond well with the fraction of absorbed photosynthetically active 
radiation (fAPAR) (Schurr et al., 2006). At the canopy level, the efficiency of carbon fixation 
is denoted. LUE refers to the projected ground surface and describes the net canopy CO2 
fixation. The spatial variability of LUE results in enormous variations of net photosynthetic 
productivity (NPP), which ranges from 30 to 1000 g C m-2 in different ecosystems (Schurr et 
al., 2006). Thus knowledge of the spatial distribution of LUE, fAPAR or chlorophyll is 
essential for a realistic estimation of photosynthetic processes. 
To extract pigment information, a range of other factors that influence vegetation reflectance 
must be taken into account. The leaf reflectance may vary independently of pigment 
concentrations due to differences in internal structure, surface characteristics and moisture 
content. Furthermore, the reflectance spectrum of a whole canopy is influenced by factors 
such as the effects of leaf area, the orientation of leaves, ground coverage, and presence of 
non-leaf elements, areas of shadow and soil surface reflectance. These factors obscure the 
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relationship between spectral reflectance and chlorophyll concentration (Blackburn, 2006) 
and thus have to be considered. 
 

 
Fig. 1. Typical spectral reflectance characteristics of green leaves (Keyworth et al., 2009, 
modified) 

3. Material and methods 
To gather field and hyperspectral remote sensing data, intensive field campaigns were 
conducted during the growing seasons in 2004 and 2005 in a test site located in the Bavarian 
Alpine foothills. The study area, hyperspectral data assessment and processing, field 
measurements, data processing and analysis will be described in the following section.  

3.1 Study sites 
The study area is located in the county Gilching, 25 km south-west of Munich, Germany, 
(upper left corner 48°8’N, 11°17’E). The study area is characterized by an ever-moist and 
temperate climate with a mean temperature of 8.3° C (1961-1990), ranging from -5 °C and 2 
°C in January to 12° C and 23° C in July. The mean annual sum of precipitation is 900 mm 
with 540 mm during the growing season of wheat (April to August). Two climatological 
stations of the Bavarian network of agro-meteorological stations enable access to local 
weather monitoring. The stations provide meteorological data such as precipitation, soil and 
air temperature, total irradiance and humidity (www.lfl.bayern.de/agm /start.php). 
For each 2004 and 2005, one field of winter wheat grown with the unawned cultivar Achat 
was chosen as a test field. The plots were characterized by similar soil conditions (cambisols 
according to the FAO classifications scheme) and have been managed by the same farmer, 
who enabled information on management data such as fertilizer and herbicide application 
as well as the date of sowing, soil treatment and harvest. A detailed description of the test 
site and the field plots is provided by Oppelt (2010). 
During 2004 and 2005, the growing conditions are similar regarding temperature and radia-
tion which are within the standard deviation of the average values, but precipitation varied 
strongly. The area received 164 mm more precipitation in 2005 than in 2004. Frequent and 
heavy rainfalls during July and August of 2005 were exceptional and caused many crops to 
mould upon the field. 
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3.2 The Airborne Visible/Infrared Imaging Spectrometer AVIS 
The Airborne Imaging/Infrared imaging Spectrometer AVIS was built at the Department for 
Geography of the Ludwig-Maximilians-University in Munich (Germany) (Oppelt & Mauser 
2001, 2004, 2006, 2007). The second generation of the sensor, AVIS-2, was operated for this 
study. AVIS-2 is a CCD-based system operating in the VIS and NIR (400 nm to 900 nm) 
spectral range with a spectral resolution of 9 nm. The system is based on a spectrograph 
(SPECIM Imspector V9NIR), mounted to a black and white 2/3” CCD-video camera 
(Vosskühler 1300) and a filter-lens system. Table 1 summarizes the specifications of AVIS-2; 
the sensor, its specification and calibration are described in detail by Oppelt & Mauser 
(2007). 
 

Nominal spectral range [nm] 400-900 
Analyzable spectral range [nm] 420–880 
Spectral resolution [nm] 9 
Radiometric sampling [bits] 16 
Number of bands 64 
Signal to Noise Ratio (SNR) [dB] 65 
Spatial resolution [pixels per line] 300 
Spatial sampling [pixels per line] 640 
Field of view (FOV) [rad] 1.0 
Navigation systems INS, GPS 
Period of operation  since 2001 

Table 1. AVIS-2 specifications 

3.3 AVIS data 
AVIS was designed to be operated on different platforms, such as Dornier DO-27 or DO-228 
and microlight aircrafts, where the sensor is mounted on vibration dampening mounts. For 
this study AVIS-2 was operated on a Dornier DO-27 aircraft flown by pilots of the Bavarian 
armed forces.  
Four AVIS-2 acquisitions are available for the growing periods in 2004 and 2005. In 2004, the 
sensor was flown on March 31, May 25 and June 8. One overflight was conducted in 2005, 
i.e. on July 6. To ensure comparable illumination and viewing geometries, the overflights 
were conducted in the principal plane with a flight azimuth of about 0°. The data were 
gathered in a time period between 10 and 14 hrs UTC resulting in sun azimuth angles 
between 31.5° and 37°. The ground sampling distance (GSD) for the overflights was 4 m. 
The radiometrical pre-processing of the data included correction of sensor dark current, 
CCD homogeneity and smile effect (Oppelt & Mauser, 2007). Then the data were corrected 
atmospherically and reflectance calibrated using an approach based on MODTRAN-4 (Berk 
et al., 2000). The data for the parameterization of the atmosphere were estimated using 
climatological data of the Bavarian agro-meteorological network. The geometric processing 
of the AVIS data was carried out using data of a differential Global Positioning System 
(dGPS) and an Inertia Navigation System (INS), which were mounted on the sensor. INS 
and dGPS data were stored in the header of each image line and provide data of the aircraft 
location (latitude, longitude and altitude) and pointing information (roll, pitch and yaw). 
Combined with a digital elevation model, these data are used to compensate for the motion 
of the aircraft and rectify the data to a respective coordinate system. The geometric 
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correction was carried out by means of the header information, aerial orthophotography and 
ground control points applying a second-order polynomial function in ESRI ARCGIS 9.1. 
Figure 2 presents an image stripe with exemplary reflectance spectra.  
 

 
Fig. 2. AVIS real colour image acquired on May 25, 2004 (left hand side); the data were the 
processed geometrically and radiometrically as well as reflectance calibrated; the numbers 
in the AVIS image indicate the location of the reflectance spectra presented on the right 
hand side. 

The reflectance spectra of the different wheat pixels unveil the potential of hyperspectral 
remote sensing for vegetation monitoring. In the VIS, the pixels reflect the solar radiation 
nearly identical. Thus, for the human eye, which is represented by the real colour composite, 
these wheat patches look nearly identical. The differences become obvious when looking at 
the NIR part of the reflectance spectra. The higher reflectance of wheat (4) indicates that the 
vegetation is more densely developed than the wheat (3) patch.  

3.4 Field measurements  
For every field, five sampling points were selected diagonally in the field and fixed via 
handheld GPS (GARMIN VISTA). The locations of the sampling points were selected in 
close cooperation with the farmers in order to gather ground truth data from areas in the 
field that exhibited differences in plant development and yield over recent years.  
At the sampling points weekly measurements were conducted between April and harvest 
(beginning of August) including phenological stage, plant height and DM (separated into 
stem, leave and fruit fraction). Measurements of leaf area were conducted using a LI-COR 
LAI 2000 plant canopy analyzer. Leaf chlorophyll was measured from April to the 
beginning of ripening. After sampling the leaves were frozen immediately in liquid nitrogen 
and taken to the laboratory, where the chlorophyll analysis was conducted according to the 
procedure described by Porra et al. (1989). The resulting chlorophyll concentration per 
weighted portion was multiplied with the leaf dry matter resulting in the total chlorophyll 
which is stored in the leaves within a square metre on ground [mg m-2]. Field spectrometer 
measurements (Ocean Optics SD-2000 combined with SD-2000 NIR) were conducted 
concurrent to the AVIS overpasses to validate AVIS processing results (Oppelt, 2010).  
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Fig. 3. Results of total chlorophyll measurements during the growing seasons 2004 and 2005; 
the rhombuses correspond to the mean field values during the phenological stages  
(T = tillering; SE = stem elongation; H = heading; F = flowering; DF = development of fruit; 
R= ripening); the error bars mark the minimum and maximum values measured at the 
sampling points indicating the scattering of the chlorophyll measurements 

Figure 3 presents the results of the in situ chlorophyll measurements. Despite the nearly 
parallel phenological development, the chlorophyll content varies considerably in both 
amount and chronology. In 2004, canopy leaf chlorophyll develops with a general increase 
during the vegetative growth to 1100 mg m-² chlorophyll and a decrease during the 
generative growing phase. This pattern is obviously superimposed by the development of 
leaf biomass, which increases during spring and decreases after flowering. Figure 3 also 
indicates that fertilization affects the general course of canopy chlorophyll; chlorophyll 
content increases after the application of fertilizer. The error bars indicate the variability of 
chlorophyll within a vegetation stand. As anticipated, the heterogeneity within the field 
generally is high during vegetative growth while during ripening the canopy reveals a more 
homogeneous chlorophyll distribution. 
In 2005, the canopy chlorophyll increases with a relatively soft increase until May, where a 
notable decrease can be observed. Late frost events led to a reduced metabolic activity 
resulting in decreased chlorophyll contents (Oppelt, 2010). After the frost events the wheat 
canopy exhibits a strong increase in canopy chlorophyll to 682 mg m-², which was promoted 
by high temperatures and a high amount of incoming radiation in June. Due to the wet 
conditions in July, the plants began to mould, which led to a considerable reduced yield in 
2004 (average of 7.01 t ha-1 in comparison to 8.3 t ha-1 in 2005 (Oppelt, 2010)). The decay of 
the plants is accompanied by a rapid decomposition of chlorophyll during anthesis. These 
results underline that a general assumption of the canopy chlorophyll can be deceptive for 
the assessment of vegetation photosynthesis. Variations in crop chronology due to different 
weather conditions as well as existing spatial heterogeneities may distort an expected 
universal course of the metabolic activity even at a single crop stand. 

3.5 Indices for the derivation of canopy chlorophyll 
A large variety of approaches has been developed for estimating chlorophyll content. Mod-
elling studies provided good evidence that reflectance is more sensitive to high pigment 
concentrations at wavelengths where pigment absorption is low. Contrary, spectral regions 
with high absorption are more sensitive to low pigment concentrations (Blackburn, 2006; 
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Jacquemoud & Baret, 1990). Empirical studies have confirmed this statement and demon-
strated that reflectance at wavelengths corresponding to the lower and upper flanks of the 
major chlorophyll absorption feature in the Red is most sensitive to the normal range pig-
ment concentrations in most leaves (Carter & Knapp, 2001) and canopies (Filella et al., 1995; 
Yoder & Pettrigrew-Crosby, 1995). In young and senescent leaves and canopies bands at the 
centre of absorption features are most sensitive to low pigment concentrations (Sari et al., 
2005). 
To deal with the difficulties in relating reflectance to individual bands due to variations in 
the controlling factors on canopy reflectance, many approaches use reflectance in multiple 
bands. Most of them have employed ratios of narrow bands in spectral regions that are sen-
sitive to pigments and those areas that are not sensitive. They were proposed as a means of 
solving the problems of overlapping absorptions of different pigments (Chappelle et al., 
1992) and the effects of leaf and canopy structure (Peñuelas et al., 1995). Many indices have 
been derived for chlorophyll quantification and are based on ratios of bands in the VIS and 
NIR (Filella et al., 1995; Sims & Gamon, 2002), in the Red (Vogelman et al., 1993), or in the 
NIR and red edge region (Gitelson & Merzlyak, 1997).  
As mentioned previously, canopy reflectance results from a complex interaction between 
pigment concentrations, canopy structure, background signal and illumination conditions 
(sun-sensor-target geometry). Moreover, vegetation indices that are insensitive to soil opti-
cal properties seem to be relatively insensitive to chlorophyll variations. Conversely, most 
indices sensitive to chlorophyll content variability are strongly affected by the differences in 
the canopy vegetation cover (Haboudane et al., 2002). Various indices have been developed 
to be both sensitive to a broad range of chlorophyll content and robust towards different 
types of noise. Four approaches, which represent different types of indices, are discussed in 
this paper, i.e. a hyperspectral derivate of the Normalized Vegetation Difference Index, the 
Optimized Soil Adjusted Vegetation Index, the Photochemical Reflectance Index and the 
Chlorophyll Absorption Integral.  

3.5.1 Normalized Difference Vegetation Index  
Rouse and colleagues (1974) published the probably best common well-known index, the 
Normalized Difference Vegetation Index (NDVI) (Equation 1). The NDVI belongs to the first 
generation of indices which were based on empirical methods designs for a specific sensor, 
i.e. Landsat MSS. 

 Re

Re

( )
( )

NIR d

NIR d

R RNDVI
R R





 (1) 

This index is still used for studying the state of vegetation with various sensors in regional 
to global applications (Prince & Tucker, 1996; Hame et al., 1997). However, several studies 
note that its usefulness depends strongly on noise associated with view angle differences, 
soil background influences, clouds and cloud shadow, atmospheric influences and topo-
graphic effects (Carlson & Ripley, 1997; Huete et al., 1997; Kim et al., 2010). In addition, 
saturation of the vegetation index in high biomass conditions or pigment concentrations 
limits quantitative vegetation assessments (Kim et al., 2010; Oppelt & Mauser, 2004). Never-
theless, the NDVI is still one of the most common indices. A hyperspectral variant the NDVI 
was used in this study: 
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Jacquemoud & Baret, 1990). Empirical studies have confirmed this statement and demon-
strated that reflectance at wavelengths corresponding to the lower and upper flanks of the 
major chlorophyll absorption feature in the Red is most sensitive to the normal range pig-
ment concentrations in most leaves (Carter & Knapp, 2001) and canopies (Filella et al., 1995; 
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centre of absorption features are most sensitive to low pigment concentrations (Sari et al., 
2005). 
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the controlling factors on canopy reflectance, many approaches use reflectance in multiple 
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solving the problems of overlapping absorptions of different pigments (Chappelle et al., 
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NIR and red edge region (Gitelson & Merzlyak, 1997).  
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indices sensitive to chlorophyll content variability are strongly affected by the differences in 
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Optimized Soil Adjusted Vegetation Index, the Photochemical Reflectance Index and the 
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3.5.1 Normalized Difference Vegetation Index  
Rouse and colleagues (1974) published the probably best common well-known index, the 
Normalized Difference Vegetation Index (NDVI) (Equation 1). The NDVI belongs to the first 
generation of indices which were based on empirical methods designs for a specific sensor, 
i.e. Landsat MSS. 
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This index is still used for studying the state of vegetation with various sensors in regional 
to global applications (Prince & Tucker, 1996; Hame et al., 1997). However, several studies 
note that its usefulness depends strongly on noise associated with view angle differences, 
soil background influences, clouds and cloud shadow, atmospheric influences and topo-
graphic effects (Carlson & Ripley, 1997; Huete et al., 1997; Kim et al., 2010). In addition, 
saturation of the vegetation index in high biomass conditions or pigment concentrations 
limits quantitative vegetation assessments (Kim et al., 2010; Oppelt & Mauser, 2004). Never-
theless, the NDVI is still one of the most common indices. A hyperspectral variant the NDVI 
was used in this study: 
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where R827 and R668 correspond to the centre wavelength of the respective AVIS bands.  
The hNDVI showed high correlations for wheat canopies with medium chlorophyll content, 
but it becomes insensitive to chlorophyll contents at canopies with low LAI and dense 
vegetation (Oppelt & Mauser, 2004). 

3.5.2 Optimized Soil Adjusted Vegetation Index OSAVI  
OSAVI is a derivative of the NDVI and, as indicated by the name, includes a soil adjustment 
factor. To compensate for the effects of background and soil reflectance, particularly for 
sparse vegetation cover Rondeaux et al. (1996) introduced the OSAVI: 
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where R8oo and R668 correspond to the centre wavelength of the respective AVIS bands.  
OSAVI was proposed to reduce the background reflectance contributions and to enhance 
sensitivity to leaf chlorophyll variability. Its determination requires no knowledge of soil 
properties resulting in an easy application in the context of operational observations. How-
ever, some studies note that OSAVI also becomes insensitive to high chlorophyll contents 
(Oppelt & Mauser, 2004; Wu et al., 2008). 

3.5.3 Photochemical Reflectance Index  
The Photochemical Reflectance Index (PRI) was developed by Gamon et al. (1992) to mi-
nimize the effects of xanthophylls signal overlapping the chlorophyll spectral features due 
to sun angle variation. As many other indices the PRI was based on measurements in the 
laboratory and was then successfully applied and tested on field, air and spaceborne ima-
ging spectrometers (e.g. Gamon & Qiu, 1999; Penuelas et al., 1997; Sims & Gamon, 2002; 
Stylinski et al., 2002; Thenot et al., 2002; Trotter et al., 2002; Weng et al., 2006). 
The PRI is calculated as follows (Gamon et al., 1997)  
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where R corresponds to the reflectance at the wavelength considered. The 531nm waveband 
is sensitiv to pigment concentration while the 570nm waveband is used as a reference.  
The PRI provides an easy measurement of chlorophyll content or LUE (Gamon et al., 1992). 
Moreover, it can be used for a wide range of species (Gamon et al., 1997). One problematic 
feature is its high sensitivity to soil reflectance, which has to be taken into account in areas 
or times with low vegetation cover (Mänd et al., 2010).  

3.5.4 Chlorophyll Absorption Integral  
The Chlorophyll Absorption Integral (CAI) is an approach based on the measurement of the 
chlorophyll absorption feature depth obtained by fitting a continuum to vegetation 
reflectance. Kokaly & Clark (1999) first described this method to assess nitrogen, lignin and 
cellulose for leaves of different tree and crop species. They used linear segments to 
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approximate the continuum. Once the continuum is established, the continuum-removed 
spectra are calculated by dividing the original reflectance values by the corresponding 
values of the continuum line. From the continuum-removed reflectance R’ [%], the depth D 
[%] in the absorption feature is computed with a uniform interval of 0.1 nm: 

 1 'D R   (5) 

The small interval for calculating the continuum removal was used to overcome difficulties 
with varying band settings of different sensors which affect CAI values for the same target 
on the ground (Oppelt, 2008). To minimize the influence of extraneous factors such as at-
mosphere, soil or topography, the absorption depths are normalized (Dn in Equation 6) 
(Curran et al., 2001; Kokaly & Clark, 1999). This is calculated by dividing the absorption 
depth of each band by the absorption depth at the centre of the absorption Dc.  
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Kokaly & Clark (1999) demonstrated that the normalized index exhibits a low sensitivity to 
background effects due to atmosphere, soil and topography. These results were confirmed 
at the leaf level by Curran et al. (2001) as well as by Oppelt & Mauser (2004) for canopy 
chlorophyll. 
The start and end point of the continuum can be chosen according to the band setting of the 
instrument. The AVIS CAI extends from the Red (600 nm) to the NIR (740 nm), whereby the 
former includes the chlorophyll a absorptions and the latter is an area insensitive to 
chlorophyll (Gitelsen & Merzlyak, 1997). Another advantage of CAI is that it includes both 
the lower and upper flanks of the chlorophyll absorption in the Red as well as the central 
absorption. Thus it includes wavelengths sensitive to a wide range of chlorophyll contents 
(Oppelt, 2002, 2010). 

4. Chlorophyll assessment 
The results of the chlorophyll assessment are summarized in Figure 5. As mentioned pre-
viously, indices become saturated at high chlorophyll contents. While indices such as the 
hNDVI and OSAVI saturate at chlorophyll a contents at about 1.0 g m-2, the CAI is known to 
saturate at chlorophyll contents higher than 1.5 g m-² (Oppelt 2002). With increasing chloro-
phyll content its absorption feature at 680 nm flattens and narrows. OSAVI and hNDVI are 
directly affected by reflectance in the Red and tend to saturate by an increase in this spectral 
region. The high correlations between the CAI and chlorophyll can be ascribed to the fact 
that the CAI is based on an integrated measurement and therefore is less affected by an in-
crease of reflectance in single wavelengths. The CAI becomes insensitive when the narrow-
ing of the absorption feature leads to a shift of the red edge position towards the Blue 
(Oppelt, 2002). 
The effect of saturation indicates a non-linear relationship, thus an exponential relationship 
should be expected. However, the chlorophyll contents monitored are below the saturation 
levels and thus the results can be approximated assuming linear relationships. The regres-
sion equations indicate that they do not cross the ordinate at zero, but show an offset, which 
is caused by the range of chlorophyll contents measured. Hence, the valid range of the chlo-
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where R corresponds to the reflectance at the wavelength considered. The 531nm waveband 
is sensitiv to pigment concentration while the 570nm waveband is used as a reference.  
The PRI provides an easy measurement of chlorophyll content or LUE (Gamon et al., 1992). 
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approximate the continuum. Once the continuum is established, the continuum-removed 
spectra are calculated by dividing the original reflectance values by the corresponding 
values of the continuum line. From the continuum-removed reflectance R’ [%], the depth D 
[%] in the absorption feature is computed with a uniform interval of 0.1 nm: 
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The small interval for calculating the continuum removal was used to overcome difficulties 
with varying band settings of different sensors which affect CAI values for the same target 
on the ground (Oppelt, 2008). To minimize the influence of extraneous factors such as at-
mosphere, soil or topography, the absorption depths are normalized (Dn in Equation 6) 
(Curran et al., 2001; Kokaly & Clark, 1999). This is calculated by dividing the absorption 
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Kokaly & Clark (1999) demonstrated that the normalized index exhibits a low sensitivity to 
background effects due to atmosphere, soil and topography. These results were confirmed 
at the leaf level by Curran et al. (2001) as well as by Oppelt & Mauser (2004) for canopy 
chlorophyll. 
The start and end point of the continuum can be chosen according to the band setting of the 
instrument. The AVIS CAI extends from the Red (600 nm) to the NIR (740 nm), whereby the 
former includes the chlorophyll a absorptions and the latter is an area insensitive to 
chlorophyll (Gitelsen & Merzlyak, 1997). Another advantage of CAI is that it includes both 
the lower and upper flanks of the chlorophyll absorption in the Red as well as the central 
absorption. Thus it includes wavelengths sensitive to a wide range of chlorophyll contents 
(Oppelt, 2002, 2010). 

4. Chlorophyll assessment 
The results of the chlorophyll assessment are summarized in Figure 5. As mentioned pre-
viously, indices become saturated at high chlorophyll contents. While indices such as the 
hNDVI and OSAVI saturate at chlorophyll a contents at about 1.0 g m-2, the CAI is known to 
saturate at chlorophyll contents higher than 1.5 g m-² (Oppelt 2002). With increasing chloro-
phyll content its absorption feature at 680 nm flattens and narrows. OSAVI and hNDVI are 
directly affected by reflectance in the Red and tend to saturate by an increase in this spectral 
region. The high correlations between the CAI and chlorophyll can be ascribed to the fact 
that the CAI is based on an integrated measurement and therefore is less affected by an in-
crease of reflectance in single wavelengths. The CAI becomes insensitive when the narrow-
ing of the absorption feature leads to a shift of the red edge position towards the Blue 
(Oppelt, 2002). 
The effect of saturation indicates a non-linear relationship, thus an exponential relationship 
should be expected. However, the chlorophyll contents monitored are below the saturation 
levels and thus the results can be approximated assuming linear relationships. The regres-
sion equations indicate that they do not cross the ordinate at zero, but show an offset, which 
is caused by the range of chlorophyll contents measured. Hence, the valid range of the chlo-
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rophyll estimation using the equations given in Figure 5 strictly is limited for chlorophyll 
contents between 200 mg m-² and 800 mg m-². 
 

 
Fig. 5. Linear relationships between vegetation indices and measured canopy chlorophyll; 
the regression equations are given as well as the coefficient of determination (R²) and the 
root mean square error (rmse). 

 

 
Fig. 6. CAI derived distribution of total canopy chlorophyll as monitored with the AVIS 
sensor on May 25 2004 

However, the results presented in Figure 5 indicate that hNDVI and OSAVI already 
saturate at chlorophyll contents above 600 mg m-2, while PRI and CAI are not affected 
by saturation. PRI shows a significant negative correlation with the canopy chlorophyll 
while CAI is highly positively correlated. The coefficient of determination (R²) is 
relatively high for both CAI and PRI with CAI reveals best results with the lowest root 
mean square error. Moreover, PRI seems to be not affected by the low leaf area during 
the AVIS March data. The low saturation level of hNDVI and OSAVI apparently 
prevents higher coefficients of determination for the crop stands investigated. Figure 6 
presents the spatial distribution of canopy chlorophyll content using the regression 
equation of CAI given in Figure 5 exemplarily for one AVIS acquisition. The Figure 
shows the existing heterogeneity in the wheat stand at May 25 at the end of stem 
elongation. The dominant structural pattern is given by the tractor lanes. However, 
specific areas with similar chlorophyll contents also become visible. Zones of high 
chlorophyll in the western part as well as in the very east of the field are apparent. The 
northern and southern field margins are characterized by low chlorophyll contents. A 
fertilization window is visible in the south-eastern part of the field. This area is not 
fertilized and therefore is characterized by low chlorophyll contents. 
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5. Estimation of photosynthesis and primary productivity 
Canopy photosynthesis is defined to equal the integrated sum of photosynthesis by leaves 
in a canopy (Amthor et al., 2001). Jarvis (1993) defined three classes of canopy 
photosynthesis models; two of them are so-called “big-leave” models which define the 
canopy as a single layer of vegetation covering the soil. The third model class divides the 
canopy into multiple layers, which underlie different microclimates and simulate the impact 
of spatial gradients within the canopy (Baldocchi & Amthor, 2001).  
The terms Gross Primary Production (GPP) and Net Primary Production (NPP) are the most 
important parameters related to the photosynthetic activity from plant to canopy level. Most 
crop-growth as well as biome-related models therefore deal with these parameters. GPP is 
the total amount of carbon fixed by plants through photosynthesis. NPP is the net amount of 
carbon fixed by plants after the costs of respiration are included (McGuire et al., 1993). 

5.1 Big-leave gross primary productivity 
The simplest big-leaf model assesses canopy GPP based the assumption that photosynthetic 
assimilation or NPP is proportional to the amount of solar radiation intercepted by 
vegetation (Monteith, 1972). Thus, canopy photosynthesis can be calculated as a linear 
function of the photosynthetically active radiation absorbed by the canopy (APAR). The 
slope of the equation is LUE (Monteith & Moss, 1977; Ruimy et al., 1995). 

 *GPP LUE APAR  (7) 

APAR is the product of incoming PAR and the fraction absorbed by the canopy (fAPAR). 
The measures of APAR integrate the geographic and seasonal variability of day length and 
potential incident radiation with daily cloud cover and aerosol attenuation. In addition, 
APAR implicitly quantifies the amount of leave canopy that is displayed to absorb radiation 
(Running et al., 2004). This model approach is very simple and enables the estimation of 
GPP with a very limited number of parameters.  
Time and space variability of LUE and APAR can directly be derived using remote sensing 
and meteorological data (Hilker et al., 2008; McCallum et al., 2009). LUE is influenced by 
many factors and thus varies in space and time. It is known to vary among crops (Gosse et 
al.; 1986, Prince, 1991) and nutrient status (Balakrishnan et al. 2001; Oppelt, 2002; Penuelas & 
Filella, 1995); however, LUE often is assumed to be constant when growth is not limited by 
water or nutrient shortage or climate conditions (Ruimy et al., 1995). Some authors 
propagate the use of PRI as a proxy for LUE (Gamon et al., 1992; Nichol et al. 2000), but 
Gitelson et al. (2006) stated that PRI is most sensitive to LAI and therefore is difficult to 
apply on a canopy or even on global scales. Thus, the assessment of LUE differs between 
authors and application; advantages and disadvantages of the different approaches have to 
be considered when using vegetation indices as proxies for LUE. 
Monteith’s logic is fundamental on a suite of operational remote sensing products, e.g. the 
MODIS GPP, NPP and photosynthesis (PSN) products. Running et al. (2004) described the 
MODIS algorithms in detail; a simple model based on look-up tables for different biomes is 
combined with meteorological data. APAR is estimated using the NDVI through Equation 8 
(Myneni et al., 1999). 

 APARfAPAR NDVI
PAR
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This expression is based on results of several studies which found that under specified cano-
py reflectance properties APAR can be estimated using the NDVI (Asrar et al., 1992; Sellers 
et al. 1987; Sellers et al., 1992). Myneni et al. (1999) demonstrated that fAPAR is proportional 
to NDVI if soil background is ideally black and therefore introduced a factor of proportion-
ality which accounts for soil contribution. The linear relationship has been discussed in li-
terature; Ruimy et al. (1995) demonstrated that linearity between APAR and NDVI is only 
valid during vegetative growth. Moreover, comparison with modelled APAR unveiled that 
the NDVI-related APAR is significantly lower than independently modelled APAR (Ruimy 
et al., 1999). A likely explanation is the saturation of the NDVI to high chlorophyll or fAPAR, 
which also can be observed in Figure 5. Therefore, one of the main problems of GPP assess-
ment using remote sensing data is caused by the uncertainty of a linear NDVI/fAPAR rela-
tionship (Gitelson et al., 2006). Besides the controversial discussion, NDVI still is funda-
mental to MODIS products. 
The GPP product is used to calculate net photosynthesis PSN, which is computed as  

 netPSN GPP R   (8) 

where R is an estimate of daily respiration of leaves and roots (Running et al., 2004). MODIS 
LAI is used to estimate the biomass for the purpose of estimating R (Myneni et al., 1997, 
1999). The PSN and GPP products have an 8-day temporal resolution while NPP is an an-
nual value. Figure 6 presents a series of PSNnet products where the test area is located. Each 
PSN image covers an area of 10° degrees in latitude and longitude and enables the moni-
toring of large scale photosynthesis and carbon uptake. 
However, with a spatial resolution of 1km the MODIS products are suitable rather for large 
and global scale issues. To gather primary productivity on a smaller scale, crop growth 
models can be applied. 
 

 
Fig. 6. Series of MODIS 8-day PSN (GSD = 1 km) composites from Mai to June 2004 (data 
source: US Geological Survey, Earth Observation and Science Center) 

5.2 Derivation of NPP using a Vegetation Growth Model Approach 
Multi-layer models are able to consider the impacts of nonlinear physiological and 
physical processes on canopy photosynthesis (Baldocchi et al., 2001; Wang & Jarvis, 1990). 
Yin and Struik (2009) provided an overview of photosynthesis models available for C3 and 
C4 crop modelling. The approach used for this study is the advanced biological sub-model 
of the process of radiation mass and energy transfer model PROMET (Mauser & Bach, 
2009).  
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The core model is based on eight components (meteorology; land surface energy and mass 
balance; vegetation; snow and ice; soil hydraulics and soil temperature; ground water; 
channel flow; man-made hydraulic structures (Figure 7) to simulate the water and energy 
fluxes for variable time steps. 
 

 
Fig. 7. PROMET core components (Mauser & Bach, 2009) 

5.2.1 The biological sub-model of PROMET 
The modular structure of PROMET facilitates improvements in particular sub-models. The 
biological sub-model calculates photosynthesis according to a biochemical approach intro-
duced by Farquhar, von Caemmerer and Berry (1980). NPP is modelled on the basis of the 
temperature-dependent rate of Ribulose-1.5-Biphosphate (RuBP) reproduction and the 
availability of Ribulose-1.5-Biphosphate-Carboxylase-Oxigenase (Rubisco), i.e. by simulat-
ing the Calvin cycle. The availability and transport of CO2 is regulated by the stomatal re-
sistance of the leaf described by Ball and colleagues (1987). The rate of leaf photosynthesis is 
modelled in dependence of APAR and the temperature dependent rate of RuBP regenera-
tion. All processes are modelled in two vegetation layers, i.e. a sunlit and a shade layer. 
PROMET calculates an optimum photosynthesis under given environmental conditions 
(Hank et al., 2007). The model is able to reproduce effects on plant development that are 
caused mainly by variations in radiation regime. Effects due to relief, exposition and differ-
ences in the soil type or texture can also be modelled well (Hank, 2008; Oppelt, 2010).  
The Farquhar and von Caemmerer approach does not require chlorophyll contents but leaf 
absorptance (abs), which is directly related to CAI (Oppelt, 2010). Abs is dimensionless and 
refers to the mean relative quantum yield in the range of PAR. The quantum yield is the CO2 
assimilation in the absence of photorespiration and represents the maximum efficiency with 
which light can be converted to chemical energy by photosynthesis (Farquhar & von 
Caemmerer, 1982). In the model, abs usually is used as a constant value, which now can be 
dynamised using the CAI-abs remote sensing product. Then, DM is modelled using the con-
stant value (absconst = 0.83, Oppelt (2010)) until a remotely sensed abs (absRS) map is available. 
Then on, the absRS is used to calculate DM.  
Lack of remote sensing data or large time gaps between two acquisition dates lead to abs 
values being inadequate for the specific growing period. These problems can be avoided if 
the absRS values are traced back to absconst after a certain period of time. Assuming average 
growing conditions, the nitrogen in the fertilizer is metabolized within 21 to 30 days 
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 netPSN GPP R   (8) 
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Fig. 6. Series of MODIS 8-day PSN (GSD = 1 km) composites from Mai to June 2004 (data 
source: US Geological Survey, Earth Observation and Science Center) 
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The core model is based on eight components (meteorology; land surface energy and mass 
balance; vegetation; snow and ice; soil hydraulics and soil temperature; ground water; 
channel flow; man-made hydraulic structures (Figure 7) to simulate the water and energy 
fluxes for variable time steps. 
 

 
Fig. 7. PROMET core components (Mauser & Bach, 2009) 
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(Döhler, 2007). Thus the absRS is used for a time period of three weeks before absconst is set 
again, but is replaced again if an additional absRS map is available for a later day. 
To fit the grid size of the other input data of the model (i.e. the limiting resolution of the 
digital elevation model) the data were resampled to a resolution of 10 m using a nearest 
neighbour approach. The resulting root mean square errors (rmse) from the ground control 
points were less than 0.5 pixels along track and 0.6 pixels across track.  
To provide appropriate soil moisture conditions at the beginning of the measurement 
periods, the simulation run was started about four months prior to the sowing date of the 
crops (i.e. August 2003 and 2004 respectively).  

5.2.2 Model results and discussion 
NPP is defined as the rate at which vegetation fixes carbon from the atmosphere minus the 
plant respiration (McGuire et al., 1993); therefore NPP demonstrates its link to DM devel-
opment during plant growth (Gitelson et al., 2006; Wu et al., 2010). Box et al. (1989) de-
scribed the relationship between NPP and biomass as follows  

 NPP LF DM H     (9) 

where LF represents the biomass discarded periodically (e.g. litter or dead leaves), ΔDM is 
the increment of dry matter and H represents the dry matter lost to herbivores or harvest. 
For a precision farming managed crop canopy, the loss of biomass due to herbivores and 
decay of plant material are assumed to be negligible. Therefore, in this study aboveground 
dry biomass is used as proxy for NPP, but it has to be mentioned that, due to the lack of root 
biomass measures, it is restricted to above ground biomass and above ground NPP. 
Figure 8 presents the average field values of modelled and measured DM in 2004 and 
2005. In 2004, PROMET reproduces the field average plant development well, but tends to 
overestimate DM when used with the constant abs value. The general course of DM is 
based on a standardized development of canopy leaf area. The LAI measurements 
conducted during the growing season were used to adapt the standardized canopy leaf 
area. They are mainly responsible for the excellent results even when PROMET was run 
without remote sensing data. The modelling of optimum photosynthesis results in 
increased DM at the early stages of plant growth. The integration of CAIabs results in a 
decrease of the modelled average DM at the beginning of tillering (due to March 31 AVIS 
data) and a slower increase during anthesis and ripening (due to the May 25 and June 8 
data). However, only a slight increase in model performance could be observed when 
looking at the field average. 
The results for 2005 clearly demonstrate the limitation of crop modelling. Results shown 
in Figure 6 demonstrate that PROMET cannot correctly reproduce average DM when 
factors, which are not driven by radiation regime, influence plant growth and health. 
PROMET was able to trace the reduced development of leaf area, but could not reproduce 
the moldering and decay. Unfortunately, the AVIS acquisition in July was far too late to 
adjust plant development to a more realistic level. The modelled DM is on a lower level 
compared to 2004, which is due to the influence of the LAI based modelling of the canopy. 
However, the resulting model performance was poor with high deviations up to 0.46 kg m-² 
(Figure 9). 
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Fig. 8. Comparison of modelled and measured mean field values of DM with or without the 
integration of remote sensing (RS) data for the growing season in 2004 (left hand side) and 
2005 (right hand side) 

 

 
Fig. 9. Results of modelled and measured above-ground DM in 2004 when PROMET is used 
stand alone (left hand side) and with integration of AVIS data regulating the amount and 
spatial distribution of chlorophyll (right hand side) 

The potential of integrating remote sensing data becomes obvious when looking at the re-
sults for the field sampling points (Figure 8). Plant development at the different sampling 
points can be reproduced more realistically when absRS is used instead of absconst. The imple-
mentation of AVIS data results in a slightly higher coefficient of determination, but rmse 
was reduced by approximately 30%.  
The use of a dynamic abs enables a more realistic modelling of dry matter, i.e. DM produc-
tion is lowered. However, the results depend strongly – as could have been expected – on 
the time (or developmental stage of the plants) when remote sensing data are available. The 
time when a remotely sensed abs distribution can be integrated is crucial for two reasons: 
firstly, if spatially distributed abs is available at the beginning of the vegetation period, this 
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(Döhler, 2007). Thus the absRS is used for a time period of three weeks before absconst is set 
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digital elevation model) the data were resampled to a resolution of 10 m using a nearest 
neighbour approach. The resulting root mean square errors (rmse) from the ground control 
points were less than 0.5 pixels along track and 0.6 pixels across track.  
To provide appropriate soil moisture conditions at the beginning of the measurement 
periods, the simulation run was started about four months prior to the sowing date of the 
crops (i.e. August 2003 and 2004 respectively).  
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plant respiration (McGuire et al., 1993); therefore NPP demonstrates its link to DM devel-
opment during plant growth (Gitelson et al., 2006; Wu et al., 2010). Box et al. (1989) de-
scribed the relationship between NPP and biomass as follows  
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where LF represents the biomass discarded periodically (e.g. litter or dead leaves), ΔDM is 
the increment of dry matter and H represents the dry matter lost to herbivores or harvest. 
For a precision farming managed crop canopy, the loss of biomass due to herbivores and 
decay of plant material are assumed to be negligible. Therefore, in this study aboveground 
dry biomass is used as proxy for NPP, but it has to be mentioned that, due to the lack of root 
biomass measures, it is restricted to above ground biomass and above ground NPP. 
Figure 8 presents the average field values of modelled and measured DM in 2004 and 
2005. In 2004, PROMET reproduces the field average plant development well, but tends to 
overestimate DM when used with the constant abs value. The general course of DM is 
based on a standardized development of canopy leaf area. The LAI measurements 
conducted during the growing season were used to adapt the standardized canopy leaf 
area. They are mainly responsible for the excellent results even when PROMET was run 
without remote sensing data. The modelling of optimum photosynthesis results in 
increased DM at the early stages of plant growth. The integration of CAIabs results in a 
decrease of the modelled average DM at the beginning of tillering (due to March 31 AVIS 
data) and a slower increase during anthesis and ripening (due to the May 25 and June 8 
data). However, only a slight increase in model performance could be observed when 
looking at the field average. 
The results for 2005 clearly demonstrate the limitation of crop modelling. Results shown 
in Figure 6 demonstrate that PROMET cannot correctly reproduce average DM when 
factors, which are not driven by radiation regime, influence plant growth and health. 
PROMET was able to trace the reduced development of leaf area, but could not reproduce 
the moldering and decay. Unfortunately, the AVIS acquisition in July was far too late to 
adjust plant development to a more realistic level. The modelled DM is on a lower level 
compared to 2004, which is due to the influence of the LAI based modelling of the canopy. 
However, the resulting model performance was poor with high deviations up to 0.46 kg m-² 
(Figure 9). 
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mentation of AVIS data results in a slightly higher coefficient of determination, but rmse 
was reduced by approximately 30%.  
The use of a dynamic abs enables a more realistic modelling of dry matter, i.e. DM produc-
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period can be modelled more realistically, because in the early growth stages the abs values 
turned out to be much lower than the constant value. With progressive plant development 
the chlorophyll content and therefore the absorptance increase, resulting in a low modelled 
DM.  
 

 
Fig. 9. Results of modelled and measured above-ground DM in 2005 when PROMET is used 
stand alone (left hand side) and with AVIS data acquired on 5 July (right hand side) 

The importance of the phenological stage at which absRS is introduced is obvious. The ad-
vantage of implementing additional remote sensing data is the adjustment of the canopy 
absorptance properties, which would generally result in a decrease of DM. Thus model re-
sults improve at most when remote sensing data during the early growing stages are avail-
able. The AVIS acquisition in 2005 was too late for a proper characterization of the stand, 
because nearly the whole plant development was modelled with absconst. 

6. Conclusions 
Remote sensing can provide information about parameters directly or indirectly connected 
to the photosynthetic activity of a plant or a vegetation canopy. Different types of vegetation 
indices were applied to estimate total chlorophyll of wheat canopies using airborne hyper-
spectral data. Validation with field measurements showed that OSAVI and hNDVI tend to 
saturate at chlorophyll contents above 600 mg m-² while PRI and CAI were not affected by 
saturation. PRI showed the highest degree of correlation (R² = 0.725), but CAI proved the 
most precise estimation (rmse = 81.1 mg m-²). 
Vegetation indices can be used as input parameter for calculating photosynthesis from small 
to global scale. MODIS PSN, GPP and NPP products are based on NDVI measurements and 
provide information with a spatial resolution of 1 km. Examples of MODIS PSN provide 
valuable information of photosynthesis at regional to large scales.  
To provide NPP on a field scale, the Farquhar - based biological sub-model of PROMET was 
used as vegetation growth model. PROMET integrates CAI derived leaf absorptance values 
as input parameter to calculate canopy photosynthesis. To validate model results, canopy 
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dry matter was used as a proxy for NPP. Under standard growing conditions, PROMET 
reproduced average field biomass development well, even without integration of remote 
sensing data (R² = 0.91). The model calculates optimum photosynthesis under given meteo-
rological conditions and therefore tends to overestimate DM. The integration of remote 
sensing data adapts varying chlorophyll condition occurring in the field to the model. The 
results show a general decrease of modelled average DM. However, the heterogeneities in 
the wheat canopies could be reproduced better when a CAI based absorptance was inte-
grated in PROMET; the resulting degree of correlation increased (R² = 0.93 compared to R² = 
0.85) while the prediction error decreased by 30%.  
The advantage of implementing additional remote sensing data lies in the adjustment of the 
canopy absorptance properties, e.g. on a deficit in nutrient supply, mechanical inflictions or 
plant diseases or moulding. Still, the acquisition time is a crucial task for the enhancement of 
crop growth modelling. If remote sensing data were not available directly after a mechanical 
inflict or the appearance of diseases, the model is not able to reproduce the changing plant 
metabolism (R² = 0.65).  
This paper demonstrates that the use of remote sensing data to adapt “real conditions” to 
models of photosynthesis is very promising, both at field and coarse scale. The success and 
progress of photosynthetic related MODIS products and the model results emphasize the 
need for space-borne instruments to enable an operational monitoring with regular acquisi-
tions on a regional and local scale. The advent of the EnMAP instrument in 2015 will hope-
fully close this gap. In addition, sun induced chlorophyll fluorescence becomes increasingly 
important in the monitoring of photosynthetic processes. Instruments that measure sun in-
duced fluorescence such as FLEX (candidate for the Earth Explorer mission of the European 
Space Agency) will contribute significantly to the remote sensing based research in the field 
of photosynthesis. 
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1. Introduction 
Many compounds containing alkyl substituent(s) in their molecule exhibit a wide spectrum 
of biological activities. Such compounds, mainly water soluble amphiphilic compounds are 
frequently used in the industry and households as detergents or as disinfectants due to their 
solubilizing and antimicrobial properties. Consequently they can enter in the environment 
via waste waters and so affect photosynthetic processes in algae and plants. In general, the 
biological activity of compounds with alkyl substituent(s) was found to depend on the alkyl 
chain length. Good correlations between photosynthesis-inhibiting and antimicrobial 
activity were estimated. For amphiphilic compounds such as surfactants quasi-parabolic 
course of the dependence of biological activity on the length of alkyl substituent is 
characteristic. The decrease of biological activity observed from certain chain elongation is 
called “cut-off“ effect. The main mechanism of biological action of the discussed compounds 
is closely connected with their membrane-damaging effects (Devínsky et al., 1990; Balgavý 
& Devínsky, 1996). 
In photosynthetic electron transfer from water to NADP+ three integral membrane protein 
complexes operating in series: the photosystem 2 (PS 2) reaction centre, the cytochrome bf 
complex and the photosystem 1 (PS 1) reaction centre are involved. In two reaction centres 
primary charge separation occurs, in which light energy or excitation energy is transformed 
into redox free energy (Whitmarsh, 1998). Using an artificial electron acceptor, e.g. 2,6-
dichlorophenol-indophenol (DCPIP) with the known site of action in plastoquinone on the 
acceptor side of PS 2 (Izawa, 1980), inhibition of photosynthetic electron transport (PET) in 
PS 2 by PET inhibitors can be monitored. On the other hand, application of artificial electron 
donors with known site of action to chloroplasts activity of which was inhibited by PET 
inhibitors enables more nearly to specify the site of action of tested inhibitors.   
EPR is very useful method for investigation of the effects of organic and metal inhibitors in 
the photosynthetic apparatus because intact chloroplasts of algae and vascular plants exhibit 
EPR signals in the region of free radicals (g = 2.00), which are stable during several hours 
and could be registered at laboratory temperature by conventional continual wave EPR 
apparatus. EPR spectrum of intact chloroplasts is composed of two components, so-called 
signal I and signal II, belonging to PS 1 and 2, respectively (Hoff, 1979). Signal II consists of 
two parts, namely from (i) EPR signal IIslow (g = 2.0046, Bpp = 1.9 mT) which is clearly 
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visible in Fig. 1a (full line) and belongs to the intermediate D, i.e. to the tyrosine radical in 
the 161th position of D2 protein on the donor side of PS 2 (Debus et al., 1988a) and (ii) EPR 
signal IIvery fast (g = 2.0046, Bpp = 1.9 mT) which is observable as an increase of signal II in 
light (Fig. 1a, difference between the dashed and full lines). This signal belongs to the 
intermediate Z, i.e. to the tyrosine radical in the 161th position of D1 protein (Debus et al., 
1988b) which is also situated on the donor side of PS 2. Further EPR signal is associated with 
cation–radical of chlorophyll (Chl) a dimer situated in the core of PS 1 (Hoff, 1979).  
 

 
Fig. 1. EPR spectra of untreated spinach chloroplasts (a) and of chloroplasts treated with  
0.05 mol dm-3 of 2-n-butylsulfanyl-4-pyridinecarbothioamide (b). The full lines correspond 
to chloroplasts kept in the dark, the dotted lines to the illuminated chloroplasts (Source: 
Kráľová et al., 1997). 

Due to treatment of plant chloroplasts and algae with PET inhibitors the intensity and the 
shape of the above mentioned EPR signals can be changed (Fig. 1b). From these changes the 
site of action of studied inhibitors can be determined. Due to interaction of inhibitors with 
the oxygen evolving complex (OEC) also release of manganese Mn2+ ions from OEC into 
interior of thylakoid membranes can occur, which can be registered by EPR spectroscopy. 
This contribution will be focused on comprehensive review related to inhibition of 
photosynthetic electron transport by inhibitors of natural origin as well as synthetic 
inhibitors containing alkyl chain(s) of different length in their molecules. The mechanism 
and the site of their action in the photosynthetic apparatus will be discussed as well. 

2. Inhibitors of photosynthetic electron transport of natural origin 
Natural products represent a vast repository of materials and compounds with evolved 
biological activity, including phytotoxicity. The two fundamental approaches to the use of 
natural products for weed management are their application as herbicides or leads for 
synthetic herbicides and their use in allelopathic crops or cover crops (Duke et al., 2002a, 
2002b). Structures of some further discussed PET inhibitors of natural origin with alkyl 
substituent are presented in Fig. 2. 

2.1 Fatty acids 
Natural fatty acids are important components of biological membranes. They commonly 
have a chain of 4 to 28 carbons (usually unbranched and even numbered), which may be 
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saturated or unsaturated. In natural unsaturated fatty acids the double bonds are all cis and 
are usually not conjugated (Bhalla et al., 2009).  
The saturated fatty acids (palmitic acid [16:0] as well as stearic acid [18:0]) applied at 
concentration 20 and 50 μmol dm-3 did not inhibit electron transport activity, whereas the 
unsaturated fatty acids (oleic acid [18:1], linoleic acid [18:2] and -linolenic acid [18:3]) 
inhibited electron transport activity by ~50%. The monounsaturated fatty acid completely 
inhibited electron transport at 50 μmol dm-3. It could be stressed that the extent of PET-
inhibiting activity was not dependent on the degree of unsaturation since all the 
unsaturated fatty acids inhibited PET to the same magnitude (Peters & Chin, 2003). 
Krogmann & Jagendorf (1959) observed PET inhibition by unsaturated C18 fatty acids. A few 
years later McCarty & Jagendorf (1965) and Molotkovsky & Zheskova (1965) showed that 
linolenic acid (LA) can induce damage in freshly isolated chloroplasts resembling that in 
chloroplasts after inactivation by gentle heating. Katoh & San Pietro (1968) suggested that 
high concentrations of LA inhibit PS 1 as well as PS 2. Brody (1970) observed a decline in the 
population of PS 2 reaction centres due to treatment with LA. Golbeck et al. (1980) localized 
the site of LA inhibitory action on the donor side of PS 1 and at two functionally distinct 
sites in PS 2. A reversible site and an irreversible site of inhibition have been located in PS 2. 
At the irreversible site a time-dependent loss of the loosely bound pool of Mn in the oxygen 
evolving complex occurred whereas at the reversible site, the photochemical charge 
separation was rapidly inhibited (<20 s) but after washing of LA-treated chloroplasts a 
resumption of artificial donor activity from diphenylcarbazide (DPC) to DCPIP was 
observed. The fact that inhibition of the Hill reaction by linolenic acid may be partially 
reversible was described also by Okamoto & Katoh (1977) and Okamoto et al. (1977). 
According to Golbeck et al. (1980) the mechanism of inhibition of the photoactivity may 
ultimately lie in the ability of LA to penetrate its hydrophobic tail into the lipid membrane 
and change the orientation of electron donor and acceptor complexes relative to one 
another. Alternatively, the hydrophobic tail might interact with the antenna chlorophylls 
and inhibit transfer of energy to the photoactive trap. Due to direct interaction of free fatty 
acids with membrane proteins conformational changes in these proteins occur. Since PS 2 
and its accessory pigments are most likely bound in a membrane protein complex, it could 
be supposed that alteration of the membrane structure would induce organizational changes 
in the associated peptides resulting in inhibition of charge separation between electron 
donor and acceptor complexes.  
Linolenic acid was found to exhibit several effects on thylakoid membrane resulting in: i) 
modification of the membrane surface–charge density; ii) uncoupling of 
photophosphorylation (McCarty & Jagendorf, 1965); iii) release of manganese ions from 
water-oxidizing complex of PS 2 (Golbeck et al., 1980); iv) inhibition of artificial donor-
assisted electron transport in PS 1 and PS 2 (Golbeck et al., 1980; Siegenthaler, 1974). 
Whereas Golbeck & Warden (1984) situated the site of LA action in QA on the donor side of 
PS 2, Vernotte et al. (1983) stated that its site of action is similar to that of 3-(3,4-
dichlorophenyl)-1,1-dimethylurea (DCMU), namely QB. Warden and Csatorday (1987) 
indicated that interactions of the unsaturated fatty acid, linoleic acid, with PS 2 have two 
principal regions of inhibition: one associated with the donor complex (signal IIfast or D1) to 
the reaction centre, and the other located on the reducing side between pheophytin and QA, 
whereby linoleic acid inhibits secondary electron transport in PS 2 via displacement of 
endogenous quinone QA from quinone binding peptides. 
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Peters & Chin (2003) found that palmitoleic acid (PA), a monounsaturated fatty acid [16:1], 
caused rapid PET inhibition (within 30 s). The oxidizing side of PS 2 was up to 90% 
inactivated, whereas no inhibition occurred on the reducing side of the PS 2 complex and PS 
1 activity was 65% inhibited. These researchers did not observed correlation between PET 
inhibition and lipid peroxidation. On the other hand, PA caused the loss of proteins from 
the thylakoid membrane which was exacerbated by the light. The proteins were found to be 
lost in the following order: plastocyanin (PC) < 1 min, manganese stabilizing protein (MSP) 
~5 min, cytochrome f (Cytf) ~10 min, D1 protein ~60 min and D2 protein ~60 min. The timing 
of the loss of a PS 1 associated protein, PC, overlapped with that of the inhibition of PS 1. 
According to Peters & Chin (2003) the loss of PC is the cause of PS 1 inhibition. Because MSP 
loss from the OEC occurs later than the inhibition, it could not be considered as the cause of 
PET inhibition by PA on the oxidizing side of PS 2 and inhibition occurs due to the loss of 
Mn2+ ions. 
Unsaturated fatty acids have been found to remove the Mn2+ ions from OEC (Kaniuga et al., 
1986) and depletion of Mn2+ is correlated to inactivation of oxygen evolution (Garstka & 
Kaniuga, 1988) and to an inhibition of PS 2 activity (Krieger et al., 1998). Because addition of 
Mn2+ ions can effectively reverse PET inhibition at the donor side of PS 2 caused by PA, it 
can be assumed that loss of Mn2+ was the cause of this inhibition. It can be also supposed 
that at removing of Mn2+ ions form OEC the negatively charged unsaturated fatty acids may 
act as chaotropic agents or as chelating agents (Peters & Chin, 2003).  
Nakai et al. (2005) found that Myriophyllum spicatum released fatty acids, specifically 
nonanoic, tetradecanoic, hexadecanoic, octadecanoic and octadecenoic acids. Anti-
cyanobacterial effects of these fatty acids considerably depended upon their chain length: 
nonanoic, cis-6-octadecenoic, and cis-9-octadecenoic acids significantly inhibited growth of 
Microcystis aeruginosa, whereas tetradecanoic, hexadecanoic and octadecanoic acids did not 
show any effect. 

2.2 Fischerellin, sorgoleone and resorcinolic compounds isolated from sorghum 
Fischerellin A, a secondary metabolite of the benthic cyanobacterium Fischerella muscicola 
(Thur.), was found to inhibit the photosynthetic but not the respiratory electron transport of 
cyanobacteria and chlorophytes and its site of action is located in PS 2. It is the most active 
allelochemical compound of F. muscicola, which is toxic to other cyanobaceria and 
photoautotrophic organisms (Bagchi & Marwah, 1994; Hagmann & Jüttner, 1996). Structural 
elements of fischerellin A ((3E)-1,5-dimethyl-3-{(3R,5S)-3-methyl-5-[(4E)-2-methylpentadec-
4-ene-6,8-diyn-1-yl]pyrrolidin-2-ylidene}pyrrolidine-2,4-dione) are an enediyne moiety and 
two heterocyclic ring systems. This compound exhibits a unique structure composed of two 
cyclic amines and a C15 substituent that contains a double bond in the (Z)-configuration and 
two triple bonds. Srivastava et al. (1998) found that fischerellin A affects the fluorescence 
transients, as well as oxygen evolution by the cyanobacterium Anabaena P9. The green alga, 
Chlamydomonas reinhardtii, and higher plants were also affected by fischerellin A in a 
concentration- and time-dependent fashion. It acts at several sites which appear with 
increasing half-time of interaction in the following sequence: (i) effect on the rate constant of 
QA− reoxidation; (ii) primary photochemistry trapping; (iii) inactivation of PS 2 reaction 
centre; (iv) segregation of individual units from grouped units. However, fischerellin A does 
not affect the photosynthetic activity of purple bacteria, Rhodospirillum rubrum. Fischerellin B 
was determined to be (3R,5S)-3-methyl-5-((5E)-pentadec-5-ene-7,9-diynyl)-pyrrolidin-2-one.  
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Sorgoleone (2-hydroxy-5-methoxy-3-[(8´Z,11´Z)-8´,11´,14´-pentadecatriene]benzo-1,4-
quinone) is one of the major components of the oily substance exuding from the roots of 
sorghum (Sorghum bicolor (L.) Moench) and it is one of the most studied allelochemicals 
(Dayan et al., 2010). This natural herbicide (bioherbicide) repressing the growth of other 
plants present in its surroundings (Dayan, 2006) was found to be a potent inhibitor of PS 2 in 
isolated chloroplasts, being as effective as diuron at inhibiting photosynthetic electron 
transport (IC50  100 nmol dm-3) (Gonzalez et al.,1997). Its efficacy is not reduced in triazin-
resistant pigweed (Dayan et al., 2009) because the common mutation of Ser264 to Gly or Ala 
in PS 2 causes resistance to triazines, but not to the quinone inhibitors (Oettmeier et al., 
1982). Czarnota et al. (2001) performed three-dimensional structure analysis to characterize 
sorgoleone's mode of action and the results of their studies indicated that sorgoleone 
required about half the amount of free energy (493.8 kcal mol-1) compared to plastoquinone 
(895.3 kcal mol-1) to dock into the QB-binding site of the PS 2 complex of higher plants. 
Rimando et al. (2003) observed PS 2 inhibition by resorcinolic compounds having the 
characteristic three double bonds in terminal methylene lipid side chain as sorgoleone, i.e. 
4,6-dimethoxy-2-[(8´Z,11´Z)-8´,11´,14´-pentadecatriene]resorcinol (IC50 = 0.09 mol dm-3) 
and 4-methoxy-6-ethoxy-2-[(8´Z,11´Z)-8´,11´,14´-pentadecatriene]resorcinol (IC50 = 0.20 mol 
dm-3). A new benzoquinone derivative, 2-hydroxy-5-ethoxy-3-[(8'Z,11'Z)-8´,11´,14'-
pentadecatriene]-rho-benzoquinone, which was isolated from the root exudates of sorghum 
was found to be less effective PS 2 inhibitor than sorgoleone (Rimando et al., 1998). 
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Fig. 2. Structures of some PET inhibiting compounds of natural origin: palmitoleic acid (I), 
linoleic acid (II), tenuazonic acid (III), sorgoleone (IV), fischerellin A (V), fischerellin B (VI) 
and platelet activating factor (1-O-alkyl-2-acetyl-sn-glycero-3-phosphocholine) (VII). 
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methoxybenzo-1,4-quinone) is a secondary metabolite of Cyperus javanicus. This natural 
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can be assumed that loss of Mn2+ was the cause of this inhibition. It can be also supposed 
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sorgoleone's mode of action and the results of their studies indicated that sorgoleone 
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quinone has a long aliphatic chain (C17) including an unsaturated bond at its midpoint. 
Morimoto et al. (2001) found that this quinone inhibited both mitochondrial respiration and 
photosynthesis in their electron transport systems. In chloroplasts prepared from spinach 
leaves this natural quinone inhibited PET in PS 2 in a similar way to that of the triazin 
herbicide, atrazine, which belongs to PS 2 herbicides. 
Tenuazonic acid (TeA), a nonhost-specific phytotoxin produced by Alternaria alternata, is the 
first toxin from a phytopathogen which was reported as a natural PS 2 inhibitor with several 
action sites (Chen et al., 2007, 2008). This bioherbicide with relatively short alkyl chain         
(sec-butyl) mainly interrupts PS 2 electron transport beyond QA (primary quinone acceptor) 
by competing with QB (secondary quinone acceptor) for QB-niche of the D1 protein.  
Competition experiments between non-labeled TeA and [14C] atrazine showed that TeA has 
a similar site of action as atrazine, which binds to the QB-site since atrazine binding to QB-
site could be prevented by TeA (Chen et al., 2007). After TeA treatment an increase of non-
QA reducing centres was observed. Non-QA reducing centres, also so-called heat sink centres 
or silent centres, are radiators and often are used to protect the system from over excitation 
and over reduction which would create dangerous reactive oxygen species (ROS) (Chen et 
al., 2010). TeA also had a visible effect on electron flow at PS 1 acceptor. Because TeA 
interrupts PS 2 electron flow and ATP synthesis, it is regarded as an inhibitor of redox 
energy conservation and therefore also is expected to increase the energization levels in 
thylakoid, which can result in a large generation of ROS (Chen et al., 2010). 
Barr et al. (1988) observed very efficient PET inhibition in PS 2 of spinach chloroplasts by 
the platelet activating factor 1-O-alkyl-2-acetyl-sn-glycero-3-phosphocholine, a 
phospholipid, which is an ether analogue of phosphatidylcholine. Application of 2.8 to 3.5 
μg cm-3 of this compound resulted in > 90% PET inhibition.  The inhibition site for platelet 
activating factor was localized close to the reaction centre of PS 2, based on the inhibition 
of the donor reaction, DPC → DCPIP, in Tris-treated chloroplasts. On the other hand, 
treatment by phorbol myristate acetate, 1,2-dipalmitin or fatty acid esters gave up to 17–
32% PET inhibition, which was observed only at higher concentrations of these 
compounds.  

2.4 Rhamnolipid biosurfactants produced by Pseudomonas aeruginosa 
Wang et al (2005) investigated the algicidal activity of the rhamnolipid biosurfactants (the 
mixture of mono and dirhamnolipids Rha-Rha-C10-C10 and Rha-C10-C10) produced by 
Pseudomonas aeruginosa. These biosurfactants were found to have potential algicidal effects 
on Heterosigma akashiwo. The growth of H. akashiwo was strongly inhibited in medium 
containing rhamnolipids (0.4–3.0 mg dm−3) and at higher concentrations (≥ 4.0 mg dm−3) the 
rhamnolipids showed strong lytic activity toward H. akashiwo. The extent of ultrastructural 
damage of the alga was severe at high concentrations of rhamnolipids and during extended 
periods of contact, whereby the plasma membrane was partly disintegrated. The lack of 
membrane facilitated entry of the rhamnolipid biosurfactants into the cells and allowed 
damage to other organelles, which resulted in the injury of chloroplasts.  

3. Synthetic inhibitors of photosynthetic electron transport  
Many synthetic compounds disrupt photosynthesis by blocking electron transfer in 
photosynthetic apparatus. Herbicides which inhibit Hill reaction belong to the group of PS 2 
herbicides. Experimental studies have established that many PS 2 herbicides bind non-
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covalently to a 32 kDa protein in the PS 2 complex and inhibit electron transfer between 
primary electron acceptor – quinone QA and the secondary electron acceptor – quinone QB 
on the reducing side of PS 2 (Shipman, 1981). Many PS 2 herbicides contain hydrophobic 
components as well as a flat polar component. The function of the hydrophobic components 
is to increase the lipid solubility of the entire herbicide molecule and to fit the hydrophobic 
surface of the herbicide binding site. It is assumed that the flat polar component binds 
electrostatically at a highly polar protein site (Shipman, 1981).  

3.1 Alkyl substituted 2,4,6-trihydroxybenzamides and thiobenzamides 
Highly potent PET inhibitors, alkyl substituted derivatives of 3-nitro-2,4,6-
trihydroxybenzamide (NTHBA) and thiobenzamide (NTHTBA) (alkyl = ethyl – pentadecyl, 
benzyl, phenyl) were synthesized and tested by Honda et al. (1990a, 1990b). Comparison of 
PET-inhibiting activity expressed by pI50 value (negative logarithm of IC50, i.e. compound 
concentration causing 50 % inhibition with respect to the control) showed that dodecyl  
(pI50 = 8.4) and tridecyl (pI50 = 8.1) NTHBA derivatives as well as octyl (pI50 = 8.7) and decyl 
(pI50 = 8.3) NTHTBA derivatives were ten times more active than DCMU (pI50 = 7.3) (Honda 
et al., 1990a). In general, thiobenzamide derivatives were found to be more active than 
benzamide derivatives, presumably due to greater variance in the electron withdrawing 
potency of the two groups on the nucleus. For both series the PET-inhibiting activity largely 
depended on the overall lipophilicity of the molecules, however optimal chain length in 
NTHBA and NTHTBA was different. High activity of NTHBA and their thioamide 
analogues (NTHTBA) for PET inhibition indicated that they should interact with D1 protein 
of the PET system in a specific manner (Honda et al., 1990b). Free amino hydrogen atom in 
NTHBA and NTHTBA may be needed for binding to the receptor site, possibly by forming 
a hydrogen bond. N-octyl-3-nitro-2,4,6-trihydroxybenzamide (PNO8), classified as a phenol-
type PS 2 inhibitor, caused degradation  of the D1 protein of PS 2 reaction centre into two 
fragments of 23 and 9 kDa in complete darkness while the D2 protein was not affected at all 
by incubation with this inhibitor. Occupation by another PS 2 inhibitor, DCMU, of the 
binding site of the secondary quinone acceptor, QB, prevented the D1 protein from PNO8-
induced degradation. These results indicate a selective and specific cleavage of the D1 
protein triggered by binding of PNO8 to the QB site (Nakajima et al., 1995). 
Yoneyama et al. (1989a, 1989b) synthesized and tested a set of alkyl substituted 3-acyl-2,4,6-
trihydroxybenzamides and thiobenzamides for their PET-inhibiting activity. The thioamide 
derivatives were found to be much more active than the corresponding amide derivatives 
and some of the compounds were as active as DCMU. The activity of the 3-propionyl-2,4,6- 
trihydroxybenzamide derivatives with varying N-alkyl group was enhanced by increasing 
the length of the N-alkyl group reaching maximum with the N-heptyl group (pI50 = 7.4) and 
then remaining at constant level (pI50 = 7.3) until the chain reached C10. The activity of the  
N-phenylalkyl derivatives was also enhanced by increasing number of methylene groups 
indicating that the PET-inhibiting activity of these compounds depended largely on the 
overall lipophilicity of the amide derivatives (Yoneyama et al., 1989a). Slightly lower activity 
of thiobenzamide compound which had long side chains in both functional groups  
(R1 = R2 = hexyl) compared with that which had the same total number of carbon atoms in 
the side chains (R1 = ethyl, R2 = decyl), suggested that an asymmetric distribution of 
lipophilic groups about the phloroglucinol nuclei might be preferable for high activity 
(Yoneyama et al., 1989b). 
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3.2 2-Hydroxy-3-alkyl-1,4-naphthoquinones and n-alkyl-substituted ubiquinones 
Jewess et al. (2002) found that the main mode of herbicidal activity of 2-hydroxy-3-alkyl-1,4-
naphthoquinones is the inhibition of  PS 2. The length of the 3-n-alkyl substituent for 
optimal activity differed between herbicidal and in vitro activity. The maximum in vitro 
activity was given by the nonyl to dodecyl homologues (log Kow between 6.54 and 8.12), 
whereas herbicidal activity peaked with the n-hexyl compound (log Kow = 4.95). The 
compounds did not show any activity on PS 1 and did not generate toxic oxygen radicals by 
redox cycling reactions. 
Warncke et al. (1994) studied the influence of hydrocarbon tail structure on quinone binding 
and electron transfer performance at the QA and QB sites of the photosynthetic reaction-
center protein isolated from Rhodobacter sphaeroides and solubilized in aqueous and in 
hexane solutions. It was found that contributions of the same tail structures to the binding 
free energies of quinones at the QA and QB sites are comparable, suggesting that the binding 
domains share common features. Comparison of the affinities of a homologous series of 10 
n-alkyl substituted ubiquinones resolves the binding forces along the length of the tail 
binding domain and shows that strong steric constraints oppose accommodation of the tail 
in its extended conformation. One- and two isoprene-substituted quinones bind more 
tightly than analogues substituted with saturated alkyl tail substituents. Thus, the sites 
exhibit binding specificity for the native isoprene tail structure. Calculations indicated that 
the binding specificity aroused primarily from a lower integrated torsion potential energy in 
the bound isoprene tails.  

3.3 Triazine and phenylurea derivatives with tail-like substituents 
Reifler et al (2001) investigated effects of tail-like substituents on the binding of 
competitive inhibitors to the QB site of PS 2. They synthesized triazine and phenylurea 
derivatives with tail-like substituents and tested the effects of charge, hydrophobicity and 
size of the tail on binding properties. If the tail was attached to one of the alkylamino 
groups of triazine-type herbicides or to the para position of phenylurea-type herbicides, 
loss of binding was not observed. Consequently, the herbicides must be oriented in the QB 
site such that these positions point toward the natural isoprenyl tail-binding pocket that 
extends out of the QB site. The requirement that the tail must extend out of the QB site, 
constrains the size of the other herbicide substituents in the pocket. When longer 
hydrophobic tails are used, the binding penalty that occurs upon adding a charged 
substituent at the distal end is reduced. This allows the use of a series of tail substituents 
possessing a distal charge as an approximate molecular ruler to measure the distance 
from the QB site to the aqueous phase. 

3.4 Alkyl-N-phenylcarbamates and thiocarbamates and amphiphilic alkoxyphenyl 
cabamates 
Derivatives of phenylcarbamic acids, which contain biologically active–NH-CO- group are 
biologically active compounds applied mainly as herbicides (Moreland, 1993).  
Phenylcarbamates were found to be mitotic poisons that killed roots by inhibiting cell 
division (e.g. Nurit et al., 1989).  
The action of alkyl-N-phenylcarbamates on the photolytic activity of isolated chloroplasts 
was already studied in the late 50s of last century by Moreland & Hill (1959). Later it was 
found that alkyl-N-phenylcarbamates (alkyl = methyl – octyl) and alkyl-N-
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phenylthiocarbamates (alkyl = methyl – butyl) interact with the intermediate D situated in 
D1 protein on the donor side of PS 2, however OEC, the intermediate Z and PS 1 were not 
injured (Šeršeň et al., 2000).  
The most active PET inhibitor was methylthio derivative (IC50 = 8.5 mol dm-3), whereby for 
compounds with linear alkyl substituent PET inhibiting activity showed a linear decrease 
with increasing lipophilicity of the studied compounds. The inhibitory activity of 
compounds with branched alkyl substituents (R = isopropyl, tert- butyl, isobutyl) was lower 
than that of their linear isomers. The lower effectiveness can be connected with the fact that 
for achievement of the site of action in the photosynthetic apparatus, the branched 
substituents represent a higher hindrance than their linear isomers (Šeršeň et al., 2000). On 
the other hand, Hansch & Deutsch (1966) found that the inhibition of the Hill reaction in 
chloroplasts produced by ethyl and isopropyl derivatives of N-phenylcarbamates with 
different substituents in positions 3 and 4 on the benzene ring showed an increase with 
increasing lipophilicity of the compounds. This indicates that for PET-inhibiting activity of 
these compounds not only the lipophilicity of the compounds but also electronic properties 
of the substituents were determinant. 
Esters of 2-, 3- and 4-alkoxy substituted phenylcarbamic acids (alkyl = methyl – decyl) were 
found to inhibit photosynthetic electron transport in spinach chloroplasts and to reduce 
chlorophyll content in alga Chlorella vulgaris. The inhibitory effectiveness strongly depended 
on the alkyl chain length of the alkoxy substituent showing a typical quasi-parabolic 
dependence with maximum effect at 6-8 carbon atoms in the alkyl chain of 
piperidinoethylesters (Kráľová et al., 1992a), 7-9 carbon atoms in the alkyl chain of 
dimethylaminoethylesters (Kráľová et al., 1992b) and 8-9 carbon atoms in the alkyl chain of 
piperidinopropylesters of alkoxyphenylcarbamic acids (Kráľová et al., 1995a; Šeršen & 
Kráľová, 1996). Similar results were obtained with morpholinoethylesters of 2-, 3- and 4-
alkoxy substituted phenylcarbamic acids (Kráľová et al., 1994a) for which bilinear 
dependence of photosynthesis-inhibiting activity upon lipophilicity of compounds was 
confirmed. The alkoxy substitution in the position 2 decreased the inhibitory activity of the 
compounds when compared with their 3- and 4-substituted analogues. Similar dependences 
of photosynthesis-inhibiting activity on the length of alkyl substituent were obtained also 
for 22 alkyl substituted aryloxyaminopropanols (Mitterhauszerová et al., 1991a).  
The dependence of photosynthesis-inhibiting activity of 1,3-diamino-2-propylesters of 2- 
and 3-substituted alkoxyphenylcarbamic acids on the dibasic part of the molecule was weak 
and the activity was more strongly affected by the position of the alkoxy substituent on the 
benzene ring of molecule as well as by the length of the alkoxy chain (Mitterhauszerová et 
al., 1991b).  
The PET-inhibiting and algicidal activity of N-alkyl-4-piperidinoethylesters (alkyl = ethyl – 
butyl) and N-ethylpyrrolidinylmethylesters of 2- and 3-substituted alkoxyphenylcarbamic 
acids (alkoxy = butyloxy – heptyloxy) strongly depended on the lipophilicity of the whole 
molecule, whereby lower inhibitory activity was determined for 2-alkoxy substituted 
derivatives (Kráľová et al., 1992c). Strong effect of the chain length of alkyl substituent on 
photosynthesis-inhibiting activity was found also for quaternary ammonium salts of 
heptacaine, i.e. for N-[2-(2-heptyloxyphenylcarbamoyloxy)-ethyl]-N-alkylpiperidinium 
bromides (Kráľová et al., 1994b). Moreover, it was confirmed that piperidinopropylesters of 
2-, 3- and 4-alkoxy substituted phenylcarbamic acids stimulated oxygen evolution rate 
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phenylthiocarbamates (alkyl = methyl – butyl) interact with the intermediate D situated in 
D1 protein on the donor side of PS 2, however OEC, the intermediate Z and PS 1 were not 
injured (Šeršeň et al., 2000).  
The most active PET inhibitor was methylthio derivative (IC50 = 8.5 mol dm-3), whereby for 
compounds with linear alkyl substituent PET inhibiting activity showed a linear decrease 
with increasing lipophilicity of the studied compounds. The inhibitory activity of 
compounds with branched alkyl substituents (R = isopropyl, tert- butyl, isobutyl) was lower 
than that of their linear isomers. The lower effectiveness can be connected with the fact that 
for achievement of the site of action in the photosynthetic apparatus, the branched 
substituents represent a higher hindrance than their linear isomers (Šeršeň et al., 2000). On 
the other hand, Hansch & Deutsch (1966) found that the inhibition of the Hill reaction in 
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different substituents in positions 3 and 4 on the benzene ring showed an increase with 
increasing lipophilicity of the compounds. This indicates that for PET-inhibiting activity of 
these compounds not only the lipophilicity of the compounds but also electronic properties 
of the substituents were determinant. 
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chlorophyll content in alga Chlorella vulgaris. The inhibitory effectiveness strongly depended 
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confirmed. The alkoxy substitution in the position 2 decreased the inhibitory activity of the 
compounds when compared with their 3- and 4-substituted analogues. Similar dependences 
of photosynthesis-inhibiting activity on the length of alkyl substituent were obtained also 
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The dependence of photosynthesis-inhibiting activity of 1,3-diamino-2-propylesters of 2- 
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and the activity was more strongly affected by the position of the alkoxy substituent on the 
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acids (alkoxy = butyloxy – heptyloxy) strongly depended on the lipophilicity of the whole 
molecule, whereby lower inhibitory activity was determined for 2-alkoxy substituted 
derivatives (Kráľová et al., 1992c). Strong effect of the chain length of alkyl substituent on 
photosynthesis-inhibiting activity was found also for quaternary ammonium salts of 
heptacaine, i.e. for N-[2-(2-heptyloxyphenylcarbamoyloxy)-ethyl]-N-alkylpiperidinium 
bromides (Kráľová et al., 1994b). Moreover, it was confirmed that piperidinopropylesters of 
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(OER) in spinach chloroplasts at relatively low effector concentration, causing 
photophosphorylation uncoupling due to protonophore properties of these amphiphilic 
compounds (Šeršeň & Kráľová, 1996).    
Using EPR spectroscopy it was confirmed that the above mentioned 
alkoxyphenylcarbamates interacted with Z/D intermediates situated on the donor side of 
PS 2 and with OEC, causing release of Mn2+ ions into interior of thylakoid membranes 
(Mitterhauszerová et al., 1991b; Kráľová et al., 1992a, 1992c; Šeršeň & Kráľová, 1996). The 
quasi-parabolic course of the dependence of P parameter evaluated from EPR spectra of 
effector-treated chloroplasts (which could be considered as a measure of photosynthesis 
inhibition in plant chloroplasts) on the length of alkoxy substituents of tested alkoxyphenyl 
carbamates correlated with dependences obtained for inhibitory activity of 1,3-diamino-2-
propylesters of 2- and 3-alkoxyphenylcarbamic acids (Mitterhauszerová et al., 1991b).  
P parameter was evaluated from the ratio of EPR signal I intensity determined for effector-
treated chloroplasts in the light and in the dark related to such ratio obtained for untreated 
chloroplasts. From the above results it can be concluded that lower inhibitory activity of 
more lipophilic compounds with long alkyl substituents can be connected with the fact that 
these compounds predominantly remain incorporated in the lipid part of the membrane and 
only limited number of effector molecules will reach the membrane proteins. On the other 
hand, low lipophilicity of the compounds with short alkyl chains will result in their limited 
transition through membrane and in their more difficult access to interaction with PS 2 
proteins situated on the inner side of thylakoid membranes.  

3.5 2-Alkylsulfanyl-4-pyridinecarbothioamides and anilides of 2-alkylsulfanylpyridin-4-
carboxylic acids 
The IC50 values related to PET inhibition in spinach chloroplasts by 2-alkylsulfanyl-4-
pyridinecarbothioamides (APCT) varied for the investigated set (alkyl = methyl – dodecyl) 
in the range from 72 mol dm-3 (for octyl) to 6.24 mmol dm-3 (for methyl derivative) and it 
was found that the Hansch´s parabolic model is suitable for description of the correlation 
between photosynthesis-inhibiting activity and lipophilicity of APCT. For more precise 
determination of the site of APCT action in the photosynthetic apparatus of spinach 
chloroplasts EPR spectroscopy was used (Kráľová et al., 1997). 
Fig. 1 presents EPR spectra of untreated spinach chloroplasts (Fig. 1a) and of chloroplasts 
treated with 0.05 mol dm-3 of 2-n-butylsulfanyl derivative (Fig. 1b). From Fig. 1b it is evident 
that the intensity of EPR signal II, mainly of its constituent signal IIslow, has been decreased 
by the studied compound indicating that APCT interact with D intermediate. Due to the 
interaction of APCT with this part of PS 2, PET between PS 2 and PS 1 is impaired and 
consequently a pronounced increase of signal I intensity in the light (Fig. 1b, dashed line; g = 
2.0026, B = 0.7 mT) belonging to chlorophyll a dimer in the core of PS 1 can be observed. 
Upon addition of DPC, an artificial electron donor with the known site of action in the 
intermediate Z/D on the donor side of PS 2 (Izawa, 1980) to chloroplasts activity of which 
was inhibited by APCT, PET was practically completely restored. Consequently, it can be 
assumed that in the presence of APCT the own core of PS 2 (P 680) and a part of the electron 
transport chain – at least up to plastoquinone – remain intact. 
Anilides of 2-alkylsulfanylpyridin-4-carboxylic acids were found to inhibit oxygen evolution 
rate in C. vulgaris, whereby the lipophilicity of the compound was determining for OER-
inhibiting activity (Kráľová et al., 2001). They inhibited also PET in spinach chloroplasts and 
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the corresponding IC50 values varied in the range from 4.8 mol dm-3  to 69.1 mol dm-3 and 
the lipophilicity of the most active compounds was about log P = 5.0-5.5 (Miletín et al., 
2001). EPR spectroscopy confirmed that these anilides interacted with the intermediate D 
(TyrD) and in a pronouncedly lesser extent also with the intermediate Z (TyrZ). The 
intensive interaction of these compounds with TyrD which is situated on the donor side of 
PS 2 in less polar environment of the thylakoid membranes can be connected with the 
presence of hydrophobic alkylsulfanyl substituent in their molecules (Miletín et al., 2001).  

3.6 Alkyl substituted benzothiazole derivatives 
Several series of alkyl substituted benzothiazole derivatives were investigated also for their 
photosynthesis-inhibiting activity (Kráľová et al., 1992d, 1993; Sidóová et al., 1998, 1999; 
Šeršeň et al., 1993). The dependence of the negative logarithm of IC50 values on the alkyl 
chain length of 2-alkylthio-6-R-benzothiazoles determined in the system of plant 
chloroplasts with partially damaged membranes showed a significant role of the substituent 
in position 6 with respect to the studied inhibitory activity. The increasing of its lipophilicity 
in comparable series leads to higher activity of compounds having shorter alkyl chains, with 
subsequent strong decrease of the activity with the further prolongation of the alkyl chain. 
The drop of the activity at derivatives with longer alkyl chains was the most pronounced in 
series having the most lipophilic substituent in position 6 (see Fig. 3A) (Kráľová et al., 
1992d).  
On the other hand, the inhibition of chlorophyll production in algae C. vulgaris was in the 
case of 6-formamido-, 6-acetamido- and 6-benzoylamino derivatives more strongly affected 
by the presence of compounds with lower lipophilicity of the substituent in position 6 (the 
inhibitory efficiency decreased in the order 6-formamido-, 6-acetamido- and 6-
benzoylamino derivatives) (Fig. 3B). Thus, it can be assumed that higher lipophilicity of the 
substituent in the position 6 at equal alkyl chain length of the alkyl substituent diminishes 
the possibility of the compounds to penetrate through the intact outer algal cell membrane 
resulting in decreased inhibitory activity of the compounds. All bicyclo[2.2.1]hept-5-ene-2,3-
dicarboximidomethylamino derivatives showed higher photosynthesis inhibition in plant 
chloroplasts as well as in C. vulgaris than the corresponding bicyclo[2.2.1]hept-5-ene-2,3-
dicarboximido derivatives (Fig. 3) (Kráľová et al., 1992d).  
Inhibition of PET in spinach chloroplasts and chlorophyll synthesis in C. vulgaris was 
observed also with 2-alkylthio-6-aminobenzothiazoles and their 6-N-substituted derivatives 
3-(2-alkylthio-6-benzothiazolylaminomethyl)-2-benzothiazolinethiones and 3-(2-alkylthio-6-
benzothiazolinone)-6-bromo-2-benzothiazolinones (Kráľová et al., 1993). 
The dependence of inhibitory activity of these compounds on the alkyl chain length of the 
thioalkyl substituent showed quasi-parabolic course indicating decrease of biological 
activity for compounds with higher lipophilicity. It was found that in the presence of these 
compounds no reduction of PS 1 occurred, however interaction with the intermediates 
Z/D was not confirmed. Since DPC practically completely restored PET through PS 2 in 
spinach chloroplasts activity of which was inhibited by these inhibitors it can be assumed 
that these benzothiazole derivatives did not damage PET between photosynthetic centres  
PS 2 and PS 1 and their site of action is situated at the donor side of PS 2 (Kráľová et al., 
1993). 
PET inhibition in spinach chloroplasts was observed also by 2-(6-acetamido-
benzothiazolethio)acetic acid esters (Sidóová et al., 1998). The dependence of PET inhibiting 
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activity on the lipophilicity of the derivatives with R = n-alkyl and allyl showed a quasi-
parabolic course, the most active compound was the hexyl derivative (IC50 = 47 mol dm-3). 
The effect of 2-(alkoxycarbonylmethylthio)-6-aminobenzothiazoles on photosynthetic 
apparatus was similar to that of above discussed 2-alkylthio-6-R-benzothiazoles and as 
probable site of their action the oxygen evolving complex was suggested (Šeršeň et al., 1993).  
 

          
A                                                                      B 

Fig. 3. Dependence of negative logarithm of IC50 values related to PET inhibition in spinach 
chloroplasts on the number of carbons of the alkyl chain of 2-alkylthio-6-R-benzothiazoles 
(A) and dependence of inhibition of chlorophyll production in C. vulgaris in the presence of 
0.1 mmol dm-3 of 2-alkylthio-6-R-benzothiazoles (B). (R = formamido (), acetamido (), 
benzoylamino (), bicyclo[2.2.1]hept-5-ene-2,3-dicarboximino () and bicyclo[2.2.1]hept-5-
ene-2,3-dicarboximidomethylamino (▪). (Source: Kráľová et al., 1992 d). 

3.7 Alkyl substituted N-oxides 
Amine oxides, also known as amine-N-oxides or N-oxides are chemical compounds which 
contain the functional group R3N+-O-, an N-O bond with three additional hydrogens and/or 
hydrocarbon side chains attached to nitrogen atom. The structure of alkyl substituted              
N-oxides predestine them to have membrane damaging as well as PET-inhibiting properties.  
Avron (1961) found that the Hill reaction and associated phosphorylation in Swiss chard 
chloroplasts were sensitive to heptyl- and nonylhydroxyquinoline-N-oxides. Among the 
photosynthetic reactions studied, light-induced cyclic phosphorylation with phenazine 
methosulfate as cofactor was least sensitive to the inhibitors, whereas the most sensitive was 
the Hill reaction and coupled phosphorylation in the presence of ferricyanide. Avron 
suggested that these inhibitors blocked electron transport at a site similar to that of DCMU. 
Bamberger et al. (1963) also showed that NADP+ photoreduction with reduced DCPIP as 
electron donor was highly resistant to these inhibitors, whereas photoreduction through the 
normal Hill reaction system was not. Izawa et al. (1966) suggested that the inhibition site of 
2-heptyl-4-hydroxyquinoline-N-oxide (HOQNO) in non-cyclic electron flow in chloroplasts 
is somewhat different from that of DCMU, as inferred from the difference in dependency of 
the actions of these two inhibitors on light intensity. Later, Gromet-Elhanan (1969) described 
HOQNO as acting at two different sites in the electron transport chain. At a low 
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concentration it inhibited near PS 2, and at higher concentrations, somewhere near PS 1, 
what was effectively by-passed by phenazine methosulfate. The latter inhibition site of 
HOQNO has also been suggested by Hind & Olson (1966) who showed that HOQNO 
increased the magnitude of reversible changes of cytochrome b6 and proposed that the 
inhibitor blocked electron flow between cytochrome b6 and PS 1.  
 

               
I                                                              II 

Fig. 4. EPR spectra of spinach chloroplasts (I) registered in the dark (full line) and under 
irradiation (dotted line) for control sample (A) and for chloroplasts treated with 0.01         
mol dm-3 1-octylpiperidine-N-oxide (B) or 1-dodecylpiperidine-N-oxide (C); EPR spectra of 
Mn2+ ions (II) in untreated spinach chloroplasts (A) and in chloroplasts treated with 0.05 mol 
dm-3 1-hexyl-1-ethylpiperidium bromide (B) or with 1-tetradecyl-1-ethylpiperidinium 
bromide (C). (Source: Kráľová et al. 1992e). 

Surfactants of homologous series of 1-alkylpiperidine-N-oxides (APNO) with alkyl = hexyl – 
octadecyl were found to inhibit PET in spinach chloroplasts and chlorophyll synthesis in 
algal suspensions of C.vulgaris (Kráľová et al., 1992e). The dependence of algicide effects of 
APNO (expressed by minimum inhibitory concentration, MIC) on the surfactant alkyl chain 
length showed quasi-parabolic course and the highest algicide activity (MIC about 10 mol 
dm-3) exhibited derivatives in which alkyl chain varied from tridecyl to hexadecyl. The 
algicide effect of surfactants was not connected with their associative properties since all 
MIC values were far below the critical micelle concentration of these compounds. Similar 
results were obtained also for PET inhibiting activity of APNO in spinach chloroplasts 
whereby the more pronounced decrease of activity was associated with the prolongation of 
the alkyl chain (C15-C18).  
Decreased intensity of both components of signal II as well as the rise of signal I in the light 
in EPR spectra of APNO-treated chloroplasts indicated that these compounds caused 
damage of PS 2 and electron flow to PS 1 was interrupted (Fig. 4(I), C). From this Figure it is 
evident that the changes in EPR spectra caused by dodecyl derivative were considerably 
higher than those caused by octyl derivative, which is in accordance with the results related 
to algicide and PET-inhibiting activity of APNO. Moreover, in EPR spectra of APNO-treated 
chloroplasts occurrence of six lines of fine structure belonging to free Mn2+ ions was 
observed (similarly as it is documented in Fig. 4(II), C), indicating injury of OEC, which is 
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situated on the donor side of PS 2 (Kráľová et al., 1992e). The amount of released Mn2+ ions 
from the above mentioned OEC – at constant chlorophyll and surfactant concentration - is 
proportional to the inhibitory activity of surfactant.  
N-alkyl-N,N-dimethylamine oxides (ADAO) (alkyl = hexyl  octadecyl) were also found to 
inhibit PET in plant chloroplasts and chlorophyll synthesis in green alga C. vulgaris (Šeršeň 
et al., 1992). The dependence of the biological activity (expressed by log IC50) on the length 
of alkyl substituent showed quasi-parabolic course with maximum activity for tetradecyl 
derivative. From EPR spectra it was evident that the site of ADAO action is PS 2, mainly 
Z/D intermediates or its neighbouring surroundings. The release of Mn2+ ions into 
thylakoid membranes due to ADAO treatment was also confirmed. In order to find what 
effects are exhibited by ADAO on chloroplast membranes, an EPR study using spin labels 
CAT 16 (N-hexadecyl-N-tempoyl-N,N-dimethylammonium bromide) and 16 DSA (16-
doxylstearic acid) was performed. The motion of spin labels after their incorporation into 
membranes will be limited and consequently changes in their EPR spectra occur.  
Incorporation of ADAO into thylakoid membranes causes also perturbation in membrane 
structure depending on ADAO concentration and it is evident that the arrangement of 
thylakoid membrane expressed by order parameter S with increasing ADAO concentration 
decreased (Fig. 5A). The order parameter S evaluated from the above mentioned changes in 
EPR spectrum (in detail see in Šeršeň et al. (1989)) reflects relative membrane perturbation. 
From the dependence of order parameter S of hexyl-, dodecyl- and hexadecyl derivatives 
(obtained with the spin label CAT 16) on the ADAO concentration it is evident that the 
order parameter S decreased as follows: hexyl, hexadecyl and dodecyl. 
 

            
Fig. 5. Dependences of the order parameter of thylakoid membranes S (determined from 
EPR spectra of CAT 16) on the concentration of ADAO for hexadecyl- (), dodecyl- () and 
hexyl- () derivatives (A) and on the alkyl chain length of ADAO at the constant 
concentration of ADAO 50 mol dm-3 (B); S was evaluated from EPR spectra of CAT 16 () 
and 16 DSA () spin labels. (Source: Šeršeň et al., 1992). 

Fig. 5B presents dependence of order parameter S on the alkyl chain length of ADAO at 
constant compound concentration (50 mmol dm-3). The experiments with both spin labels 
confirmed that the most effective derivative related to perturbation of membrane 
arrangement was dodecyl, which is in accordance with the above mentioned results 
obtained for PET inhibition in spinach chloroplasts and chlorophyll content reduction in 
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alga. After adding of ADAO to chloroplasts containing spin labels, an increase in the rate of 
molecular reorientation of spin label was observed. This was manifested by a decrease in the 
rotational correlation time values (c) with increasing ADAO concentration (Fig. 6A). The 
rotational correlation time is linearly proportional to the microviscosity of the environment 
in which the spin label is located., i.e. ADAO decrease the microviscosity of thylakoid 
membranes. The course of c of 16 DSA spin label located in the thylakoid membrane on the 
alkyl chain length of ADAO at constant compound concentration 50 mmol dm-3 (Fig. 6B) 
was similar to that obtained for order parameter S (Fig. 5B), i.e. the lowest c exhibited 
dodecyl derivate. The dependence of IC50, S and c (characterizing the effect of ADAO on 
photosynthetic apparatus) on the alkyl chain length showed a typical “cut-off” dependence 
with maximal effects for dodecyl or tetradecyl derivatives. This can be explained by the 
incorporation of ADAO in the lipid phase of membranes whereby the greatest perturbation 
in the membrane is caused by ADAO with middle chain length (approximately dodecyl), 
which create sufficiently great free volume in the membrane and their partition coefficients 
between chloroplast organelles and aqueous phase have also sufficiently high values. 
 

          
Fig. 6. Dependences of rotational time c of 16 DSA spin label located in the thylakoid 
membranes on the concentration of N-dodecyl-N,N-dimethylamine oxide (A) and on the 
alkyl chain length of ADAO at the constant concentration of ADAO 50 mol dm-3 (B). 
(Source: Šeršeň et al., 1992). 

3.8 Cationic surfactants of the type of alkyl substituted quaternary monoammonium 
and diammonium salts 
Lower concentrations of 1-alkyl-1-ethylpiperidinium bromides (AEPBr; alkyl = hexyl – 
octadecyl) stimulated OER in spinach chloroplasts (Šeršeň & Devínsky, 1994; Šeršeň & 
Lacko, 1995) indicating their activity with respect to thylakoid membranes. Previously it 
was found that anionic surfactant sodium dodecyl sulphate (SDS), if applied at low 
concentrations stimulated photoreduction of potassium ferricyanide, but application of 
higher surfactant concentrations exhibited inhibitory effects. Stimulation was caused by 
increased permeability of chloroplast envelope membrane and inhibitory effects were 
connected with changes in the chloroplast membrane organization, induced by treatment 
with surfactants. Application of SDS led to an inhibition of the light-induced proton uptake 
(pH) due to deterioration of ATP-ase (Apostolova, 1988). The possibility that AEPBr 
enhance OER by a damage of ATP-ase and so prevent photophosphorylation is unlikely, 
because all AEPBr derivatives stimulated Hill reaction irrespective of their alkyl chain 
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length (Šeršeň & Devínsky, 1994). It is also unlikely that AEPBrs can act as protonophores 
because their structure excludes such effect. Thus, it is probable that AEPBr after their 
incorporation into thylakoid membranes cause changes in their organization leading to an 
increase of OER. Similar effect was observed with other surfactants (Apostolova, 1988) and 
linolenic acid (Golbeck et al., 1980) but changes in the arrangement of the membrane caused 
by structurally different surfactants need not be the same. Siegenthaler & Packer (1965) 
found that higher concentrations of decenyl and dodecenyl succinic acids inhibited 
ferredoxin-NADP photoreduction and photophosphorylation but the application of low 
concentrations increased photophosphorylation and NADP photoreducion as well. 
The arrangement of the thylakoid membranes in spinach chloroplasts was investigated by the 
spin label method, using CAT 16 as spin label. For characterization of the arrangement of 
thylakoid membranes the order parameter S was calculated from EPR spectrum of spin label 
incorporated into thylakoid membranes according to Šeršeň et al. (1989). The dependences of 
order parameter S and OER on the concentration of 1-dodecyl-1-ethylpiperidinium bromide 
(DEPBr) is shown in Fig. 7. At certain DEPBr concentrations enhancement of both parameters 
(S and OER) was observed related to control samples. This stimulating effect was observed at 
different DEPBr concentrations in OER and in EPR experiment, which was connected with 
different chlorophyll content in chloroplast suspensions used for individual experiments. 
Using DEPBr partition coefficient between chloroplast organelles and aqueous environment, 
DEPBr concentration within chloroplast organelles was calculated. In such terms, OER 
stimulation and increase of order parameter S occurred in the same concentration range (Fig. 
7B). Based on these findings it could be assumed that OER stimulation is caused by changes in 
the arrangement of thylakoid membranes. 
As mentioned above, the interaction of amphiphilic molecules, including alkyl substituted 
quaternary ammonium salts, with the hydrophobic parts of cell membranes leads to damage 
 

 
Fig. 7. The dependence of the DCPIP reduction () and the order parameter S () expressed 
as % of control sample upon concentration of 1-dodecyl-1-ethylpiperidinium bromide 
(DEPBr) in chloroplast suspension (A) and in chloroplast organelles (B). (Source: Šeršeň & 
Lacko, 1995). 
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of membrane structure (Apostolova, 1988; Devínsky et al., 1990; Balgavý & Devínsky, 1996). 
Detergent properties of surfactants enable to solubilize functional components bonded with 
the organized structures (Loach, 1980) and to form mixed micelles with them (Hermann et 
al., 1988). This can affect the key biochemical and energy yielding processes and 
subsequently cause biostatic and biocidal effects in lower organisms. 
AEPBr (alkyl = hexyl – octadecyl) applied at higher concentrations inhibited PET in spinach 
chloroplasts and reduced chlorophyll content in algal suspensions of C.vulgaris. The 
photosynthesis-inhibiting activity of these surfactants showed quasi-parabolic dependence 
upon the length of alkyl substituent (Kráľová et al., 1992e). From changes in EPR spectra of 
spinach chloroplasts treated with AEPBr P parameter was evaluated which is available as a 
measure of photosynthesis inhibition in plant chloroplasts for homologous series of 
inhibitors having the same site and mechanism of action. The value of P parameter showed 
very strong dependence on the alkyl chain length of AEPBr. While the values of P parameter 
for AEPBr with shorter alkyl chain (pentyl, hexyl, heptyl) were < 1 and for octadecyl 
derivative P = 6 was determined, the highest value of this parameter was obtained for 
tetradecyl derivative (P = 27.7). These results are in accordance with the finding related to 
PET inhibition in spinach chloroplasts determined by the use of artificial electron acceptor 
DCPIP. 
The decrease of a biological activity observed for amphiphilic compounds upon elongation 
of their hydrophobic (hydrocarbon) part is called “cut-off“ effect (Devínsky et al., 1990; 
Balgavý & Devínsky, 1996). These hydrophobic parts of surfactants interact with lipid parts 
of biological (including thylakoid) membranes. However, penetration of surfactants with 
longer alkyl through hydrophilic (aqueous) regions of biological membranes is restricted 
due to their low aqueous solubility causing lower concentration of such surfactants in the 
membrane in comparison with the concentration of surfactants with shorter alkyl chain. 
Consequently, the biological activity of long-chain surfactants decreases. It is suggested that 
the lateral expansion of the phospholipid bilayer of biological membranes caused by the 
intercalation of long-chain amphiphilic molecules between the phospholipid molecules and 
the mismatch between their hydrocarbon chain lengths results in the creation of free volume 
in the bilayer hydrophobic region. According to the free volume theory the extent of 
membrane disturbance due to surfactant incorporation depends on the size of free volume 
created under its alkyl chain which can be then filled up with chains of neighbouring lipids 
as well as on the partition coefficient of the surfactants, i.e. on the number of surfactant 
molecules in the membrane (Devínsky et al., 1990; Balgavý & Devínsky, 1996). 
From EPR spectra of AEPBr-treated chloroplasts it was evident that these compounds 
interacted with Z/D intermediate on the donor side of PS 2 and with OEC as well 
(Kráľová et al., 1992e). Due to interaction of AEPBr with OEC, Mn2+ ions were released 
into interior of thylakoid membranes, which was manifested in EPR spectra of AEPBr-
treated chloroplasts by the presence of six lines of fine structure (Fig. 4(II), C). In OEC, 
which is situated on the donor side of PS 2, four ions of manganese are bound in the 
33kDa protein (Blankenship & Sauer, 1974; Cheniae, 1980), however due to intense spin-
spin interaction of protein-bound manganese in untreated chloroplasts is the EPR signal 
of Mn2+ ions very low (Fig. 4(II), A). The amount of released manganese ions (at constant 
chlorophyll and surfactant concentration) was proportional to the inhibitory activity of 
surfactant (compare corresponding signals for hexyl (Fig. 4(II), B) and tetradecyl (Fig. 
4(II), C) derivatives). 
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Fig. 7. The dependence of the DCPIP reduction () and the order parameter S () expressed 
as % of control sample upon concentration of 1-dodecyl-1-ethylpiperidinium bromide 
(DEPBr) in chloroplast suspension (A) and in chloroplast organelles (B). (Source: Šeršeň & 
Lacko, 1995). 
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of membrane structure (Apostolova, 1988; Devínsky et al., 1990; Balgavý & Devínsky, 1996). 
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Several homologous series of cationic gemini surfactants, namely N,N´-bis(alkyldimethyl)-
1,6-hexanediammonium dibromides (HDDBr) (Kráľová & Šeršeň, 1994),  isosteric N,N´-
(alkyldimethyl)-3X-1,5-pentanediammonium dibromides (PDDBr) (Kráľová et al., 1995b) 
and 3,8-diaza-4,7-dioxodekane-1,10-diylbis(alkyldimethylammonium) bromides (DDDBr) 
(Kráľová et al., 2010)  were tested for their PET-inhibiting activity and also for inhibition of 
chlorophyll synthesis in C. vulgaris. 
For isosteric N,N´-(alkyldimethyl)-3X-1,5-pentanediammonium dibromides (PDDBr) with  
X = CH2, NCH3, O or S it was found that their critical micelle concentration did not reflect 
small differences in lipophilicity of the compounds with a very similar structure sensitively 
enough. The differences in biological activities (IC50 values related to PET inhibition in 
spinach chloroplasts and MIC values related to reduction of chlorophyll content in C. 
vulgaris) of PDDBr isosters with the same alkyl chain were very small as well, indicating that 
modification of spacer did not affect the mode of action of these gemini surfactants (Kráľová 
et al., 1995b).   
Similarly to AEPBr, the above mentioned gemini surfactants (PDDBr, HDDBr and DDDBr) 
interacted with Z/D intermediates situated on the donor side of PS 2 and with OEC as 
well. For HDDBr surfactants the highest P values (about 16.7) reached undecyl and tridecyl 
derivatives which were found to be the most effective PET inhibitors (Kráľová & Šeršeň, 
1994; Kráľová et al., 2010). The P parameter determined for dodecyl derivative of DDDBr 
was 12.4 indicating that insertion of two NHCO groups into spacer resulted in partial 
decrease of this parameter as well as in the decrease of PET inhibition (Kráľová et al., 2010).  
For ascertaining whether two CONH groups in the spacer of DDDBr could affect the 
resulting inhibitory activity of these surfactants, DCPIP photoreduction by the base       
N,N´-bis(2-dimethylaminoethyl)ethanediamide was estimated (Kráľová et al., 2010). This 
compound did not contain long alkyl chain and so its PET-inhibiting activity is connected 
only with two CONH groups in its molecule. While the determined IC50 value for this 
diamide was found to be 4.0 mmol dm-3 and the corresponding IC50 value estimated for 
nonyl derivative was only 1.74 mmol dm-3, it can be supposed that CONH groups in the 
spacer participate on the resulting inhibitory effects. Moreover, the extent of the 
contribution of amide groups to the total inhibitory effect of DDDBr surfactants with longer 
alkyl chains was much lower, which was reflected in the corresponding IC50 values of these 
surfactants (e.g. 69.7 mol dm-3 for dodecyl derivate). Using EPR spectroscopy it was found 
that the interaction of tested base with the Z and D  intermediates was much weaker than 
this of DDDBr and not even release of Mn2+ ions into thylakoid membrane was observed 
after diamide treatment. Weaker interaction was reflected also by very low value of  
P parameter (P = 2.9) obtained with tested base. These results indicate that for amphiphilic 
compounds from the group of cationic gemini surfactants it is more easy to reach the sites of 
their action in the photosynthetic apparatus (which can be situated in the regions of 
thylakoid membranes with different polarity) than for their non-polar bases. 

4. Conclusion 
Herbicidal effects of compounds having alkyl chain(s) in their molecule are caused either by 
interaction of the compound with membrane (destruction, re-arrangement, change of the 
viscosity, etc.) or by its interaction with proteins occurring in plant cells. Interaction with 
membranes is characteristic mainly for amphiphilic compounds (amine oxides, quaternary 
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ammonium salts and fatty acids) in which alkyl chains could be incorporated into 
membrane, what results in structure modification of photosynthetic proteins, which bind 
individual components of the PET chain. Due to such changes the photosynthetic electron 
transport through photosynthetic centres will be interrupted what results in the decrease of 
OER. The most effective disturbance of the membrane and thus the highest inhibitory effect 
will be exhibited by compounds with middle alkyl chain length ensuring not only 
sufficiently high free volume under alkyl chain but also high concentration of the surfactant 
in the membrane due to suitable value of surfactant partition coefficient. Moreover, it was 
found that due to interaction of amphiphilic membrane-active compounds with manganese 
cluster release of manganese ions from the oxygen evolving complex occurs and 
dysfunction of intermediates Z/D occurring at 161th position of D1 and D2 proteins 
situated on the donor side of PS 2 is manifested.  
However, herbicides can act also by direct interaction with cell proteins. Such herbicides 
have in their structure certain functional groups which can interact with some amino acid 
residues of proteins. Due to such interaction interruption of PET through photosynthetic 
centres occurs and photosynthesis is inhibited.  
Many bioactive natural and synthetic compounds with alkyl chain(s) in their molecules act 
as PS 2 herbicides. The site of their action is usually situated in QB on the reducing side of PS 
2 (e.g. sorgoleone, tenuazonic acid, N-octyl-3-nitro-2,4,6-trihydroxybenzamide) and/or in 
Z/D intermediates on the donor side of PS 2 (e.g. fatty acids, alkyl-N-phenylcarbamates, 
amphiphilic alkoxyphenylcarbamates, 2-alkylsulfanyl-4-pyridinecarbothioamides, alkyl 
substituted N-oxides and quaternary monoammonium and diammonium salts).  
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1. Introduction 
Solar energy is the initial power of photosynthesis. Plants and algae cannot proceed in the 
absence of light, and limited light conditions will limit photosynthesis. However, the 
conversion of solar energy into chemical energy is a potentially hazardous business that 
photosynthetic organisms expertly master. Whenever sunlight can actually be converted to 
chemical energy, there is minimal potential for problems. However, no leaf or algal cell can 
utilize all the light absorbed by the antenna system during exposure to full sunlight. 
Excessive light may be potentially dangerous to phototrophic organisms because it has the 
potential to be transferred to the formation of reactive oxygen species (ROS), which can 
result in cell damage (Ledford &Niyogi, 2005). It can also inhibit photosynthesis and lead to 
photooxidative destruction of the photosynthetic apparatus - photoinhibition (Demmig-
Adams &Adams, 2006; Lu &Vonshak, 1999).  It is known that photosynthesis is the basis of 
crop yield in plants and primary production in algae, and photoinhibition has an obvious 
adverse effect on photosynthesis and the accumulation of dry weight, which could lead to a 
decrease of carbon assimilation by about 10%. Thus, the ability of plants and algae to 
dissipate excessive light energy in order to resist photoinhibition, would significantly affect 
plant and alga yield and primary production.  
In the first step of the photosynthetic process, light is intercepted by a variety of light-
absorbing substances, the photosynthetic pigments. These pigments are associated with 
proteins forming light-harvesting 'antennae' that have a large optical cross-section for 
absorbing photons whose energy is efficiently transmitted to reaction centers (Dubinsky, 
1992; Emerson &Arnold, 1932; Kirk, 1994). 
The light energy absorbed by the chlorophyll of photosynthetic organisms drives 
photosynthesis and is also dissipated as heat and fluorescence. 
To avoid massive ROS accumulation, phytoplankton and plants employ a host of protective 
mechanisms (Kanervo et al., 2005; Lavaud et al., 2002) – including various alternative 
energy-dissipation pathways (Adams et al., 2006) and multiple antioxidant systems 
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1. Introduction 
Solar energy is the initial power of photosynthesis. Plants and algae cannot proceed in the 
absence of light, and limited light conditions will limit photosynthesis. However, the 
conversion of solar energy into chemical energy is a potentially hazardous business that 
photosynthetic organisms expertly master. Whenever sunlight can actually be converted to 
chemical energy, there is minimal potential for problems. However, no leaf or algal cell can 
utilize all the light absorbed by the antenna system during exposure to full sunlight. 
Excessive light may be potentially dangerous to phototrophic organisms because it has the 
potential to be transferred to the formation of reactive oxygen species (ROS), which can 
result in cell damage (Ledford &Niyogi, 2005). It can also inhibit photosynthesis and lead to 
photooxidative destruction of the photosynthetic apparatus - photoinhibition (Demmig-
Adams &Adams, 2006; Lu &Vonshak, 1999).  It is known that photosynthesis is the basis of 
crop yield in plants and primary production in algae, and photoinhibition has an obvious 
adverse effect on photosynthesis and the accumulation of dry weight, which could lead to a 
decrease of carbon assimilation by about 10%. Thus, the ability of plants and algae to 
dissipate excessive light energy in order to resist photoinhibition, would significantly affect 
plant and alga yield and primary production.  
In the first step of the photosynthetic process, light is intercepted by a variety of light-
absorbing substances, the photosynthetic pigments. These pigments are associated with 
proteins forming light-harvesting 'antennae' that have a large optical cross-section for 
absorbing photons whose energy is efficiently transmitted to reaction centers (Dubinsky, 
1992; Emerson &Arnold, 1932; Kirk, 1994). 
The light energy absorbed by the chlorophyll of photosynthetic organisms drives 
photosynthesis and is also dissipated as heat and fluorescence. 
To avoid massive ROS accumulation, phytoplankton and plants employ a host of protective 
mechanisms (Kanervo et al., 2005; Lavaud et al., 2002) – including various alternative 
energy-dissipation pathways (Adams et al., 2006) and multiple antioxidant systems 
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(Mullineaux & Rausch, 2005; Noctor & Foyer, 1998). Furthermore, both short- and long-term 
changes in positioning, stoichiometry, and/or activity of the components of photosystem 
cores and light-harvesting antennae can occur (Adir et al., 2003; Durnford et al., 2003; 
Kanervo et al., 2005; Matsubara et al., 2002).  
The focus of the present review is photoprotection by the xanthophyll cycle, whereby excess 
light energy is safely dissipated as heat rather than being transferred to oxygen and, thus, 
result in ROS production. In this key photoprotective process, potentially damaging energy 
absorbed by chlorophyll and other light harvesting pigments is dissipated by the 
carotenoids violaxanthin or diadinoxanthin via the xanthophyll cycle. 
In 1962, Yamamoto demonstrated a reversible epoxidation of hydrophilic carotenoids in 
higher plant leaves (Yamamoto et al., 1962). This class of reactions was subsequently 
demonstrated in all non-phycobilisomes containing oxygenic photoautotrophs, including 
algae.  
In 1988, Demmig-Adams showed a remarkable correlation between the de-epoxidation 
reaction and chlorophyll fluorescence quenching. Exposure to high irradiance causes the 
photosynthetic rates to drop since the harvested light energy cannot be utilized fast 
enough and has to be dissipated to avoid photodynamic damage due to the formation of 
free radicals. A significant part of this excess energy turns to heat. This process, which 
appears to be wasteful, acts as a protective mechanism (Demmig et al., 1988; Krause & 
Weis, 1991). 

2. The evolutionary inheritance of algal pigments in the oceans 
The apparatus responsible for the photochemical production of oxygen in photosynthetic 
organisms is contained within distinct organelles called plastids. Based on small subunit 
ribosomal RNA sequences, it would appear that all plastids are derived from a single 
common ancestor that was closely related to extant cyanobacteria (Bhattacharya & Medlin, 
1995; Palmer, 2003); however, early in the evolution of eukaryotic photoautotrophs, major 
schisms occurred that gave rise to two major clades, a 'green lineage' and a 'red lineage', 
from which all eukaryotic photoautotrophs descended (Delwiche, 1999) (Fig. 1). While all 
eukaryotic photoautotrophs contain chlorophyll a as a primary photosynthetic pigment, one 
group utilizes chlorophyll c and the other appropriated chlorophyll b as primary accessory 
pigments. No extant chloroplast contains all three pigments (Falkowski et al., 2004a, 2004b). 
The chlorophyll c-containing plastid lineage, which is widely distributed among at least six 
major groups (i.e., phyla or divisions) of aquatic photoautotrophs, with the exception of 
some soil-dwelling diatoms and xanthophytes, is not present in any extent terrestrial 
photoautotroph. In contrast, the chlorophyll b-containing plastid lineage is in three groups 
of eukaryotic aquatic photoautotrophs and in all terrestrial plants. Because additional 
accessory pigments (carotenoids) found in the chlorophyll c-containing group have yellow, 
red, and orange reflectance spectra (i.e., they absorb blue and green light), the ensemble of 
organisms in this group are referred to, in the vernacular, as the 'red lineage'. The 
chlorophyll b-containing group contains a much more limited set of carotenoids in the 
chloroplast, and members of this group generally have a green color. Thus, in effect, the 
ensemble of organisms responsible for primary production on land is green, while the 
ecologically dominant groups of eukaryotic photoautotrophs in the contemporary oceans 
are red. 
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Fig. 1. The evolutionary inheritance of red and green plastids in eukaryotic algae. The 
ancestral eukaryotic host cell appropriated a cyanobacterium to form a primary 
photosynthetic symbiont. Two main groups split from this primary association: one formed 
a 'green' line            and one a 'red' line              (after Falkowski, 2004b). 

One potential selection mechanism for red and green plastids is spectral irradiance. 
Compared to land plants, the majority of the phytoplankton biomass in the ocean is light-
limited for growth and photosynthesis. On land, competition for light within a canopy is 
based on total irradiance, not primarily on the spectral distribution of irradiance. On the 
average, 85-90% of total incident photosynthetically available radiation on a leaf is absorbed. 
In contrast, in the oceans, absorption of light by seawater itself is critical to the spectral 
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(Mullineaux & Rausch, 2005; Noctor & Foyer, 1998). Furthermore, both short- and long-term 
changes in positioning, stoichiometry, and/or activity of the components of photosystem 
cores and light-harvesting antennae can occur (Adir et al., 2003; Durnford et al., 2003; 
Kanervo et al., 2005; Matsubara et al., 2002).  
The focus of the present review is photoprotection by the xanthophyll cycle, whereby excess 
light energy is safely dissipated as heat rather than being transferred to oxygen and, thus, 
result in ROS production. In this key photoprotective process, potentially damaging energy 
absorbed by chlorophyll and other light harvesting pigments is dissipated by the 
carotenoids violaxanthin or diadinoxanthin via the xanthophyll cycle. 
In 1962, Yamamoto demonstrated a reversible epoxidation of hydrophilic carotenoids in 
higher plant leaves (Yamamoto et al., 1962). This class of reactions was subsequently 
demonstrated in all non-phycobilisomes containing oxygenic photoautotrophs, including 
algae.  
In 1988, Demmig-Adams showed a remarkable correlation between the de-epoxidation 
reaction and chlorophyll fluorescence quenching. Exposure to high irradiance causes the 
photosynthetic rates to drop since the harvested light energy cannot be utilized fast 
enough and has to be dissipated to avoid photodynamic damage due to the formation of 
free radicals. A significant part of this excess energy turns to heat. This process, which 
appears to be wasteful, acts as a protective mechanism (Demmig et al., 1988; Krause & 
Weis, 1991). 

2. The evolutionary inheritance of algal pigments in the oceans 
The apparatus responsible for the photochemical production of oxygen in photosynthetic 
organisms is contained within distinct organelles called plastids. Based on small subunit 
ribosomal RNA sequences, it would appear that all plastids are derived from a single 
common ancestor that was closely related to extant cyanobacteria (Bhattacharya & Medlin, 
1995; Palmer, 2003); however, early in the evolution of eukaryotic photoautotrophs, major 
schisms occurred that gave rise to two major clades, a 'green lineage' and a 'red lineage', 
from which all eukaryotic photoautotrophs descended (Delwiche, 1999) (Fig. 1). While all 
eukaryotic photoautotrophs contain chlorophyll a as a primary photosynthetic pigment, one 
group utilizes chlorophyll c and the other appropriated chlorophyll b as primary accessory 
pigments. No extant chloroplast contains all three pigments (Falkowski et al., 2004a, 2004b). 
The chlorophyll c-containing plastid lineage, which is widely distributed among at least six 
major groups (i.e., phyla or divisions) of aquatic photoautotrophs, with the exception of 
some soil-dwelling diatoms and xanthophytes, is not present in any extent terrestrial 
photoautotroph. In contrast, the chlorophyll b-containing plastid lineage is in three groups 
of eukaryotic aquatic photoautotrophs and in all terrestrial plants. Because additional 
accessory pigments (carotenoids) found in the chlorophyll c-containing group have yellow, 
red, and orange reflectance spectra (i.e., they absorb blue and green light), the ensemble of 
organisms in this group are referred to, in the vernacular, as the 'red lineage'. The 
chlorophyll b-containing group contains a much more limited set of carotenoids in the 
chloroplast, and members of this group generally have a green color. Thus, in effect, the 
ensemble of organisms responsible for primary production on land is green, while the 
ecologically dominant groups of eukaryotic photoautotrophs in the contemporary oceans 
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distribution of irradiance. The spectral irradiance is further modified by dissolved organic 
matter, sediments, and the spectral properties of the phytoplankton themselves. Hence, it is 
not surprising that phytoplankton have evolved an extensive array of accessory pigments, 
including carotenoids and chlorophylls, that permit light absorption throughout a wide 
range of the visible spectrum (Falkowski et al., 2004a; Jeffrey et al., 1997).  
The 'red' and 'green' algal lineages differ, in addition to several cellular and life-cycle 
characteristics, in the evolution of their photosynthetic pigments, hence, it is not surprising 
that they also differ in the carotenoids of which their xanthophyll cycle consists. In 
accordance with their evolutionary linkeage, no xanthophyll cycle was found in 
cyanophyceae and rhodophyceae (Fig. 2). 
From the investigation of fossil evidence regarding the evolution of the eukaryotic 
phytoplankton taxa, we can consider and develop some hypothesis that may account for the 
origin and ecological success of the red line in the oceans, while the green line maintained 
genetic hegemony on land. 
 

Prokaryota
No
XC

Rhodophyta
(Red Algae)

No
XC

Chlorophyta
(Green Algae)

V      A      Z

Chromophyta
DD DT  

Fig. 2. The three major groups split from the primary prokaryotic prototroph and secondary 
endosymbiosis. This is characteristic of their xanthophyll cycle. Green line           and 
red line  .   

3. Carotenoids in the xanthophyll cycle  
Carotenoids containing one or more oxygen atoms have a number of functions in 
photosynthetic systems. They act as: (i) accessory light-harvesting pigments, such as 
peridinin and fucoxanthin; (ii) photoprotective pigments, such as carotene and astaxanthin 
quenchers of triplet-state chlorophyll (chl); and (iii) xanthophyll cycle components, 
quenchers of singlet oxygen (O2). Studies on plastid biogenesis and in vitro reconstitution 
have also identified a key role for carotenoids in the structure/organization of the 
photosynthetic apparatus. Xanthophylls are yellow pigments from the carotenoid group. 
Some xanthophylls have further been implicated in the non-photochemical quenching of 
chlorophyll fluorescence in plants and some algae, an important photoprotective process. 
The role of xanthophylls in this process, resulting in dissipation of excess excitation energy 
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via quenching of chlorophyll fluorescence, is a feature of the interconversion of carotenoids 
due to the xanthophyll cycle. The xanthophyll cycle involves only 5 carotenoids out of many 
hundreds of carotenoids found in all phyla of algae and land plants (Tables 1, 2).  
 

Pigment Solvent Spectra Ref. 
Diadinoxanthin acetone 426, 447.5, 478 Johnsen et al. (1974) 
Diatoxanthin Acetone 429, 454, 482 Berger et al. (1977) 
Zeaxanthin acetone 425, 450, 478 Withers et al. (1981) 
Antheraxanthin ethanol 422, 444, 472 Stransky & Hager (1970) 
Violaxanthin acetone 417, 440, 470 Renstrom et al. (1981) 

Table 1. Absorbance peaks of xanthophyll-cycle pigment  

The xanthophyll cycle involves the enzymatic removal of epoxy groups from xanthophylls 
(violaxanthin, antheraxanthin, diadinoxanthin) to create so-called de-epoxidized 
xanthophylls (diatoxanthin, zeaxanthin).The interconversion of violaxanthin to zeaxanthin 
and of diadinoxanthin to diatoxanthin alters the extent of the conjugated double-bond 
system as a result of the epoxidation and de-epoxidation reactions (Figs. 3, 4). 
 

 
Fig. 3. The xanthophyll biosynthetic pathway in chromophyta algae. Under high light, 
diadinoxanthin converts to diatoxanthin reverting to diadinoxanthin under dim light or 
darkness   

In chlorophyll b-containing organisms (higher plants and green algae), the carotenoid 
pigment structures that are active in the xanthophyll cycle are: violaxanthin ((3S, 5R, 6S, 3'S, 
5'R, 6'S)-5,6;5',6'-diepoxy-5,6,5',6'-tetrahydro-l3,!3-carotene-3,3'-diol), antheraxanthin ((3S, 
5R, 6S, 3'R )-5,6-epoxy-5,6-dihydro-B,I3-carotene-3,3'-diol), and zeaxanthin ((3R, 3'R)-
l3,Rcarotene-3,3'-diol) (Fig. 4) During light stress, violaxanthin is converted to zeaxanthin 
via the intermediate antheraxanthin, which plays a direct photoprotective role acting as a 
lipid-protective antioxidant and by stimulating non-photochemical quenching within light-
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distribution of irradiance. The spectral irradiance is further modified by dissolved organic 
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not surprising that phytoplankton have evolved an extensive array of accessory pigments, 
including carotenoids and chlorophylls, that permit light absorption throughout a wide 
range of the visible spectrum (Falkowski et al., 2004a; Jeffrey et al., 1997).  
The 'red' and 'green' algal lineages differ, in addition to several cellular and life-cycle 
characteristics, in the evolution of their photosynthetic pigments, hence, it is not surprising 
that they also differ in the carotenoids of which their xanthophyll cycle consists. In 
accordance with their evolutionary linkeage, no xanthophyll cycle was found in 
cyanophyceae and rhodophyceae (Fig. 2). 
From the investigation of fossil evidence regarding the evolution of the eukaryotic 
phytoplankton taxa, we can consider and develop some hypothesis that may account for the 
origin and ecological success of the red line in the oceans, while the green line maintained 
genetic hegemony on land. 
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via quenching of chlorophyll fluorescence, is a feature of the interconversion of carotenoids 
due to the xanthophyll cycle. The xanthophyll cycle involves only 5 carotenoids out of many 
hundreds of carotenoids found in all phyla of algae and land plants (Tables 1, 2).  
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harvesting proteins. This conversion of violaxanthin to zeaxanthin is done by the enzyme 
violaxanthin de-epoxidase, while the reverse reaction is performed by zeaxanthin epoxidase. 
In chlorophyll c-containing organisms (some algae groups), the xanthophyll cycle consists of 
the pigment diadinoxanthin ((3S,5R, 6S,3 'R)-5,6-epoxy-7',8'-didehydro-5,6-dihydroS,R-
carotene-3,3'-diaonld), which is transformed into diatoxanthin ((3R, 3'R)-7,8- didehydro-
l3,l3-carotene-3,3'-diol)) (Fig. 3). Some of chlorophyll c algae groups use both cycles (Lohr & 
Wilhelm, 2001). 
The implications of this are: (i) the extent of the conjugated system in carotenoids affects 
both the energies and lifetimes of their excited states, from 9 to 11 C-C double bonds in 
violaxanthin and zeaxanthin, respectively; (ii) for carotenoids in which the end-groups are 
in conjugation with the main polyene chain, a coplanar conformation is energetically 
favored. In zeaxanthin, steric hindrance prevents it from being fully coplanar and a near-
planar conformation is adopted. In contrast, in carotenoids such as violaxanthin, in which 
the conjugation is removed (by the presence of epoxide groups in the C5,6 position) the end-
group occupies a perpendicular position relative to the main chain. Such conformational 
changes in the carotenoid molecule may, in turn, affect the organization of the light-
harvesting complex (LHC). 

4. Operation and characteristics of the xanthophyll cycle  
The xanthophyll cycle is one of the main processes regulating excessive photon flux in the 
light-harvesting complexes of photosystems since it is responsible for most of the non-
photochemical quenching of chlorophyll fluorescence (NPQ) (Demmig-Adams & Adams, 
2006; Goss & Jakob, 2010; Lavaud, 2007).     
This photoprotective cycle in its generally recognized form occurs in most eukaryotic 
algae and in higher plants. While much work has been carried out on higher plants and 
green algae such as Chlamydomonas (Baroli & Melis, 1996; Demmig-Adams & Adams, 
1993), much less has been carried out on the other algal taxa. In microalgae, two main 
groups can be distinguished with regard to pigments involved in the xanthophyll cycle. 
The first group is characterized by the two-step de-epoxidation of violaxanthin into 
zeaxanthin via antheraxanthin at high light, which is reversed in the dark (Fig. 3). One 
molecule of oxygen is released (de-epoxidation) or taken up (epoxidation) for a complete 
transition. A truncated vilaxanthin-to-antheraxanthin version also occurs in some 
primitive green algae. The second group exhibits a simpler conversion, with the single 
step de-epoxidation of diadinoxanthin to diatoxanthin (Fig. 4). Many specificities of the 
diadinoxanthin cycle relative to the violaxanthin (Goss & Jakob, 2010; Wilhelm et al., 
2006) might explain the rapid and effective synthesis of diadinoxanthin in large amounts 
(Lavaud et al., 2004; Lavaud et al., 2002). Lohr and Wilhelm (Lohr & Wilhelm, 1999) 
showed that some algae display the diadinoxanthin type of xanthophyll cycle, as well as 
features of the violaxanthin-based cycle.  
In other groups of phytoplankton, there is no (cyanobacteria) or a questionable (red algae) 
xanthophyll cycle (Goss & Jakob, 2010) but the involvement of various de-epoxidized forms 
of xanthophylls (including zeaxanthin) in NPQ (Table 3) occurs by reaction center (RC) 
down-regulation (Kirilovsky, 2007; Stransky & Hager, 1970).  
In general, as light intensity increases, the level of violaxanthin/diadinoxanthin decreases, 
reaching a steady state and, conversely, the level of zeaxanthin/diatoxanthin increases to 
asymptote (Demmig-Adams & Adams, 1993; Yamamoto, 1979). 
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favored. In zeaxanthin, steric hindrance prevents it from being fully coplanar and a near-
planar conformation is adopted. In contrast, in carotenoids such as violaxanthin, in which 
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1993), much less has been carried out on the other algal taxa. In microalgae, two main 
groups can be distinguished with regard to pigments involved in the xanthophyll cycle. 
The first group is characterized by the two-step de-epoxidation of violaxanthin into 
zeaxanthin via antheraxanthin at high light, which is reversed in the dark (Fig. 3). One 
molecule of oxygen is released (de-epoxidation) or taken up (epoxidation) for a complete 
transition. A truncated vilaxanthin-to-antheraxanthin version also occurs in some 
primitive green algae. The second group exhibits a simpler conversion, with the single 
step de-epoxidation of diadinoxanthin to diatoxanthin (Fig. 4). Many specificities of the 
diadinoxanthin cycle relative to the violaxanthin (Goss & Jakob, 2010; Wilhelm et al., 
2006) might explain the rapid and effective synthesis of diadinoxanthin in large amounts 
(Lavaud et al., 2004; Lavaud et al., 2002). Lohr and Wilhelm (Lohr & Wilhelm, 1999) 
showed that some algae display the diadinoxanthin type of xanthophyll cycle, as well as 
features of the violaxanthin-based cycle.  
In other groups of phytoplankton, there is no (cyanobacteria) or a questionable (red algae) 
xanthophyll cycle (Goss & Jakob, 2010) but the involvement of various de-epoxidized forms 
of xanthophylls (including zeaxanthin) in NPQ (Table 3) occurs by reaction center (RC) 
down-regulation (Kirilovsky, 2007; Stransky & Hager, 1970).  
In general, as light intensity increases, the level of violaxanthin/diadinoxanthin decreases, 
reaching a steady state and, conversely, the level of zeaxanthin/diatoxanthin increases to 
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Prasinoxanthin      +        
Pyrrhoxanthin          +    

Biliproteins 
Allophycocyanin +  +           

Phycocyanin +  + +          
Phycoerythrin +  + +          

Table 2. Distribution of major and taxonomically significant pigments in algal 
divisions/classes 

 
Group 3 Group 2 Group 1 
Diadinoxanthin 
Diatoxanthin 

Zeaxanthin 
Violaxanthin 

Zeaxanthin 
No xanthophyll cycle

Diatoms 
Chrysophyceae 
Xanthophycea 
Chloromonads 
Dinoflagellates 
Euglenophyceae

Phacophyceae 
Chlorophyceae 
Chrysophyceae
Xanthophyceae
Mosses 
Ferns 
Gymnosperms 
Angiosperms 

Cyanobacteria  
Rodophyceae 
Cryptophyceae ? 
Glaueystophyceae 

Table 3. The three groups of algal phyla according to their xanthophylls. Group 1 does not 
show a reversible epoxidation reaction. 

The photoprotective NPQ process takes place in the light-harvesting complex of PSII. When 
irradiance exceeds the photosynthetic capacity of the cell, NPQ dissipates part of the 
excessively absorbed light energy, thus decreasing the excitation pressure on PSII (Li et al., 
2009). NPQ is composed of three components – qE, qT, and qI, whose respective importance 
varies among photosynthetic lineages, qE being essential for most of them. qE is the energy-
dependent quenching that is regulated by the build-up of a transthylakoid ΔpH and the 
operation of the xanthophyll cycle. The qT refers to the part of the quenching resulting from 
state transitions, while qI is due to photoinhibition. qT is relevant in phycobilisome-
containing organisms (cyanobacteria and red algae) and green microalgae, but it is not really 
significant in high light (Ruban & Johnson, 2009). The origin of qI is not clearly defined 
except for some higher plants, and it requires special conditions (Demmig-Adams & Adams, 
2006). Although the relationship between qE and the accumulation of de-epoxidized 
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xanthophylls has been reported in many algal groups (Lavaud et al., 2007), there is still no 
clear picture of the functioning of qE in microalgae, although models have been proposed 
(Goss & Jakob, 2010; Lavaud, 2007), with the exception of Chlamydomonas (Peers et al., 2009). 
Regarding cyanobacteria and red algae, although there is a qE quenching that is supported 
by the presence of xanthophylls and a ΔpH, the composition and organization of the 
antenna obviously support another type of qE mechanism (Bailey & Grossman, 2008; 
Kirilovsky, 2007). Nevertheless, qE in cyanobacteria is not as powerful as in other 
phytoplankton taxa (Lavaud, 2007), possibly because of the lack of a finely regulated 
xanthophyll cycle. When necessary, cyanobacteria favor other photoprotective processes 
such as qT (described above) and the rapid repair of the D1 protein of the PS II reaction 
center (Six et al., 2007; Wilson et al., 2006).  
The influence of the size and shape of cells on the capacity for regulation of photosynthesis 
and, in particular, via the xanthophyll-cycle operation, merits more attention (Key et al., 
2010). Cell size could significantly affect xanthophyll-cycle functioning (Dimier et al., 2007b, 
2009b; Lavaud et al., 2004). Indeed, physiological acclimation to light changes is a costly 
process. Cell size determines the structure of the PS II antenna and, therefore, pigment 
content, which constrains the use of the light resource, hence limiting the energy available 
for physiological responses to light fluctuations (Key et al., 2010; Litchman & Klausmeier, 
2008; Raven & Kübler, 2002) . The influence of cell size/shape on metabolism, coupled with 
the metabolic theory of ecology (Brown et al., 2004) applied to the fast regulation of 
photosynthesis versus light, would bring interesting insights for studying photoadaptative 
strategies versus niche properties in microalgae. This would provide a background to 
understand how the environmental conditions affect photoregulatory capacity and 
efficiency and what their impact is on cell metabolism. Picoeukaryotes turned out to be 
interesting models to further explore this hypothesis (Dimier et al., 2007a, 2009a; Six et al., 
2008, 2009). Dimier (2009a) suggested that the energy cost of enhanced photoregulation due 
to high-light fluctuation could be responsible for the decrease of growth rate in the shade-
adapted picoeukaryote Pelagomonas. Additionally, in situ studies showed, in agreement with 
laboratory experiments, that picoeukaryotes have high plasticity of PS II photoregulatory 
responses. This is probably related to the fact that the main limiting resource for these 
organisms is light (Timmermans et al., 2005), since nutrient availability does not seem to 
significantly determine their rate of primary productivity.  
Recently, a specific role for the chlorophyll-binding, 22 kDa protein, psbS, has been shown 
(Goss & Jakob, 2010). This protein might be located in an intermediate position between 
LHCII and the inner antenna of RCII (Nield et al., 2000). The evidence suggests that energy-
dependent quenching qE (which is defined as that component of the total non-
photochemical quenching qN' directly attributable to the energization of the thylakoid 
membrane and, therefore, the rapidly entrained composition of qN) occurs when: i) there is 
ΔpH across the thylakoid membrane; and ii) zeaxanthin/diadinoxanthin is at high 
concentration (and violaxanthin/diadinoxanthin at low concentration) as a result of de-
epoxidation of violaxanthin/diatoxanthin. Horton and Ruban (1994) suggested that there is 
a pocket extending from the intrathylakoid lumen into the membrane, by which low pH in 
the thylakoid lumen can influence a critical site in the thylakoid membrane. Since psbS is 
essential for qE to occur, it may be the protein which senses the low pH and binds 
zeaxanthin or it may play a crucial structural role in energy transfer/dissipation (Li et al., 
2000; Raven & Beardall, 2003).   
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significant in high light (Ruban & Johnson, 2009). The origin of qI is not clearly defined 
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xanthophylls has been reported in many algal groups (Lavaud et al., 2007), there is still no 
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Regarding cyanobacteria and red algae, although there is a qE quenching that is supported 
by the presence of xanthophylls and a ΔpH, the composition and organization of the 
antenna obviously support another type of qE mechanism (Bailey & Grossman, 2008; 
Kirilovsky, 2007). Nevertheless, qE in cyanobacteria is not as powerful as in other 
phytoplankton taxa (Lavaud, 2007), possibly because of the lack of a finely regulated 
xanthophyll cycle. When necessary, cyanobacteria favor other photoprotective processes 
such as qT (described above) and the rapid repair of the D1 protein of the PS II reaction 
center (Six et al., 2007; Wilson et al., 2006).  
The influence of the size and shape of cells on the capacity for regulation of photosynthesis 
and, in particular, via the xanthophyll-cycle operation, merits more attention (Key et al., 
2010). Cell size could significantly affect xanthophyll-cycle functioning (Dimier et al., 2007b, 
2009b; Lavaud et al., 2004). Indeed, physiological acclimation to light changes is a costly 
process. Cell size determines the structure of the PS II antenna and, therefore, pigment 
content, which constrains the use of the light resource, hence limiting the energy available 
for physiological responses to light fluctuations (Key et al., 2010; Litchman & Klausmeier, 
2008; Raven & Kübler, 2002) . The influence of cell size/shape on metabolism, coupled with 
the metabolic theory of ecology (Brown et al., 2004) applied to the fast regulation of 
photosynthesis versus light, would bring interesting insights for studying photoadaptative 
strategies versus niche properties in microalgae. This would provide a background to 
understand how the environmental conditions affect photoregulatory capacity and 
efficiency and what their impact is on cell metabolism. Picoeukaryotes turned out to be 
interesting models to further explore this hypothesis (Dimier et al., 2007a, 2009a; Six et al., 
2008, 2009). Dimier (2009a) suggested that the energy cost of enhanced photoregulation due 
to high-light fluctuation could be responsible for the decrease of growth rate in the shade-
adapted picoeukaryote Pelagomonas. Additionally, in situ studies showed, in agreement with 
laboratory experiments, that picoeukaryotes have high plasticity of PS II photoregulatory 
responses. This is probably related to the fact that the main limiting resource for these 
organisms is light (Timmermans et al., 2005), since nutrient availability does not seem to 
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Recently, a specific role for the chlorophyll-binding, 22 kDa protein, psbS, has been shown 
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dependent quenching qE (which is defined as that component of the total non-
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membrane and, therefore, the rapidly entrained composition of qN) occurs when: i) there is 
ΔpH across the thylakoid membrane; and ii) zeaxanthin/diadinoxanthin is at high 
concentration (and violaxanthin/diadinoxanthin at low concentration) as a result of de-
epoxidation of violaxanthin/diatoxanthin. Horton and Ruban (1994) suggested that there is 
a pocket extending from the intrathylakoid lumen into the membrane, by which low pH in 
the thylakoid lumen can influence a critical site in the thylakoid membrane. Since psbS is 
essential for qE to occur, it may be the protein which senses the low pH and binds 
zeaxanthin or it may play a crucial structural role in energy transfer/dissipation (Li et al., 
2000; Raven & Beardall, 2003).   
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Fig. 4. The xanthophyll biosynthetic pathway in green algae and plants. When exposed to 
high light, violaxanthin converts to zeaxanthin, turning back into violaxanthin under low 
light or darkness 

5. Xanthophyll cycle in higher plants and algae 
Photosynthetic organisms have developed strategies to optimize light harvesting at low 
intensities while minimizing photoinhibitory damage due to excess energy at high-light 
intensity. They regulate the quantity and composition of the light-harvesting complexes 
(LHCs) and a number of other components of their photosynthetic machinery (Anderson et 
al., 1995; Falkowski & LaRoche, 1991). On shorter time scales, they react to an imbalance 
between light intensity and photosynthetic capacity (e.g., due to a change in light intensity, 
temperature, or nutrient supply) by rapid structural modification within the LHC of PSII 
(Bassi & Caffarri, 2000; Horton et al., 1996). These modifications lead to a decrease in NPQ. 
The partitioning of absorbed energy between transfer to the reaction center and 
photoprotective non-radiative dissipation is controlled by the trans-thylakoid pH gradient 
(Müller et al., 2001) and by the xanthophyll cycle. The molecular mechanisms of 
photoprotection have been mostly studied in higher plants (Demmig-Adams & Adams, 
2006).  
In comparison to higher plants, phytoplankton are well known to flourish in turbulent 
waters (Harris, 1986), where the amount of light available to phytoplankton unicellular 
organisms is highly unpredictable. The deep vertical mixing continuously sweeps them up 
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and down, exposing the cell to very large short-term changes in light intensity on a time 
scale of minutes to hours. Higher plants, even though they are attached to the ground, are 
also exposed to light fluctuations due to a flicker effect caused by leaf movement in forests 
(Leakey et al., 2002, 2005).   
The organization of the photosynthetic apparatus in diatoms differs in many respects from 
that of green algae and higher plants. The thylakoid membranes are loosely appressed and 
organized in extended layers of three without grana stacking, and the PSI and PSII are not 
segregated in different domains. The LHCs, which contain Chl a, Chl b, fucoxanthin, and the 
xanthophyll-cycle pigment diadinoxanthin, are equally distributed among appressed and 
nonappressed regions (Pyszniak & Gibbs, 1992) and there is no evidence of any state 1 to 
state 2 transitions (Owens, 1986). The xanthophyll concentration relative to chl can be two to 
four times more than in a higher plant. 
The LHC subunits are made of several highly homologous proteins encoded by a multigene 
family (Bhaya & Grossman, 1993). The CP26 and CP29 subunits present in higher plants are 
not found in diatoms (Müller et al., 2001). When the cells are suddenly exposed to high-light 
intensity, an NPQ is rapidly developed. NPQ is associated with a xanthophyll cycle, the 
diadinoxanthin cycle, which differs from that of higher plants. The diadinoxanthin cycle 
converts the mono-epoxide carotenoid diadinoxanthin into the de-epoxide form 
diatoxanthin under high light, and diatoxanthin back into diadinoxanthin under low light or 
darkness (Arsalane et al., 1994).  
In a diatom, the diadinoxanthin content can be modulated by the light regime to which 
culture is exposed (Willemoes & Monas, 1991). In higher plants, the xanthophyll cycle 
converts zeaxanthin through asteroxanthin to violaxanthin. 
The microalgal xanthophyll-cycle activity shows striking peculiarities with respect to higher 
plants. This includes a high degree of variation in that cycle's regulation among the different 
taxa/species (Goss & Jakob, 2010; Lavaud et al., 2004; van de Poll et al., 2010), together with 
the growth phase (Arsalane et al., 1994; Dimier et al., 2009b; Lavaud et al., 2002, 2003;), the 
nutrient state (Staehr et al., 2002; Van de Poll et al., 2005), and the light history with both 
visible and UV radiation (Laurion & Roy, 2009; Lavaud, 2007; van de Poll & Buma, 2009). 
Also, recent reports demonstrated how xanthophyll-cycle activity and efficiency might be 
influenced by niche adaptation, and vice versa, in both pelagic (Dimier et al., 2007b, 2009a; 
Lavaud et al., 2004, 2007; Meyer et al., 2000) and benthic {Serodio, 2005 #3081;van Leeuwe, 
2008 #3082} species, and how this could influence species succession {Meyer, 2000 
#3080;Serodio, 2005 #3081;van Leeuwe, 2008 #3082}. This functional trait is part of the 
overall adaptive photophysiological properties of PS II, as shown for the diatoms (Wagner 
et al., 2006; Wilhelm et al., 2006). It highlights the narrow functional relationship between 
the niche adaptation and the capacity for photo-regulation/-acclimation, thus elucidating 
that the fast regulation of photosynthesis might be a crucial functional trait for microalgal 
ecology. In this respect, diatoms are currently the most studied group, probably because 
they appear to be the best xanthophyll cycle/NPQ performers among microalgae (Lavaud, 
2007). Nevertheless, diatoms show a large interspecies xanthophyll cycle/NPQ diversity 
(Dimier et al., 2007b; Lavaud et al., 2004, 2007), which might take its source in the special 
evolution of this group (Armbrust, 2009), leading to its successful adaptation to all aquatic 
habitats driven by a change from a benthic to a pelagic way of life (Kooistra et al., 2007).The 
decrease in accessory-pigment diversity in diatoms compared with other microalgal groups 
would especially be an advantage for an opportunistic strategy (Dimier et al., 2009b) that 
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and down, exposing the cell to very large short-term changes in light intensity on a time 
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they appear to be the best xanthophyll cycle/NPQ performers among microalgae (Lavaud, 
2007). Nevertheless, diatoms show a large interspecies xanthophyll cycle/NPQ diversity 
(Dimier et al., 2007b; Lavaud et al., 2004, 2007), which might take its source in the special 
evolution of this group (Armbrust, 2009), leading to its successful adaptation to all aquatic 
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might be related to the high plasticity of their PS II antenna function, including the 
xanthophyll cycle (Lavaud, 2007).  

6. PSII protection by NPQ against photoinhibition  
In higher plants and algae, the capacity for photosynthesis tends to saturate at high light 
intensities while the absorption of light remains linear. Therefore, the potential exists for the 
absorption of excess light energy by photosynthetic light-harvesting systems. This excess 
excitation energy leads to an increase in the lifetime of singlet excited chlorophyll, 
increasing the chances of the formation of long-lived chlorophyll triplet states by inter-
system crossing. Triplet chlorophyll is a potent photosensitizer of molecular oxygen forming 
singlet oxygen, which can cause oxidative damage to the pigments, lipids, and proteins of 
the photosynthetic thylakoid membrane. One photoprotective mechanism that exists to 
counter this problem is the so-called non-photochemical quenching of chlorophyll 
fluorescence (NPQ), which relies upon the conversion and dissipation of the excess 
excitation energy into heat (Fig. 5). Excitation energy is, thereby, diverted away from the 
photosynthetic reaction centers and is no longer available for photochemistry. Although this 
increase in the rate of radiationless dissipation is associated with a reduction in the 

 
Fig. 5. The paths of energy dissipation and the use of harvested light energy in phototrophs. 
The  symbol represents the different optical and functional cross sections of photosynthesis 
(for definitions, see Dubinsky (1980, 1992). Light energy diverted by the xanthophyll cycle is 
dissipated as heat, also included in the term NPQ. 
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efficiency of photosynthesis at low light, this disadvantage is most likely outweighed by the 
benefits of preventing the accumulation of excess excitation energy at high light, whereby 
damage to the reaction centers is avoided. In higher plants, the quenching could be as high 
as 80% and was induced by exposure to high irradiance (Demmig et al., 1988), and from one 
half to nearly all of the absorbed energy in algae. NPQ involves conformational changes 
within the light-harvesting proteins of photosystem II that bring about a change in pigment 
interactions, causing the formation of energy traps. The conformational changes are 
stimulated by a combination of transmembrane proton gradient, the PsbS subunit of 
photosystem II, and the enzymatic conversion of the carotenoid  violaxanthin to zeaxanthin 
or diadinoxanthin to diatoxanthin (the xanthophyll cycle). 
 

 
Fig. 6. Four routes of excitation energy in photosystem II light–collecting antennae. After 
moving chlorophyll electron by light to the (singlet) excited state, this energy can be used 
either for photochemistry or, alternatively, be dissipated thermally (as heat) in a process 
facilitated by xanthophylls (via the xanthophyll cycle), an acidic thylakoid, and the PsbS 
protein. A very small fraction of excitation energy is re-emitted as chlorophyll fluorescence, 
and can be used to monitor the excitation energy. If excited singlet chlorophyll were allowed 
to accumulate transiently, energy could also be transformed to oxygen, forming destructive 
singlet excited oxygen (after Demmig-Adams (2003)). 

The xanthophyll cycle allows the fine tuning of the photosynthetic apparatus to ambient 
light by switching between two or three states of pigment couples constituting the 
xanthophyll cycle. When exposed to low light, most of its energy is used in the 
photochemical photolysis of water and the subsequent reduction of CO2 to high-energy 
photosynthate. Under high light, the xanthophyll-cycle pigments undergo epoxidation and 
now divert light energy to harmless heat rather than damaging excess light (Adams et al., 
1999; Demmig-Adams, 1998).  
The NPQ mechanism depends on the size of the diadinoxanthin pool and can reach much 
larger values in algae than in higher plants (Lavaud et al., 2002; Li et al., 2002). NPQ and 
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efficiency of photosynthesis at low light, this disadvantage is most likely outweighed by the 
benefits of preventing the accumulation of excess excitation energy at high light, whereby 
damage to the reaction centers is avoided. In higher plants, the quenching could be as high 
as 80% and was induced by exposure to high irradiance (Demmig et al., 1988), and from one 
half to nearly all of the absorbed energy in algae. NPQ involves conformational changes 
within the light-harvesting proteins of photosystem II that bring about a change in pigment 
interactions, causing the formation of energy traps. The conformational changes are 
stimulated by a combination of transmembrane proton gradient, the PsbS subunit of 
photosystem II, and the enzymatic conversion of the carotenoid  violaxanthin to zeaxanthin 
or diadinoxanthin to diatoxanthin (the xanthophyll cycle). 
 

 
Fig. 6. Four routes of excitation energy in photosystem II light–collecting antennae. After 
moving chlorophyll electron by light to the (singlet) excited state, this energy can be used 
either for photochemistry or, alternatively, be dissipated thermally (as heat) in a process 
facilitated by xanthophylls (via the xanthophyll cycle), an acidic thylakoid, and the PsbS 
protein. A very small fraction of excitation energy is re-emitted as chlorophyll fluorescence, 
and can be used to monitor the excitation energy. If excited singlet chlorophyll were allowed 
to accumulate transiently, energy could also be transformed to oxygen, forming destructive 
singlet excited oxygen (after Demmig-Adams (2003)). 

The xanthophyll cycle allows the fine tuning of the photosynthetic apparatus to ambient 
light by switching between two or three states of pigment couples constituting the 
xanthophyll cycle. When exposed to low light, most of its energy is used in the 
photochemical photolysis of water and the subsequent reduction of CO2 to high-energy 
photosynthate. Under high light, the xanthophyll-cycle pigments undergo epoxidation and 
now divert light energy to harmless heat rather than damaging excess light (Adams et al., 
1999; Demmig-Adams, 1998).  
The NPQ mechanism depends on the size of the diadinoxanthin pool and can reach much 
larger values in algae than in higher plants (Lavaud et al., 2002; Li et al., 2002). NPQ and 
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diatoxanthin are directly linearly related and if diatoxanthin is not present, NPQ cannot be 
formed. A fast diadinoxanthin de-epoxidation and concomitant formation of NPQ occurs 
within seconds (Lavaud et al., 2004). A linear relationship between zeaxanthin formation 
and NPQ has also been frequently observed in higher plants (Demmig-Adams & Adams, 
1996). On the other hand, a number of reports show poor correlation between the light-
induced zeaxanthin accumulation and the quenching of variable chlorophyll fluorescence in 
higher plants (Lichtenthaler et al., 1992; Schindler & Lichtenthaler, 1994; Schindler & 
Lichtenthaler, 1996), as well as in green algae (Masojidek et al., 1999). Poor correlation has 
been also found in green algae Dunaliella, which has similar light-harvesting and 
xanthophyll-cycle pigments to that of higher plants (Casper-Lindley & Bjorkman, 1998).  

7. The biophysical mechanism of NPQ 
There is a lack of knowledge concerning the exact nature and organization of light-
harvesting complex containing fucoxanthin (LHCF) subunits in diatoms, and especially the 
location of diadinoxanthin and diatoxanthin in the antenna complex. In diatoms, the size of 
the diadinoxanthin pool increases under intermittent light and a larger fraction of the pool is 
susceptible to de-epoxidation (diatoxanthin). The diatoxanthin molecules produced under 
high light were shown to enhance the dissipation of excess energy and were, therefore, 
likely to be bound to the antenna subunits responsible for the NPQ. One hypothesis about 
diadinoxanthin enrichment under intermittent light is pigment-pigment 'replacement'. 
Under such conditions, the LHCF subunit would bind two diadinoxanthin molecules at the 
same time in continuous light. This is supported by the observation that the diadinoxanthin 
enrichment is correlated with a stoichiometrically parallel decrease in fucoxanthin content 
(Lavaud et al., 2003). In higher plants, the possibility that a given site of a LHC protein can 
bind different xanthophylls has been demonstrated.  
The existence of LHCF subunits with different pigment content is very likely. Since, in 
parallel to the increase in diadinoxanthin content, Chl c decreases to the same extent as 
fucoxanthin, some subunits could be specifically rich in diadinoxanthin while others could 
mainly bind fucoxanthin and Chl c (Lavaud et al., 2003). 
Under excess light, a higher degree of de-epoxidation occurs in diadinoxanthin- enriched 
cells. To be de-epoxidized, xanthophylls have to be accessible to the de-epoxidase localized 
in the lipid matrix. The fraction of diadinoxanthin that can be transformed to diatoxanthin is 
thus likely located at the periphery of pigment-protein complexes. 
The exact biophysical mechanism by which fluorescence is quenched via the xanthophyll 
cycle is unclear. One possibility is that physical aggregation of chlorophyll molecules 
induced by the de-epoxidation of the xanthophylls leads to a reduction in the optical 
absorption cross section (i.e., a*) of the entire antenna system, and associated quenching of 
the fluorescence (Horton et al., 1996). The quenching mechanism in this scenario is unclear, 
however, if this scenario is valid, it should lead to change in both the optical and effective 
cross sections. An alternative hypothesis is based on direct competition for excitation energy 
within the LHC between the reaction center and the xanthophylls, upon de-epoxidation 
from a singlet state that can be populated with excitations emanating from the lowest singlet 
excited state of chlorophyll a (Frank & Cogdell, 1996; Owens, 1994). In effect, this hypothesis 
suggests that xanthophylls become reversibly activated quenchers within the pigment bed. 
Upon activation, they increase the probability that absorbed photons will be dissipated as 
heat through nonradioactive energy transfer to carotenoids. The process should lead to a 
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change in the effective cross section of one or both reaction centers (depending upon which 
antenna system the xanthophyll cycle is associated with), but not a change in the optical 
absorption cross section (Falkowski & Chen, 2003). 

8. Microalgal response to variable light environments 
Phytoplankton species must cope with a highly variable environment that continuously 
requires energy for maintenance of photosynthetic productivity and growth. This is relevant 
in such aquatic ecosystems in which biodiversity is high and competition for resources is 
strong. Indeed, in a few cubic millimeters of water, many phytoplankton species can grow 
together, sharing and competing for the same energy resources, especially light and 
nutrients (Liess et al., 2009). To be competitive, phytoplankton must be able to respond 
quickly to any kind of changes occurring in their habitat. The main abiotic driving forces are 
temperature, nutrients, and light, the latter showing the highest variations in amplitude and 
frequency (Dubinsky & Schofield, 2010; MacIntyre et al., 2000; Raven & Geider, 2003). 
Hence, the response of phytoplankton might be supported by at least one irradiance-
dependent physiological process that must be fast, flexible, and efficient (Dubinsky & 
Schofield, 2010; Li et al., 2009). Huisman et al. (2001) proposed that the diversity of life 
history and physiological abilities might promote the high biodiversity of phytoplankton. It 
has been proposed that the variability of physiological responses to light fluctuations would 
allow competitive exclusion and thus the spatial co-existence and/or the temporal 
succession of a multitude of species in both pelagic (Dimier et al., 2007b, 2009b; Lavaud et 
al., 2007) and benthic {van Leeuwe, 2008 #3082} ecosystems. Indeed, growth rate responds to 
fluctuating light in different ways as a function of groups/species of phytoplankton (Flöder 
et al., 2002; Litchman, 2000; Mitrovic et al., 2003; Wagner et al., 2006) and of the 
photoacclimation ability and light history of the cells (Laurion & Roy, 2009; Litchman & 
Klausmeier, 2001; van de Poll et al., 2007; van Leeuwe et al., 2005; Wagner et al., 2006). The 
photoresponse ultimately leading to a change in growth rate is thus a matter of both 
genomic plasticity and time scale (Dubinsky & Schofield, 2010; Grobbelaar, 2006). In the 
short term (a few seconds/minutes), the light fluctuations are mainly due to cloud 
movement, surface sunflecks, ripples on water surface, and vertical mixing generating 
unpredictable changes. These fluctuations, and especially their extremes (darkness and 
excess light), are generated  by a lensing effect that simultaneously focuses and diffuses 
sunlight in the upper few meters of the water column, producing a constantly moving 
pattern of interspersed light and shadows on the substrate (Fig. 6). Due to the lensing effect, 
light intensity in shallow water environments sometimes reaches more than 9,000 μmol 
quanta m-2 s-1, corresponding to 300-500% of the surface light intensity. For review of the 
"flicker effect" see Alexandrovich et al. (this volume). 
These fluctuations in light can be harmful for the photosynthetic productivity of microalgae 
by promoting an imbalance between the harvesting of light energy and its use for 
photochemical processes and carbon fixation (Dubinsky & Schofield, 2010; Long et al., 1994; 
Raven & Geider, 2003). In order to regulate photosynthesis versus rapid light fluctuations, 
phytoplankton have evolved a number of physiological photoprotective mechanisms such 
as the photosystem II (PS II) and PS I electron cycles, the state-transitions, the fast repair of 
the D1 protein of the PS II reaction center, and the scavenging of reactive oxygen species 
(see (Falkowski & Raven, 1997; Lavaud, 2007; Ruban & Johnson, 2009)). Among these 
processes, the xanthophyll cycle and the dependent thermal dissipation of the excess light 
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diatoxanthin are directly linearly related and if diatoxanthin is not present, NPQ cannot be 
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Lichtenthaler, 1996), as well as in green algae (Masojidek et al., 1999). Poor correlation has 
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xanthophyll-cycle pigments to that of higher plants (Casper-Lindley & Bjorkman, 1998).  
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the diadinoxanthin pool increases under intermittent light and a larger fraction of the pool is 
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high light were shown to enhance the dissipation of excess energy and were, therefore, 
likely to be bound to the antenna subunits responsible for the NPQ. One hypothesis about 
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Under such conditions, the LHCF subunit would bind two diadinoxanthin molecules at the 
same time in continuous light. This is supported by the observation that the diadinoxanthin 
enrichment is correlated with a stoichiometrically parallel decrease in fucoxanthin content 
(Lavaud et al., 2003). In higher plants, the possibility that a given site of a LHC protein can 
bind different xanthophylls has been demonstrated.  
The existence of LHCF subunits with different pigment content is very likely. Since, in 
parallel to the increase in diadinoxanthin content, Chl c decreases to the same extent as 
fucoxanthin, some subunits could be specifically rich in diadinoxanthin while others could 
mainly bind fucoxanthin and Chl c (Lavaud et al., 2003). 
Under excess light, a higher degree of de-epoxidation occurs in diadinoxanthin- enriched 
cells. To be de-epoxidized, xanthophylls have to be accessible to the de-epoxidase localized 
in the lipid matrix. The fraction of diadinoxanthin that can be transformed to diatoxanthin is 
thus likely located at the periphery of pigment-protein complexes. 
The exact biophysical mechanism by which fluorescence is quenched via the xanthophyll 
cycle is unclear. One possibility is that physical aggregation of chlorophyll molecules 
induced by the de-epoxidation of the xanthophylls leads to a reduction in the optical 
absorption cross section (i.e., a*) of the entire antenna system, and associated quenching of 
the fluorescence (Horton et al., 1996). The quenching mechanism in this scenario is unclear, 
however, if this scenario is valid, it should lead to change in both the optical and effective 
cross sections. An alternative hypothesis is based on direct competition for excitation energy 
within the LHC between the reaction center and the xanthophylls, upon de-epoxidation 
from a singlet state that can be populated with excitations emanating from the lowest singlet 
excited state of chlorophyll a (Frank & Cogdell, 1996; Owens, 1994). In effect, this hypothesis 
suggests that xanthophylls become reversibly activated quenchers within the pigment bed. 
Upon activation, they increase the probability that absorbed photons will be dissipated as 
heat through nonradioactive energy transfer to carotenoids. The process should lead to a 
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change in the effective cross section of one or both reaction centers (depending upon which 
antenna system the xanthophyll cycle is associated with), but not a change in the optical 
absorption cross section (Falkowski & Chen, 2003). 

8. Microalgal response to variable light environments 
Phytoplankton species must cope with a highly variable environment that continuously 
requires energy for maintenance of photosynthetic productivity and growth. This is relevant 
in such aquatic ecosystems in which biodiversity is high and competition for resources is 
strong. Indeed, in a few cubic millimeters of water, many phytoplankton species can grow 
together, sharing and competing for the same energy resources, especially light and 
nutrients (Liess et al., 2009). To be competitive, phytoplankton must be able to respond 
quickly to any kind of changes occurring in their habitat. The main abiotic driving forces are 
temperature, nutrients, and light, the latter showing the highest variations in amplitude and 
frequency (Dubinsky & Schofield, 2010; MacIntyre et al., 2000; Raven & Geider, 2003). 
Hence, the response of phytoplankton might be supported by at least one irradiance-
dependent physiological process that must be fast, flexible, and efficient (Dubinsky & 
Schofield, 2010; Li et al., 2009). Huisman et al. (2001) proposed that the diversity of life 
history and physiological abilities might promote the high biodiversity of phytoplankton. It 
has been proposed that the variability of physiological responses to light fluctuations would 
allow competitive exclusion and thus the spatial co-existence and/or the temporal 
succession of a multitude of species in both pelagic (Dimier et al., 2007b, 2009b; Lavaud et 
al., 2007) and benthic {van Leeuwe, 2008 #3082} ecosystems. Indeed, growth rate responds to 
fluctuating light in different ways as a function of groups/species of phytoplankton (Flöder 
et al., 2002; Litchman, 2000; Mitrovic et al., 2003; Wagner et al., 2006) and of the 
photoacclimation ability and light history of the cells (Laurion & Roy, 2009; Litchman & 
Klausmeier, 2001; van de Poll et al., 2007; van Leeuwe et al., 2005; Wagner et al., 2006). The 
photoresponse ultimately leading to a change in growth rate is thus a matter of both 
genomic plasticity and time scale (Dubinsky & Schofield, 2010; Grobbelaar, 2006). In the 
short term (a few seconds/minutes), the light fluctuations are mainly due to cloud 
movement, surface sunflecks, ripples on water surface, and vertical mixing generating 
unpredictable changes. These fluctuations, and especially their extremes (darkness and 
excess light), are generated  by a lensing effect that simultaneously focuses and diffuses 
sunlight in the upper few meters of the water column, producing a constantly moving 
pattern of interspersed light and shadows on the substrate (Fig. 6). Due to the lensing effect, 
light intensity in shallow water environments sometimes reaches more than 9,000 μmol 
quanta m-2 s-1, corresponding to 300-500% of the surface light intensity. For review of the 
"flicker effect" see Alexandrovich et al. (this volume). 
These fluctuations in light can be harmful for the photosynthetic productivity of microalgae 
by promoting an imbalance between the harvesting of light energy and its use for 
photochemical processes and carbon fixation (Dubinsky & Schofield, 2010; Long et al., 1994; 
Raven & Geider, 2003). In order to regulate photosynthesis versus rapid light fluctuations, 
phytoplankton have evolved a number of physiological photoprotective mechanisms such 
as the photosystem II (PS II) and PS I electron cycles, the state-transitions, the fast repair of 
the D1 protein of the PS II reaction center, and the scavenging of reactive oxygen species 
(see (Falkowski & Raven, 1997; Lavaud, 2007; Ruban & Johnson, 2009)). Among these 
processes, the xanthophyll cycle and the dependent thermal dissipation of the excess light 
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energy (NPQ for non-photochemical fluorescence quenching) play a central role. At longer 
time scales (hours to seasons), acclimation processes are supported by gene regulation, 
which modifies the architecture of the photosynthetic apparatus as well as enzymatic 
reactions involved in photochemistry and metabolism (Dubinsky & Schofield, 2010; 
Grobbelaar, 2006). These two types of responses, regulative and acclimative, are not 
mutually exclusive (Lavaud et al., 2007). For instance, long-term acclimation to a prolonged 
light regime (low or high intensity, or intermittent light) modifies the amount of pigments 
involved in the xanthophyll cycle, leading to a modulation of the high light response via the 
kinetics and amplitude of NPQ (Dimier et al., 2009b; Gundermann & Büchel, 2008; Lavaud 
et al., 2003; van de Poll et al., 2007).  
 

 
Fig. 7. Flicker light: (A) on a sandy bottom substrate; (B) digital processing of the original 
photo to enhance the high light regimes. Photos were taken at Bise, Okinawa, Japan 
(Yamasaki & Nakamura, 2008).  

9. Conclusions 
1. Phytoplankton evolution results in a taxonomic linkage between microalgae groups 

and xanthophyll-cycle development. In the ancestral cyanobacteria and the red algae, 
no xanthophyll-cycle mechanism is found. In the chlorophyta and land plants, the 
violaxanthin cycle evolved, whereas in the chromophyta, the diadinoxanthin variant 
has become the rule.   

2. In two of the phototrophic phytoplankton groups (cyanobacteria and red algae), the 
composition of the antennae does not support a xanthophyll-cycle mechanism. In these 
taxa, there is another type of photoprotective process, a quenching mechanism that is 
supported by the xanthophylls and a pH gradient.  
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1. Introduction 
Plants, as sessile organisms living in a changing light environment, exhibit a remarkable 
capacity to adjust their morphology and physiology to a particular set of light conditions by 
acclimation or, more broadly, phenotypic plasticity (Oguchi et al., 2005). Many studies have 
documented remarkable light-driven structural and functional modifications, with 
responses occurring from the level of the chloroplast to the whole plant. For instance, plants 
are able to adjust leaf area per unit biomass invested in leaves (i.e., specific leaf area) by 
altering leaf thickness (Niinemets, 1999). A linear relationship has been observed between 
growth irradiance and the reciprocal of specific leaf area between species, within species 
grown in different habitats and within individual tree crowns (Bond et al., 1999; Han et al., 
2003). Photosynthetic capacity, measured in the form of either light saturated photosynthetic 
rate or the maximum rate of carboxylation, also varies according to growth irradiance. 
Nitrogen, another key resource involved in the process of carbon fixation, plays an 
important role in the dynamics of the leaf canopy (Hikosaka, 2004; 2005). A linear 
relationship between photosynthetic capacity and leaf nitrogen concentration has been 
found in various species and canopies (Bond et al., 1999; Brooks et al., 1996; Han et al., 2004; 
Wilson et al., 2000); this is because of the large amount of nitrogen in the photosynthetic 
machinery (Evans & Seemann, 1989). In addition, fractional nitrogen within the leaf 
photosynthetic apparatus responds to changes in light and nitrogen availability. For 
example, the proportion of total leaf nitrogen partitioned into light harvesting proteins has 
been found to be higher in the lower crowns of deciduous broadleaf trees (Koike et al., 
2001). Moreover, the proportion of total leaf nitrogen partitioned into ribulose-1,5-
bisphosphate carboxylase/oxygenase (a key enzyme for carbon fixation) has been found to 
be higher at increased light levels in Picea abies (L.) Karst. (Grassi & Bagnaresi, 2001). These 
structural and functional responses enhance light capture, resource use and the 
photosynthetic efficiency of the whole tree crown, thus increasing plant performance and 
productivity. 
Thinning, a common forest management practice used to reduce stand density, has been 
employed to enhance wood quality, for successive harvesting and to increase stand 
productivity (Cutini, 2001; Fujimori, 2001; Muñoz et al., 2008; Skovsgaard, 2009). Although 
the basic theory of the relationship between stand density and plant growth was developed 
in the early 1960s, the physiological mechanisms behind this traditional forest management 
practice are not well understood. At present, only 14 references with the words “thinning” 
and “photosynthesis” or “physiology” in the title can be found in the ISI Web of Science. 
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1. Introduction 
Plants, as sessile organisms living in a changing light environment, exhibit a remarkable 
capacity to adjust their morphology and physiology to a particular set of light conditions by 
acclimation or, more broadly, phenotypic plasticity (Oguchi et al., 2005). Many studies have 
documented remarkable light-driven structural and functional modifications, with 
responses occurring from the level of the chloroplast to the whole plant. For instance, plants 
are able to adjust leaf area per unit biomass invested in leaves (i.e., specific leaf area) by 
altering leaf thickness (Niinemets, 1999). A linear relationship has been observed between 
growth irradiance and the reciprocal of specific leaf area between species, within species 
grown in different habitats and within individual tree crowns (Bond et al., 1999; Han et al., 
2003). Photosynthetic capacity, measured in the form of either light saturated photosynthetic 
rate or the maximum rate of carboxylation, also varies according to growth irradiance. 
Nitrogen, another key resource involved in the process of carbon fixation, plays an 
important role in the dynamics of the leaf canopy (Hikosaka, 2004; 2005). A linear 
relationship between photosynthetic capacity and leaf nitrogen concentration has been 
found in various species and canopies (Bond et al., 1999; Brooks et al., 1996; Han et al., 2004; 
Wilson et al., 2000); this is because of the large amount of nitrogen in the photosynthetic 
machinery (Evans & Seemann, 1989). In addition, fractional nitrogen within the leaf 
photosynthetic apparatus responds to changes in light and nitrogen availability. For 
example, the proportion of total leaf nitrogen partitioned into light harvesting proteins has 
been found to be higher in the lower crowns of deciduous broadleaf trees (Koike et al., 
2001). Moreover, the proportion of total leaf nitrogen partitioned into ribulose-1,5-
bisphosphate carboxylase/oxygenase (a key enzyme for carbon fixation) has been found to 
be higher at increased light levels in Picea abies (L.) Karst. (Grassi & Bagnaresi, 2001). These 
structural and functional responses enhance light capture, resource use and the 
photosynthetic efficiency of the whole tree crown, thus increasing plant performance and 
productivity. 
Thinning, a common forest management practice used to reduce stand density, has been 
employed to enhance wood quality, for successive harvesting and to increase stand 
productivity (Cutini, 2001; Fujimori, 2001; Muñoz et al., 2008; Skovsgaard, 2009). Although 
the basic theory of the relationship between stand density and plant growth was developed 
in the early 1960s, the physiological mechanisms behind this traditional forest management 
practice are not well understood. At present, only 14 references with the words “thinning” 
and “photosynthesis” or “physiology” in the title can be found in the ISI Web of Science. 
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Species Site 
location 

DBH 
(cm) 

Thinning treatments Gas exchange 
measured after 
thinning 

Source 

Chamaecyp
aris obtusa 

36º3’N, 
140º7’E 

6.5 From 3000 to 1500 
trees ha-1 at 10 years 
old 

1st growing season Han et al 2006 
2nd to 4th growing 
season 

Han and Chiba 
2009 

Pinus taeda 31º11’N, 
92º41’E 

na From 2990 to 731 
trees ha-1 at 8 years 
old 

5th growing season Gravatt  
et al 1997 

6th growing season Tang et at 1999 
8th growing season Tang et al 2003 

36º78’N, 
80º08’W 

14.2 From basal area 16.8 
to 9.4 m2 ha-1 at 8 
years old 

1st to 2nd growing 
season 

Ginn et al 1991 

3rd to 7th growing 
season 

Peterson  
et al 1997 

Pinus 
ponderosa 

35º15’N, 
111º42’W 

na Basal area thinned 
from 33.0, 38.0 to 
18.0, 22.0 m2 ha-1 at 
250 years old 

1st to 2nd growing 
season  

Skov et al 2004 

46º5’N, 
114º15’W 

na From 420 to 280 trees 
ha-1 at 70 years old 

8th to 9th growing 
season  

Sala et al 2005 

44º25’-
30’N, 
121º37’-
40’W 

58.4 - 
79.2 

Basal area thinned 
from 31.4-60.0 to 8.4-
12.2 m2 ha-1 at 250 
years old 

7th to 15th growing 
season  

McDowell  
et al 2003 

35º16’N, 
111º44’W 

40.9, 
30.5, 
26.7, 
10.7 

Basel area 
maintained to 6.9, 
18.4, 27.6, 78.2 m2 ha-

1 by thinning for 32 
years commencing at 
43 years old 

32nd growing 
season  

Kolb et al 1998 

Eucalyptus 
nitens 

43º21’S, 
146º54’E 

na From 1430 to 250 
trees ha-1 at 8 years 
old 

2nd to 3rd growing 
season 

Medhurst and 
Beadle 2005 

Betula 
papyrifera 

na na From 11000-31000 to 
400, 1000 and 3000 
stems ha-1 at 9-13 
years old 

2nd to 3rd growing 
season 

Wang et al 1995 

Juglans 
nigra 

40º19’N, 
86º42’W 

23.1 From 612 to 74 trees 
ha-1 at 19 years old 

1st to 2nd growing 
season 

Gauthier and 
Jacobs 2009 

Table 1. List of studies on the effect of thinning on photosynthesis 

However, global warming has heightened awareness of the importance of estimating the 
amount of carbon that is fixed by forests and, in addition, separating the effects on carbon 
fixation caused by silvicultural manipulation from those due to climate change. The 
accurate estimation of carbon gain requires an understanding of the processes and the 
allocation of photosynthates, as well as the variation in canopy physiology in response to 
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environmental changes and forest management practices (Chiba, 1998; Johnsen et al., 
2000; Simioni et al., 2008). In this chapter, changes in resource availability and leaf 
photosynthetic response after thinning are summarized, based on information from the 
limited number of reports available (Table 1). The focus is on the effects of thinning on (1) 
the availability of light, nitrogen and water, and (2) photosynthetic acclimation to changes 
in resource availability. 

2. Changes in resource availability 
Stand productivity is closely related to resource availability, especially when the latter is 
limited. Total leaf area and its distribution within a tree crown, the unit of photosynthesis at 
the individual level, are important determinants of canopy photosynthesis (Monsi & Saeki, 
1953). The optimum leaf area index (LAI, total leaf area per ground area), when canopy 
photosynthesis is maximized, is closely related to light attenuation within the canopy and 
nitrogen distribution between leaves. When the stomata open to allow carbon dioxide (CO2) 
to diffuse into the leaf, water is lost through transpiration. Water supply and demand 
interactions regulate conductance of CO2 via the stomata and thus affect photosynthesis. 
Therefore, soil water availability is as important a resource as light and nutrients in relation 
to stand productivity. Thinning improves the availability of resources such as light, mineral 
nutrients and water available to the retained trees. 

2.1 Light 
Thinning obviously increases light intensity. The magnitude of light increase varies between 
canopy positions and depends on the stand density before thinning, thinning intensity, tree 
size/age and species. For example, in an eight-year-old Pinus taeda L. stand (see Table 1 for 
detailed site information), photosynthetic photon flux density (PPFD) increased by 28-52% 
as a result of thinning (Tang et al., 1999). In most studies, PPFDs are measured at various 
points down through the canopy or individual tree crown. As trees grow taller, a wide 
range of horizontal variation in leaf PPFD develops from the outer to the inner crown at the 
same vertical height (Brooks et al., 1996; Han et al., 2003). Therefore, light improvement after 
thinning also varies with respect to horizontal crown position, especially in shade tolerant 
species with a large proportion of leaves along first-order branches. For example, relative 
PPFD in the lower crown in a completely closed 10-year-old Chamaecyparis obtusa (Sieb. Et 
Zucc.) Endl. stand (Table 1, Figure 1), varied from 0.05-0.24 with average of 0.11 in the 
thinned stand, while the proportion was 0.03 in the unthinned control stand (Han et al., 
2006). As shown in Figure 1, the improved rPPFD in all crown positions decreased 
progressively with height growth and the process of crown re-closure in the thinned stand, 
although values were still higher than those at the same heights in the control stand three 
years after the thinning operation. 

2.2 Nutrients 
In most regions, nutrients limit forest productivity. Thinning influences the nutrient cycle 
and thus has a direct impact on soil fertility. Therefore, thinning is an important 
management practice for both the production of high-quality timber and the conservation of 
soil fertility. For example, Blanco et al (2008) found that thinning seems to affect nutrient 
returns mainly by reducing aboveground biomass and litterfall in Pinus sylvestris L. forests 
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environmental changes and forest management practices (Chiba, 1998; Johnsen et al., 
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in resource availability. 
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nitrogen distribution between leaves. When the stomata open to allow carbon dioxide (CO2) 
to diffuse into the leaf, water is lost through transpiration. Water supply and demand 
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detailed site information), photosynthetic photon flux density (PPFD) increased by 28-52% 
as a result of thinning (Tang et al., 1999). In most studies, PPFDs are measured at various 
points down through the canopy or individual tree crown. As trees grow taller, a wide 
range of horizontal variation in leaf PPFD develops from the outer to the inner crown at the 
same vertical height (Brooks et al., 1996; Han et al., 2003). Therefore, light improvement after 
thinning also varies with respect to horizontal crown position, especially in shade tolerant 
species with a large proportion of leaves along first-order branches. For example, relative 
PPFD in the lower crown in a completely closed 10-year-old Chamaecyparis obtusa (Sieb. Et 
Zucc.) Endl. stand (Table 1, Figure 1), varied from 0.05-0.24 with average of 0.11 in the 
thinned stand, while the proportion was 0.03 in the unthinned control stand (Han et al., 
2006). As shown in Figure 1, the improved rPPFD in all crown positions decreased 
progressively with height growth and the process of crown re-closure in the thinned stand, 
although values were still higher than those at the same heights in the control stand three 
years after the thinning operation. 
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In most regions, nutrients limit forest productivity. Thinning influences the nutrient cycle 
and thus has a direct impact on soil fertility. Therefore, thinning is an important 
management practice for both the production of high-quality timber and the conservation of 
soil fertility. For example, Blanco et al (2008) found that thinning seems to affect nutrient 
returns mainly by reducing aboveground biomass and litterfall in Pinus sylvestris L. forests 



 
Applied Photosynthesis 

 

218 

in northern Spain. Inagaki et al (2008) reported that net nitrogen mineralization in the 
surface soil and fresh-leaf nitrogen concentration in thinned plots was significantly greater 
than in control plots in two Chamaecyparis obtusa plantations in southern Japan. The increase 
in nitrogen mineralization rate after thinning is considered to be related to soil microbial 
activity, caused by changes in soil temperature and soil water content (see next section), and 
increases in the pool of soil inorganic nitrogen and other nutrients due to reduced plant 
uptake. In addition, Inagaki et al considered increases in the input of fresh leaves after 
thinning because of the high frequency of severe typhoons in the study region. Moreover, 
both studies were conducted one to two years after thinning. Such short-term effects are 
usually temporary, and the ammonium or nitrate pool size, net mineralization, microbial 
activity and potentially mineralizable nitrogen usually return to pretreatment values within 
only a few years of thinning (Sala et al., 2005). 
 

 
Fig. 1. Comparison of the relative photosynthetic photon flux density (rPPFD, monthly 
averaged value in October) in the crowns of thinned (open symbols) and non-thinned 
control (filled symbols) stands of Chamaecyparis obtusa in 2004 (circles), 2005 (triangles), and 
2006 (squares). Values are means  SE (n = 12 to 24 photodiodes). With kind permission 
from Springer Science+Business Media: <Journal of Forest Research, Leaf photosynthetic 
responses and related nitrogen changes associated with crown reclosure after thinning in a 
young Chamaecyparis obtusa stand, 14, 2009, 349-357, Q. Han & Y. Chiba, Fig.1 >. 

Thinning also improves the nutrient supply indirectly due to reduced competition between 
the retained trees. However, thinning may result in an increase in understory biomass, 
which also competes for nutrients. Consequently, nutrient resources for retained trees may 
be more limited than expected. For example, in a study of Pinus ponderosa var. scopulorum 
Engelm. stands (Table 1), basal area was maintained at 6.9, 18.4, 27.6 and 78.2 m2 ha-1 by 
frequent thinnings for 32 years (Kolb et al., 1998). Leaf nitrogen concentration was greatest 
in trees in the intermediate basal area plots, probably because the total competition for 
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nitrogen between a tree and its neighbors, herbaceous plants and shrubs was less than the 
total competition for nitrogen at either higher or lower basal areas.  

2.3 Water  
Thinning leads to an increase in transpiration by the retained trees because a larger portion 
of the crown is exposed to the sun, leading to increased air temperature and a greater vapor 
pressure deficit (Jiménez et al., 2008; Lagergren et al., 2008; Morikawa et al., 1986). In 
contrast, stand transpiration decreases because of the reduction in number of trees per 
ground area (Jiménez et al., 2008; Morikawa et al., 1986). Less water consumption at the 
stand level results in increased soil water availability (Bréda et al., 1995; Inagaki et al., 2008; 
Jiménez et al., 2008; Lagergren et al., 2008). The improvement in tree water status is more 
significant at dry sites, in dry climates, and for species that are sensitive to soil water 
availability (Moreno & Cubera, 2008). 
Soil water availability is affected by thinning not only through changes in transpiration, but 
also through canopy interception, soil evaporation and stem throughfall. A reduction in leaf 
area reduces the capacity of the canopy to store intercepted water and, therefore, the 
evaporation of intercepted water is reduced (Bréda et al., 1995; Stogsdili et al., 1992). The 
effect on throughfall could have a greater impact, since an increase in throughfall will 
increase the amount of water that infiltrates into the soil. For example, soil water content 
increased by 2.9-4.1% in a 50-year-old Pinus sylverstris forest in central Sweden after 
thinning, despite an increase in transpiration; this was interpreted as being the result of 
reduced interception and increased throughfall (Lagergren et al., 2008). 
It is worth noting that soil water behaves differently at different depths and the distribution 
of the rooting zone is species-specific. Ignoring the link between these two issues would 
lead to different conclusions when exploring the effect of thinning on transpiration and soil 
water availability. For example, Sala et al (2005) reported increased predawn leaf water 
potential in thinned Pinus ponderosa Dougl. Ex. Laws stands, but no significant difference in 
soil water content was found at a depth of 15 or 45 cm, indicating that soil water 
measurements may not accurately reflect soil water potentials in rooting zones.  

3. Photosynthesis acclimation 
Photosynthetic responses and acclimation to changes in resource availability after thinning 
occur at the single leaf as well as the whole crown level. The occurrence, duration and 
magnitude of photosynthetic acclimation are apparently related to stand density and 
thinning intensity, site quality, and tree species, age, and vigor. In this section, the 
photosynthetic response to thinning is summarized with respect to three types of tree: 
coniferous species, evergreen broadleaf species, and deciduous broadleaf species. The site 
location, species and thinning information for the research examined are summarized in 
Table 1. 

3.1 Coniferous species 
Photosynthetic rates and stomatal conductance were found to increase in the lower crown in 
8-year-old Pinus taeda trees from the first to the third growing season after thinning (Ginn et 
al., 1991; Peterson et al., 1997). However, this thinning effect on needle physiological 
parameters was not observed from the fourth growing season onwards (Peterson et al., 
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1997). Thinning was not found to change leaf nitrogen concentration. The enhanced 
photosynthetic rates were attributed to increased light in the lower crown because the 
improved light availability disappeared in the fourth growing season. In contrast, at another 
site with the same species and with trees of the same age, this enhancement in 
photosynthesis persisted into the sixth and eighth growing seasons (Tang et al., 1999; Tang 
et al., 2003). The different durations of thinning effect between the two studies were due to 
different thinning intensities: the former site was thinned by 50% whereas the latter was 
subjected to 75% thinning. Thus, thinning intensity appears to be a key factor in determining 
the length of time that the impact of thinning on crown physiology persists. Like Pinus taeda, 
experimental maintenance of basal area by frequent thinnings in 43-year-old Pinus ponderosa 
stands over 32 years demonstrated that photosynthetic rate and predawn leaf water 
potential increased as basal area decreased from 78.2 to 6.9 m2 ha-1 (Kolb et al., 1998). Similar 
results were observed 8 years after thinning in a 70-year old Pinus ponderosa forest (Sala et 
al., 2005), and 7-15 years after thinning in stands containing 250-year-old trees of the same 
species (Mcdowell et al., 2003). At these two sites, photosynthetic increase was accompanied 
by higher predawn leaf water potential and stomatal conductance but more limited changes 
in leaf nitrogen concentration, indicating that changes in water availability were the 
dominant control over gas exchange in these old-growth forests. Furthermore, predawn leaf 
water potential, canopy gas exchange, and subsequent growth remained higher as long as 
leaf area index at stand level remained lower than the pretreatment value, indicating that 
forest managers can manipulate old-growth stands effectively on an infrequent basis. 
Moreover, ontogeny alters a plethora of plant physiological and structural traits in coping 
with limited light, including allometry and crown architecture. Foliage photosynthetic 
capacities and specific leaf areas invariably decrease with increasing tree size and age (Bond, 
2000). Tree height-related enhancement in water use efficiency occurs at the expense of 
nitrogen due to greater leaf hydraulic limitation (Han, 2011). These ontogenic adjustments 
suggest that tree size and age modify the effect of thinning on photosynthetic response 
(Skov et al., 2004). 
Although photosynthetic rate was enhanced after thinning in all the species mentioned 
above, none of them were found to exhibit a significant increase in leaf nitrogen 
concentration or a decrease in specific leaf area. The enhancements in photosynthetic rate 
after thinning were mainly the result of changes in light and water availabilities. It is not 
clear where photosynthetic capacity changes after thinning. Only recently, in a 10-year-old 
Chamaecyparis obtusa stand (Table 1), the effect of thinning on photosynthetic capacity was 
intensively studied over a period of four years in combination with variations in nitrogen 
concentration at different locations within the crown (Han et al., 2006; Han & Chiba, 2009).  
The maximum rate of carboxylation exhibited significant increases in the middle and lower 
crown three months after thinning (Figure 2a). Although thinning did not affect leaf 
nitrogen concentration per unit area at any of the crown positions (Figure 2b), the thinned 
stand exhibited an increase in nitrogen partitioned to ribulose-1,5-bisphosphate 
carboxylase/oxygenase in the lower and middle crowns relative to the control stands three 
and five months after thinning (Figure 2c). These results indicate that nitrogen reallocation 
occurs within the leaves’ photosynthetic apparatus: from light harvesting to carboxylation in 
response to improved light availability. Specific leaf area increased significantly in all crown 
positions five months after thinning (Figure 2d). This was a consequence of a decrease in 
leaf dry mass due to rapid shoot growth, which may relate to the species’ unique scaly 
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leaves that can quickly switch between quiescence and growth depending on the sink-
source relationship. These results indicate that the increase in photosynthesis in the first 
year after thinning mainly occurred as a result of redistribution of nitrogen within but not 
between leaves. 
 

 
Fig. 2. Comparison of (a) the maximum rate of carboxylation (Vcmax), (b) leaf nitrogen 
concentration (Na), (c) the proportion of leaf nitrogen in ribulose-1,5-bisphosphate 
carboxylase/oxygenase per total leaf nitrogen (PR) and (d) specific leaf area (SLA) in the 
lower (aboveground height, AGH: 1.0m), middle (AGH: 2.0 m) and upper (AGH: 3.0 m) 
crown of Chamaecyparis obtusa between the thinned (open bars) and unthinned control (filled 
bars) stands one, three and five months after thinning. Significant differences between the 
respective values of the two groups: * p < 0.05; ** p < 0.01. Each value is the mean ± SE  
(n = 12-24 leaves). With kind permission from Springer Science+Business Media: 
<Photosynthetica, Acclimation to irradiance of leaf photosynthesis and associated nitrogen 
reallocation in photosynthetic apparatus in the year following thinning of a young stand of 
Chamaecyparis obtusa, 44, 2006, 523-529, Q. Han, M. Araki & Y. Chiba, Figs.2-4 >. 

In the second year after thinning, nitrogen concentration in newly developed leaves was 
found to be generally higher in a thinned stand than in an un-thinned control (Han & Chiba, 
2009). Thus, the redistribution of nitrogen between leaves enhanced photosynthetic capacity 
even in the upper crown in the thinned stand of Chamaecyparis obtusa. Furthermore, thinning 
affected the slope of the linear relationship between nitrogen concentration and 
photosynthetic capacity (Figure 3, Table 2). In the first year, the slope of the linear regression 
line representing the relationship between photosynthetic capacity and nitrogen 
concentration in the thinned stand was shallower than in the control stand, reflecting 
enhanced photosynthetic capacity in the lower crowns (Figs. 2a and 3a, Table 2). In the 
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second year, however, the slope in the thinned stand was higher than in the control stand, 
reflecting the enhanced photosynthetic capacity in the upper crown (Fig. 3b, Table 2). As is 
the case with the response to light conditions, redistribution of nitrogen between leaves 
appears to act over a longer time scale than reallocation within leaves (Brooks et al. 1996; 
Han et al. 2006). These results suggest that photosynthetic acclimation after thinning 
involves different leaf nitrogen reallocation/redistribution mechanisms driven by light 
changes during the process of crown re-closure. These results indicate the importance of 
considering the time since thinning when evaluating acclimation of photosynthesis and 
associated nitrogen relations with respect to silvicultural manipulation. 
In the third year, the effect of thinning on the slope of the linear regression line representing 
the relationship between photosynthetic capacity and leaf nitrogen concentration became 
negligible again (Fig. 3c and Table 2), although both leaf nitrogen concentration and 
photosynthetic capacity were still higher in the thinned stand than in the control stand. The 
higher nitrogen concentration was due to improved nitrogen availability for the retained 
trees. Based on the leaf nitrogen difference and total leaf biomass difference in the two 
stands, the authors concluded that nitrogen redistribution driven by light changes, along 
with the nitrogen supply and demand balance in conjunction with the process of crown re-
closure, resulted in the relations between leaf nitrogen and photosynthetic capacity in the 
thinned stand converging with those in the control stand, three years after thinning. 

3.2 Evergreen broadleaf species 
Eucalyptus species, in fast-growing commercial plantations, play an important role 
worldwide in satisfying both an increasing demand for wood and the provision of 
environmental services. Practices to manage growth have been intensively studied, but little 
research has examined the associated physiological responses. The only study to date was 
conducted in the Creekton plantation in southern Tasmania (43º 21’S, 146º 54’E), which was 
thinned when it was eight years old from a density of 1254 to 250 trees ha-1 (Medhurst & 
Beadle, 2005). Thinning enhanced light-saturated photosynthetic rates throughout the crown 
and the greatest increases were recorded in the lower and middle crowns. Thinning 
increased leaf nitrogen and phosphorus concentrations because of a significant decrease in 
specific leaf area after thinning. Photosynthetic rate was positively related to leaf nitrogen 
and phosphorus concentrations per unit area. All these changes were mainly driven by 
increased light levels after thinning, as found for the coniferous species described above. 

3.3 Deciduous broadleaf species 
Enhanced photosynthesis has been detected in the second growing season after thinning in 
two deciduous species (Table 1) (Gauthier & Jacobs, 2009; Wang et al., 1995). Like Eucalyptus, 
photosynthetic acclimation in deciduous species has also been attributed to increases in light 
availability and nitrogen concentration as well as a decrease in specific leaf area. In 
comparison with the second growing season after thinning, decreases in photosynthetic 
rates in Betula papyrifera were found in the third growing season, indicating a gradual 
reduction of thinning effect due to expansion of the trees’ crowns. In contrast to 
Chamaecyparis obtusa, no photosynthetic response was found immediately after thinning in 
Juglans nigra in which thinning was carried out approximately 80 days after bud burst. There 
are two types of leaf development in deciduous species: indeterminant and determinant 
(Koike, 1990). Juglans nigra exhibits the later type. In mature leaves, photosynthetic 
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Fig. 3. The relationship between leaf nitrogen concentration (Na) and the maximum rate of 
carboxylation (Vcmax) within a Chamaecyparis obtusa crown in thinned (open circles and 
dashed line) and unthinned control (closed circles and solid line) stands after thinning in 
May 2004. Regression results are presented in Table 2. Each value is the mean ± SE (n = 3-6 
leaves) measured in October. With kind permission from Springer Science+Business Media: 
<Journal of Forest Research, Leaf photosynthetic responses and related nitrogen changes 
associated with crown reclosure after thinning in a young Chamaecyparis obtusa stand, 14, 
2009, 349-357, Q. Han & Y. Chiba, Fig.7 >. 
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second year, however, the slope in the thinned stand was higher than in the control stand, 
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changes during the process of crown re-closure. These results indicate the importance of 
considering the time since thinning when evaluating acclimation of photosynthesis and 
associated nitrogen relations with respect to silvicultural manipulation. 
In the third year, the effect of thinning on the slope of the linear regression line representing 
the relationship between photosynthetic capacity and leaf nitrogen concentration became 
negligible again (Fig. 3c and Table 2), although both leaf nitrogen concentration and 
photosynthetic capacity were still higher in the thinned stand than in the control stand. The 
higher nitrogen concentration was due to improved nitrogen availability for the retained 
trees. Based on the leaf nitrogen difference and total leaf biomass difference in the two 
stands, the authors concluded that nitrogen redistribution driven by light changes, along 
with the nitrogen supply and demand balance in conjunction with the process of crown re-
closure, resulted in the relations between leaf nitrogen and photosynthetic capacity in the 
thinned stand converging with those in the control stand, three years after thinning. 

3.2 Evergreen broadleaf species 
Eucalyptus species, in fast-growing commercial plantations, play an important role 
worldwide in satisfying both an increasing demand for wood and the provision of 
environmental services. Practices to manage growth have been intensively studied, but little 
research has examined the associated physiological responses. The only study to date was 
conducted in the Creekton plantation in southern Tasmania (43º 21’S, 146º 54’E), which was 
thinned when it was eight years old from a density of 1254 to 250 trees ha-1 (Medhurst & 
Beadle, 2005). Thinning enhanced light-saturated photosynthetic rates throughout the crown 
and the greatest increases were recorded in the lower and middle crowns. Thinning 
increased leaf nitrogen and phosphorus concentrations because of a significant decrease in 
specific leaf area after thinning. Photosynthetic rate was positively related to leaf nitrogen 
and phosphorus concentrations per unit area. All these changes were mainly driven by 
increased light levels after thinning, as found for the coniferous species described above. 

3.3 Deciduous broadleaf species 
Enhanced photosynthesis has been detected in the second growing season after thinning in 
two deciduous species (Table 1) (Gauthier & Jacobs, 2009; Wang et al., 1995). Like Eucalyptus, 
photosynthetic acclimation in deciduous species has also been attributed to increases in light 
availability and nitrogen concentration as well as a decrease in specific leaf area. In 
comparison with the second growing season after thinning, decreases in photosynthetic 
rates in Betula papyrifera were found in the third growing season, indicating a gradual 
reduction of thinning effect due to expansion of the trees’ crowns. In contrast to 
Chamaecyparis obtusa, no photosynthetic response was found immediately after thinning in 
Juglans nigra in which thinning was carried out approximately 80 days after bud burst. There 
are two types of leaf development in deciduous species: indeterminant and determinant 
(Koike, 1990). Juglans nigra exhibits the later type. In mature leaves, photosynthetic 
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acclimation to sudden increases in light intensity differs between species because of 
differences in leaf anatomy (Oguchi et al., 2005). In species that have empty spaces along the 
mesophyll cell surface that are not occupied by chloroplasts or other organelles (i.e. Betula 
ermanii Cham.), the photosynthetic capacity of mature leaves developed in low light 
acclimates rapidly to high light levels. On the other hand, in species where little of the 
mesophyll cell surface is unoccupied by chloroplasts (i.e. Fagus crenata), the photosynthetic 
capacity of mature leaves is unable to respond to light increases. These species-specific 
physiological traits are important when selecting appropriate times to conduct thinning in 
commercial forestry operations. 
 

Year 
Thinned stand Control stand 

slope intercept r2 slope intercept r2 

2004 14.11a 2.92 0.45 19.34b -14.06 0.80 

2005 25.74a -21.91 0.53 17.02b -8.50 0.43 

2006 24.91a -23.91 0.68 23.78a -21.02 0.43 

Table 2. Linear regression results for the data shown in Figure 3 describing inter-annual 
variations in the slope of the leaf nitrogen (Na; g m-2) to the maximum rate of carboxylation 
(Vcmax; μmol m-2 s-1) in both the thinned and control stands after thinning in 2004. All slopes 
were significant (P < 0.01), but none of the non-zero intercepts were significant (P > 0.05). 
Different letters adjacent to each slope indicate a significant difference between the two 
stands in the respective year (P < 0.05, ANCOVA test). 

4. Conclusion  
Thinning of closed-canopy stands dramatically alters the light regime experienced by the 
retained trees. Enhanced leaf photosynthesis after thinning can be attributed to an increase 
in light availability or improved water and/or nutrient supply. The magnitude of the 
increase in leaf photosynthesis is species-specific and site-specific, and is also dependent on 
the thinning method employed. Species-specific physiological traits are important when 
selecting appropriate timings and intensities of thinning. Enhancements in canopy gas 
exchange and subsequent growth continue as long as the leaf area index at the stand level 
remains lower than the pretreatment value. Enhanced photosynthesis as a result of thinning 
virtually disappears after the canopy re-closes, providing further evidence that light is 
crucial for driving thinning responses. All these factors should be taken into account by land 
owners and managers when considering stand management and thinning regimes. 
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1. Introduction 
Several marine invertebrate species live in symbiosis with phototrophic organisms, mostly 
cyanobacteria and dinoflagellate algae. Such symbioses occur among different animal phyla, 
such as Porifera, Cnidaria, Mollusca and Plathyhelminthes (Venn et al. 2008). Animal host 
and phototrophic symbiont together are usually referred to as holobiont. Many of these 
holobionts act as net primary producers when growing in shallow waters (Wilkinson 1983; 
Falkowski et al. 1984) and thus have an important role in element cycling in marine 
ecosystems (Muscatine 1990). In addition, symbiont photosynthesis is often very important 
for the energy budget of the host animal (Davies 1984; Falkowski et al. 1984; Edmunds & 
Davies 1986; Anthony & Fabricius 2000). Hence, both from an ecological and a physiological 
point of view, it is important to have accurate, quantitative estimations of photosynthesis in 
symbiotic animals. In this chapter, we will provide an overview of methods to characterize 
photosynthesis in these animals, highlight important data obtained with these methods and 
present conceptual frameworks that describe how photosynthesis is controlled in marine 
symbiotic invertebrates. Hereby, we will be particularly focusing on zooxanthellate 
Scleractinia (stony corals, Fig. 1), a symbiosis that will be described in the next section.  

2. The phototrophic symbiosis in stony corals 
The fact that light affects the growth of many stony corals has been described already in the 
first half of the previous century (Vaughan 1919). The discovery that unicellular algae reside 
in the living tissue of corals (Fig. 2) even dates back further, to the late nineteenth century. 
The algae were termed zooxanthellae and the symbiosis was extensively studied in the first 
half of the twentieth century (e.g. Boschma 1925; Yonge & Nicholls 1931a,b). More recent 
works have established that all zooxanthellae found in scleractinian corals are 
dinoflagellates belonging to the genus Symbiodinium (see reviews by Baker 2003 and Stat et 
al. 2006). Symbiodinium is subdivided in several phylotypes (clades), termed A, B, C, D, E, F, 
G and H, which all have different properties in terms of pigmentation and heat tolerance, 
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thus providing their coral hosts with flexibility with regards to differences in light and 
temperature regimes, an aspect that will be further outlined in Section 4. Symbiodinium has 
also been found in other taxa (e.g. other cnidarian groups, Molluscs). In sponges, the 
photosynthetic microsymbionts are usually cyanobacteria (Venn et al. 2008). 
The photosynthetic processes taking place in zooxanthellae inside coral cells in principle do 
not differ largely from photosynthetic processes in other plants. The main difference is the 
constraints impeded by the animal cell environment on the zooxanthellate cell. All supplies 
that are needed to perform photosynthesis have to cross several additional cell membranes 
(cell membranes of the different coral cell layers and the symbiosome). Therefore, the host 
cell can modify the surrounding environment and control the activity of the symbiont. 
 

 
Fig. 1. Branch tips of the branching zooxanthellate stony coral Stylophora pistillata. The white 
tips of the branches, where the most active accretion of new calcium carbonate skeleton 
takes place, do not contain zooxanthellae. Photography by Tim Wijgerde. 

 
Fig. 2. Zooxanthellae in hospite in Porites asteroides. Photography by M. en C. Alejandro 
Martínez Mena, Laboratorio de Microcine, Facultad de Ciencias, UNAM.  
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Coral-zooxanthellae associations are regarded as mutualistic symbioses, implying that there 
are benefits for both components. The coral host provides a sheltered environment for the 
symbiont and provides the algae with essential nutrients such as nitrogen and phosphorus, 
whereas the coral receives carbohydrate fuel and amino acids for protein synthesis 
(Dubinsky & Jokiel 1994). Initially, it was believed that the coral host would mainly acquire 
nutrients from the algae by digesting them (Boschma 1925; Goreau & Goreau 1960). 
Muscatine & Cernichiari (1969) were the first to demonstrate in hospite that photosynthesis 
products were actively translocated from the zooxanthellae to the host cells. Later, it became 
apparent that this process of translocation represents the main carbon flux between 
symbiont and host, and that zooxanthellae digestion is quantitatively of minor importance 
(Muscatine et al. 1984). The translocation of photoassimilates between symbiont and host is 
a host-controlled process. Muscatine (1967) discovered that host homogenates were able to 
release organic molecules from zooxanthellae suspensions, glycerol being the main 
constituent of the excreted materials. Later, Ritchie et al. (1993) added 14C labelled glycerol 
to isolated zooxanthellae in suspension and found that glycerol was metabolized rapidly by 
zooxanthellae. It was concluded from this study that the hitherto unidentified host factor 
induces changes in the metabolism of the zooxanthellae rather than altering membrane 
permeability, as had previously been suggested. Studies on isolated zooxanthellae may not 
always reflect their behaviour in hospite, as was demonstrated by Ishikura et al. (1999). The 
composition of the translocated carbon in the intact host-symbiont association may vary 
among species and comprises sugars, glycerol, amino acids, fatty acids and other organic 
acids (see overview by Venn et al. 2008). 
In zooxanthellate stony corals, photosynthesis is closely coupled to calcification (Gattuso et 
al 1999; Moya et al. 2006). The mechanism responsible for this coupling, which is also 
termed Light Enhanced Calcification (LEC) has been debated since its early discovery by 
Kawaguti & Sakamoto (1948). Most likely, calcification is stimulated in the light due to the 
simultaneous supply of oxygen and metabolic energy through photosynthesis (Rinkevich & 
Loya 1983; Colombo-Palotta et al. 2010), herein aided by the concurrent increase in pH in the 
calicoblastic fluid layer (Al Horani et al. 2003), which facilitates the deposition of calcium 
carbonate. 

3. Measurement of photosynthetic processes in corals 
The following sections provide descriptions of methods that are commonly used to 
characterize photosynthesis-related parameters in symbiotic marine invertebrates, including 
critical reflections on the use of these methods. 

3.1 Relating photosynthesis to light 
Measurements on photosynthetic processes are usually related to a quantification of the 
light field under which the photosynthesis takes place. Albert Einstein introduced the 
concept of photons, universal minimal quantities of light, comparable to molecules of mass. 
As such, light can be quantified in mole photons or mole quanta, also termed Einsteins (E). 
To describe the light field on a projected surface area, it is recommended to use the 
parameter Quantum Irradiance (E), to be expressed in µmole quanta m-2 s-1 (often written as 
μE m-2 s-1). Quantum Irradiance is often referred to as Photon Flux Density (PFD) or light 
intensity.  
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(Dubinsky & Jokiel 1994). Initially, it was believed that the coral host would mainly acquire 
nutrients from the algae by digesting them (Boschma 1925; Goreau & Goreau 1960). 
Muscatine & Cernichiari (1969) were the first to demonstrate in hospite that photosynthesis 
products were actively translocated from the zooxanthellae to the host cells. Later, it became 
apparent that this process of translocation represents the main carbon flux between 
symbiont and host, and that zooxanthellae digestion is quantitatively of minor importance 
(Muscatine et al. 1984). The translocation of photoassimilates between symbiont and host is 
a host-controlled process. Muscatine (1967) discovered that host homogenates were able to 
release organic molecules from zooxanthellae suspensions, glycerol being the main 
constituent of the excreted materials. Later, Ritchie et al. (1993) added 14C labelled glycerol 
to isolated zooxanthellae in suspension and found that glycerol was metabolized rapidly by 
zooxanthellae. It was concluded from this study that the hitherto unidentified host factor 
induces changes in the metabolism of the zooxanthellae rather than altering membrane 
permeability, as had previously been suggested. Studies on isolated zooxanthellae may not 
always reflect their behaviour in hospite, as was demonstrated by Ishikura et al. (1999). The 
composition of the translocated carbon in the intact host-symbiont association may vary 
among species and comprises sugars, glycerol, amino acids, fatty acids and other organic 
acids (see overview by Venn et al. 2008). 
In zooxanthellate stony corals, photosynthesis is closely coupled to calcification (Gattuso et 
al 1999; Moya et al. 2006). The mechanism responsible for this coupling, which is also 
termed Light Enhanced Calcification (LEC) has been debated since its early discovery by 
Kawaguti & Sakamoto (1948). Most likely, calcification is stimulated in the light due to the 
simultaneous supply of oxygen and metabolic energy through photosynthesis (Rinkevich & 
Loya 1983; Colombo-Palotta et al. 2010), herein aided by the concurrent increase in pH in the 
calicoblastic fluid layer (Al Horani et al. 2003), which facilitates the deposition of calcium 
carbonate. 

3. Measurement of photosynthetic processes in corals 
The following sections provide descriptions of methods that are commonly used to 
characterize photosynthesis-related parameters in symbiotic marine invertebrates, including 
critical reflections on the use of these methods. 

3.1 Relating photosynthesis to light 
Measurements on photosynthetic processes are usually related to a quantification of the 
light field under which the photosynthesis takes place. Albert Einstein introduced the 
concept of photons, universal minimal quantities of light, comparable to molecules of mass. 
As such, light can be quantified in mole photons or mole quanta, also termed Einsteins (E). 
To describe the light field on a projected surface area, it is recommended to use the 
parameter Quantum Irradiance (E), to be expressed in µmole quanta m-2 s-1 (often written as 
μE m-2 s-1). Quantum Irradiance is often referred to as Photon Flux Density (PFD) or light 
intensity.  
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Fig. 3. Example of a curve that relates net photosynthesis to irradiance, showing the 
compensation point Ec, the Talling Index Ek, α and Pnmax. 

Only photons with a wavelength between approximately 400 to 700 nm can be used in 
photosynthesis. This part of the light spectrum is termed photosynthetic active radiation 
(PAR) or photosynthetic usable radiation (PUR) if the available light spectrum is corrected 
for the spectrally variable capacity of the organism to absorb light (PAR x Absorptance). 
Throughout this text, the term quantum irradiance will be used to denominate the flux of 
photons within the PAR spectrum per m2 per s, a parameter that is often referred to as 
Photosynthetic Photon Flux density (PPFD). Each photon carries a level of energy that is 
determined by its wavelength. Despite the energetic differences among photons, each 
photon within the PAR range is able to promote one photochemical excitation event. The 
energy that is in excess of the energy required for excitation transfer is dissipated as heat. 
For a more detailed list of quantities and units relating to light, we refer to a mini-review by 
Osinga et al. (2008).  
Many studies on coral photosynthesis show photosynthesis rates under different 
irradiances, resulting in curves such as presented in Fig 3. Curves of this type are generally 
referred to as photosynthesis/irradiance curve, or shortly: P/E curve. It should be noted 
here that P/E curves obtained in the field (see for example the data obtained by Anthony & 
Hoegh-Guldberg 2003) reflect the actual photosynthetic response of corals to a natural light 
field (PAR) and daily light cycle, whereas P/E curves measured on aquarium corals (e.g. 
Goiran et al. 1996; Houlbrèque et al. 2004; Schutter et al. 2008) under laboratory conditions 
usually reflect the photosynthetic potential of the coral, since most aquarium corals are 
grown under a fixed quantum irradiance. Several descriptors can be derived from the P/E 
curves: 1) the compensation point (Ec), which is the irradiance at which photosynthesis 
equals respiration; 2) the maximal photosynthesis (Pmax); 3) the photosynthetic efficiency (α), 
which is the slope of the linear increase in the photosynthetic rates as irradiance increases, 
and 4) the onset of saturation or Talling index (Ek), which is the point on the X-axis of the 
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curve where the initial, linear slope of the curve intersects with the horizontal asymptote 
resembling Pmax.  
The Talling index is often used as a measure to characterize the acclimation of a 
photosynthetic organism to its light regime (Steeman-Nielsen 1975). The most commonly 
used model to describe P/E curves and to estimate Pmax and Ek is the hyperbolic tangent 
function (Chalker & Taylor 1978): 

 P = Pmax x tanh(E/Ek) (1) 

where P is the actual rate of photosynthesis measured at a given irradiance, Pmax is the 
maximal photosynthetic capacity and Ek is the Talling Index.  
Although this model provides accurate estimations of Pmax and Ek, its assumption that 
photosynthesis increases with irradiance up till a horizontal asymptote is false: at high 
quantum irradiance levels, photosynthesis will decrease due to damage of the photosystems 
by excess light. An alternative (and probably better) approach is to use independent 
estimations of these parameters to allow better comparison between determinations 
obtained from the use of different equations (i.e., quadratic, exponential, etc.). A linear 
regression is required to determine α, paying attention that the incubations at low light 
levels need to be in the linear phase of the photosynthetic increment with irradiance. A 
minimum of four determinations are needed for a confident determination of α. Assessment 
of Pmax requires at least three consecutive measurement points at saturating irradiance. Ek 
and Ec can then be derived from those determinations as follows: 

 Ek = Pmax/α (2) 

and 

 Ec = Rd/α (3) 

where Rd is the dark respiration. 

3.2 Relating photosynthesis to size 
When determining photosynthetic rates, it is necessary to relate the data to a size parameter. 
Several methods have been developed to assess the size of sedentary organisms such as 
corals. Selection of an appropriate method depends on the species (sensitive or robust, small 
or large, plate, boulder or branched), the circumstances (aquarium, in situ, is the colony 
fixed or can it be taken out of its environment) and the desired precision.  
Two approaches to quantify coral size can be distinguished: estimating biomass (i.e. volume 
and weight-related parameters) and estimating surface area (see overview of related 
techniques in Table 1). The major difference between both approaches is that biomass 
measurements document mostly added coral skeleton, which does not contribute to 
biological activity, whereas surface-area measurements mainly reflect the amount of live 
coral tissues. As such, the surface area parameters serve as prime descriptors for 
standardization and quantification of physiological and biochemical parameters allowing 
comparative work of different experimental conditions, in particular work that relates to 
photosynthesis. When determining P/E curves, rates should always be related to surface 
parameters. Nevertheless, measurement of corals’ surface area can be restricted by 
morphological variation and highly complex architectural structures that reduce accuracy. 
In addition, in complex structures such as branching corals, the light field within the colony 
varies largely. Hence, overall colony photosynthesis is an average rate reflecting  
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curve where the initial, linear slope of the curve intersects with the horizontal asymptote 
resembling Pmax.  
The Talling index is often used as a measure to characterize the acclimation of a 
photosynthetic organism to its light regime (Steeman-Nielsen 1975). The most commonly 
used model to describe P/E curves and to estimate Pmax and Ek is the hyperbolic tangent 
function (Chalker & Taylor 1978): 

 P = Pmax x tanh(E/Ek) (1) 

where P is the actual rate of photosynthesis measured at a given irradiance, Pmax is the 
maximal photosynthetic capacity and Ek is the Talling Index.  
Although this model provides accurate estimations of Pmax and Ek, its assumption that 
photosynthesis increases with irradiance up till a horizontal asymptote is false: at high 
quantum irradiance levels, photosynthesis will decrease due to damage of the photosystems 
by excess light. An alternative (and probably better) approach is to use independent 
estimations of these parameters to allow better comparison between determinations 
obtained from the use of different equations (i.e., quadratic, exponential, etc.). A linear 
regression is required to determine α, paying attention that the incubations at low light 
levels need to be in the linear phase of the photosynthetic increment with irradiance. A 
minimum of four determinations are needed for a confident determination of α. Assessment 
of Pmax requires at least three consecutive measurement points at saturating irradiance. Ek 
and Ec can then be derived from those determinations as follows: 

 Ek = Pmax/α (2) 

and 

 Ec = Rd/α (3) 

where Rd is the dark respiration. 

3.2 Relating photosynthesis to size 
When determining photosynthetic rates, it is necessary to relate the data to a size parameter. 
Several methods have been developed to assess the size of sedentary organisms such as 
corals. Selection of an appropriate method depends on the species (sensitive or robust, small 
or large, plate, boulder or branched), the circumstances (aquarium, in situ, is the colony 
fixed or can it be taken out of its environment) and the desired precision.  
Two approaches to quantify coral size can be distinguished: estimating biomass (i.e. volume 
and weight-related parameters) and estimating surface area (see overview of related 
techniques in Table 1). The major difference between both approaches is that biomass 
measurements document mostly added coral skeleton, which does not contribute to 
biological activity, whereas surface-area measurements mainly reflect the amount of live 
coral tissues. As such, the surface area parameters serve as prime descriptors for 
standardization and quantification of physiological and biochemical parameters allowing 
comparative work of different experimental conditions, in particular work that relates to 
photosynthesis. When determining P/E curves, rates should always be related to surface 
parameters. Nevertheless, measurement of corals’ surface area can be restricted by 
morphological variation and highly complex architectural structures that reduce accuracy. 
In addition, in complex structures such as branching corals, the light field within the colony 
varies largely. Hence, overall colony photosynthesis is an average rate reflecting  
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Size 
parameter 

method description applications advantages limitations 

Surface 
area 

2D 
photometry 

Top view pictures of corals are 
taken and analysed either by 
hand or by software to estimate 
the projected 2D surface area.  
A reference object of defined 
length (usually used is a ruler) 
must be included on the 
pictures to normalize the 
surface to values in square 
meters. 

Encrusting and plate-
shaped species with a 
regular shape  
(such as 
hemispherical 
boulders); 
assessment of %  
coverage; crude  
assessment of coral  
biomass on natural 
reefs. 

Accurate for 
species with a flat 
surface or a 
simple, regular 
shape; applicable 
everywhere; non-
destructive; no 
impact on 
organisms. 

Not easily applicable to 
branching species and 
species with complex 
morphologies; the 2D 
projection of 3D 
organisms may lead to 
underestimations of the 
real surface area. 

Volume 3D 
photometry1 

Stereo-photography (3D) with 
two underwater cameras 
mounted on a fixed frame. The 
pictures are analysed using 
specific software. 

Measurements of in 
situ growth rates of 
irregularly shaped 
species. 

Very accurate, 
applicable 
everywhere, non-
destructive, no 
impact on 
organisms. 

Expensive, time-
consuming technique. 

Volume replacement The coral is positioned in a 
beaker glass (or similar) after 
filling this beaker up to an 
indicated level. Due to the 
incoming coral, the water level 
in the beaker will rise. The 
volume of the coral is now 
determined by siphoning off the 
excess water above the indicator 
level with a syringe (or similar) 
and by measuring the volume of 
the water in the syringe, which 
is equal to the coral volume. 

Estimation of the 
volume of corals for 
incubation studies; a 
biomass estimate for 
branching and plate-
shaped corals that 
can be related to a 
biological activity. 

A quick, low-cost, 
non-destructive 
method with a 
reasonable 
precision. 

The method can only be 
applied to corals that 
can be removed from 
their environment; the 
corals have to be taken 
out of the water to 
remove water that is 
attached to the coral 
surface – this step 
causes variability in the 
results and may inflict 
stress to the corals. 

Volume ecological 
volume2 

A coral colony is converted to a 
cylindrical shape using 2D 
photography of coral colonies 
(one picture taken from the side, 
another from the top of the 
colony). A reference object of 
defined length must be included 
on the pictures to assess the 
height and the width of the 
colony. Image analysis 
(assessment of height and width) 
is done using simple software 
(note: height and width can also 
be measured directly by hand 
using a ruler). Biological volume 
is defined as V = πr2h, in which V 
is the ecological volume, r is the 
radius (calculated by dividing the 
average width of the colony by 2) 
and h is the height of the colony. 

“Quick and dirty” 
measurements of (in 
situ and ex situ) 
growth rates and/or 
standing stocks. May 
be used as an 
efficient and 
comparative 
estimator for the total 
volume in the 
aquarium that is 
occupied by resident 
corals. 

Relatively simple 
method using 
commonly 
available non-
specialist 
materials; 
applicable 
everywhere, non-
destructive, no 
impact on 
organisms. 

Not a true size estimate: 
colonies having the 
same ecological volume 
may differ considerably 
in volume, weight, 
surface area and polyps 
numbers; slightly 
interpretation sensitive 
(comparative 
measurements should 
preferably done by the 
same person). 

Weight (drip dry)  
wet weight 

Direct weighing of corals that 
are taken out of the water and 
have been shaken until no more 
drops fall off. 

Measurements of in 
situ growth rates of 
irregularly shaped 
species. 

Quick and easy, 
non-destructive 
method. 

The method can only be 
applied to corals that can 
be removed from their 
environment; the corals 
have to be taken out of 
the water to remove 
water that is attached to 
the coral surface – this 
step causes variability in 
the results and stresses 
the corals. 
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Size 
parameter 

method description applications advantages limitations 

Weight Buoyant 
weight3 

Corals are weighed underwater, 
using a balance with an under-
weighing device; a ring which is 
positioned on the bottom side of 
the balance to which a hook can 
be attached. The balance is 
positioned above an aquarium, 
bucket or anything that can hold 
a volume of water. The coral is 
hung onto the under-weighing 
ring-device using fishing line 
and two metal hooks. 

Measurements of 
growth rates and/or 
standing stocks in 
aquaria. 

Reasonably 
precise, easy, 
non-destructive 
method with low 
impact on 
organisms (that 
can be kept 
underwater; 
hence, water 
attached to the 
surface of the 
coral is also no 
issue here). 

The method can only be 
applied to corals that 
can be removed from 
their environment; 
buoyant weight is a 
relative measure 
(although it can be 
converted into dry 
weight if the specific 
density of the coral 
material is known). 

Weight Dry weight Corals are oven-dried (130 °C; 
incubation time varies 
depending on the size of the 
sample and the type of coral, 
but is usually around 24 h) and 
weighed regularly until they do 
not decrease in weight anymore.
 

Determination of 
biomass without 
water; first step to 
determine the 
separated weights of 
organic, living tissue 
and skeleton. 

Very accurate. Destructive, the coral 
has to be sacrificed. 

Weight Ash-free dry 
weight 

Second step to determine 
separated weights of organic, 
living tissue and skeleton. Dried 
corals are ashed in a muffle 
furnace at 550 °C. By 
subtracting the weight of the 
remaining ashes (skeletal 
weight) from the previously 
obtained dry weight (skeleton + 
organic tissue), the dry weight 
of the organic fraction is 
obtained. 
 

Comparative studies 
on growth, reference 
value for biological 
processes. 

Very accurate; 
discriminates 
between organic 
tissue and 
skeletal weight 

Destructive, the coral 
has to be sacrificed. 

Table 1. Overview of methods to determine coral size. 

photosynthetic activity under a wide range of quantum irradiance levels. P/E curves 
obtained for larger branching colonies as reported in the literature should be considered as 
the relation between colony photosynthesis and the ambient light field and should be 
termed differently. 

3.3 Oxygen evolution techniques 
Oxygen evolution techniques estimate net photosynthesis and dark respiration from 
changes in the oxygen concentration in an enclosure holding the targeted primary producer 
(Fig 4). When incubated in darkness, respiration rates can be assessed from the measured 
decrease in oxygen concentration. Incubation in light provides estimates on net 
photosynthesis (Pn): the observed change in the concentration of oxygen is the sum of 
production of oxygen due to photosynthesis and concurrent consumption of oxygen due to 
respiration by the algal population and the host. Determinations of respiration require 
distinction between respiration rates of dark-adapted samples (dark respiration, Rdark) and 
respiration rates of previously illuminated samples (light respiration Rlight).  
Incubations for oxygen evolution measurements should always be run concurrent with a 
blank control to correct for background activity in the water surrounding the targeted 
organism. In the case of corals, we found that the actual background in the water 
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Size 
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method description applications advantages limitations 
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method description applications advantages limitations 
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Table 1. Overview of methods to determine coral size. 

photosynthetic activity under a wide range of quantum irradiance levels. P/E curves 
obtained for larger branching colonies as reported in the literature should be considered as 
the relation between colony photosynthesis and the ambient light field and should be 
termed differently. 

3.3 Oxygen evolution techniques 
Oxygen evolution techniques estimate net photosynthesis and dark respiration from 
changes in the oxygen concentration in an enclosure holding the targeted primary producer 
(Fig 4). When incubated in darkness, respiration rates can be assessed from the measured 
decrease in oxygen concentration. Incubation in light provides estimates on net 
photosynthesis (Pn): the observed change in the concentration of oxygen is the sum of 
production of oxygen due to photosynthesis and concurrent consumption of oxygen due to 
respiration by the algal population and the host. Determinations of respiration require 
distinction between respiration rates of dark-adapted samples (dark respiration, Rdark) and 
respiration rates of previously illuminated samples (light respiration Rlight).  
Incubations for oxygen evolution measurements should always be run concurrent with a 
blank control to correct for background activity in the water surrounding the targeted 
organism. In the case of corals, we found that the actual background in the water 
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surrounding the coral is prone to change after one hour of incubation (Fig. 5). Production of 
mucus by the corals may stimulate bacterial activity in the surrounding water, thus 
increasing the actual background activity when compared to the blank control. Therefore, 
we recommend a regular (hourly) exchange of incubation water when performing oxygen 
evolution measurements on corals.  
When related to an appropriate size measure (see Section 3.2), oxygen evolution 
measurements are currently the best method available to obtain quantitative data on net 
primary production in corals. Oxygen evolution can also be used to estimate gross 
primary production (Pg). To calculate Pg, it is necessary to add values for respiration 
losses during illumination (Rlight) to values for Pn. This is due to the fact that light 
respiration is usually higher than dark respiration as photosynthesis stimulates both algal 
and host respiration. Light respiration is highly variable in corals and can be six times 
higher than dark respiration (Kuhl et al. 1995). Hence, in order to asses Pg from oxygen 
evolution measurements, an adequate measurement of light respiration is required. A 
suitable approach is to measure respiration immediately upon darkening at the end of the 
incubation under the highest irradiance level, which is termed Post-illumination 
respiration (RpI). The average between Rd and RpI is used to calculate gross-photosynthesis 
from net photosynthesis determinations. Section 3.4 deals with alternative techniques to 
assess Pg. 
 

 
Fig. 4. Measurement of oxygen evolution. A coral colony is held in an enclosure equipped 
with an oxygen sensor, a paddle wheel, and a water jacket for temperature control. Light is 
supplied from the top. 
 

 
Fig. 5. Real-life example of increasing background respiration: the arrow indicates when the 
background sample was replaced with water in which a coral had been incubated for 1 
hour. 
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When oxygen evolution is applied to generate P/E curves, the curve will show the relation 
between net photosynthesis and irradiance. The following modification of the hyperbolic 
tangent function (Equation 1) can be used to describe the data (Barnes & Chalker 1990): 

 Pn = Rdark + Pgmax x tanh(E/Ek) (4) 

where Pn is the net rate of photosynthesis, Rdark is the rate of respiration measured in 
darkness and Pgmax is the maximum gross photosynthetic rate (defined as Pnmax – Rdark, i.e. 
maximum net photosynthetic rate minus dark respiration). This equation also allows for 
calculation of the compensation point, at which Pn equals zero. 

3.4 Measuring light respiration and gross photosynthesis 
The rate of light respiration can be assessed either through the use of oxygen microsensors 
or by applying methods based on stable isotopes of oxygen. Oxygen microsensors can be 
applied to characterize the oxygen profile within biologically active layers that either 
produce or consume oxygen, such as sediments, microbial mats and living tissue (Revsbech 
& Jorgensen 1983). Oxygen production and consumption are deduced from the oxygen 
profiles using Fick’s first law of diffusion: 

 J(x) = -D0 (δC(x)/ δx) (5) 

where J(x) is the diffusive flux of oxygen at depth x, D0 is the temperature- and salinity-
dependent molecular diffusion coefficient for oxygen in water, and δC(x)/ δx is the slope of 
the oxygen profile at depth x. 
Light respiration can be assessed using the so-called light/dark shift method (Revsbech & 
Jørgensen 1983), hereby measuring the depletion of oxygen immediately after an abrupt 
switch from ambient light to full darkness. During the first few seconds to minutes (the time 
depending on the thickness of the tissue layer involved) after the onset of darkness, the 
respiration rate will shift from a stable light respiration value to a stable dark respiration 
value. Hence, the initial rate of oxygen depletion will closely resemble the preceding rate of 
light respiration (Fig 6). Oxygen microsensors were used by Kuhl et al. (1995) to assess 
 

 
Fig. 6. Measuring light respiration using the light/dark shift method. The dashed line 
indicates the rate of light respiration. 
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surrounding the coral is prone to change after one hour of incubation (Fig. 5). Production of 
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from net photosynthesis determinations. Section 3.4 deals with alternative techniques to 
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photosynthetic parameters in Acropora sp. and Favia sp., hereby including measurements of 
the light respiration using the light/dark shift method. Their results show that the often 
used approach to take the dark respiration value for calculation of Pg may lead to a 
considerable underestimation of Pg and hence, provide an incorrect view on coral 
energetics, a consideration that had already been made several decades earlier in plant 
sciences. 
Kana (1990) established an alternative technique where O18 labelled oxygen is used to assess 
respiration independently from oxygen production through photosynthesis. The technique 
is based upon two principles: 1) photosynthetic oxygen is produced from water through the 
Hill reaction (not from CO2), and 2) during respiration, oxygen is used to produce CO2 (and 
not water). Therefore, the O18 label is not likely to re-appear rapidly as photosynthetic 
oxygen. Using these principles, Mass et al. (2010) measured light respiration in colonies of 
Favia veroni by online membrane inlet mass spectrometry as the decline in O18 after a small 
spike of O18 labelled oxygen to the incubation chamber.  

3.5 Measuring light respiration and gross photosynthesis 
Pulsed Amplitude modulated (PAM) fluorometry has become one of the standards for the 
research on photosynthesis. The technique is based upon measuring the chlorophyll a 
fluorescence emission by Photosystem II of short, saturating pulses of light emitted onto 
photosynthetic active surfaces in relation to the fluorescence signal of continuously emitted 
light (Schreiber et al. 1986; Van Kooten & Snel 1990). PAM fluorometry is nowadays 
routinely applied to estimate a series of photosynthesis-related parameters, such as the 
maximum and effective photochemical efficiency (Fv/Fm and ΔF/Fm’) of photosystem II 
(PSII), non-photochemical quenching (the amount of excess excitation energy dissipated as 
heat), sustained quenching of fluorescence (qI) and the proportion of PSII that remain 
temporally or permanently closed and fail to reduce QB, the second quinone electron 
acceptor. PAM fluorometry has also become increasingly popular among coral scientists. 
Since the first application of this technique to corals in the late nineties of the previous 
century, a plethora of papers has been published on this topic.  
The principles of PAM fluorometry and its suitability for application on marine organisms 
were reviewed recently in the book by Sugget et al. (2010). In this book, Enríquez & 
Borowitzka (2010), provide a thorough analysis of PAM fluorometry, which is briefly 
summarized below. 
The principle of PAM measurements is depicted in Fig. 7. First, background fluorescence 
(F0) is measured by supplying a moderated quantity of background light that is insufficient 
to induce photochemistry (all photosystems are open). Then, a saturated pulse is given, 
leading to a peak that represents maximal fluorescence (Fm; all photosystems are closed). 
The ratio between the observed increase in fluorescence over the background level (Variable 
fluorescence, Fv = Fm – F0) and the maximal fluorescence (Fm) is a proxy for the probability 
for a photochemical event to occur (photochemical efficiency, Fv/Fm). If this parameter is 
determined after the sample was maintained under dark conditions and all the non-
photochemical quenching activity has been relaxed, Fv/Fm represents the maximum 
photochemical efficiency of PSII. If this descriptor is determined under steady-state 
illuminated conditions, it represents the effective photochemical efficiency of PSII for this 
specific irradiance (ΔF/Fm’). A decrease in the maximum Fv/Fm over time implies that the 
rate of photodamage is exceeding the rate of repair of the damaged PSII. Photosynthetic 
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organisms exposed to light usually show a decrease in ΔF/Fm’ associated with the 
increment in light exposure and a recovery after the peak of irradiance at noon. The initial 
maximum of the day Fv/Fm can be reached at the end of the light period or incomplete 
recovery or higher values can be observed depending on the amount of light in excess 
absorbed during the day: higher values lead to incomplete recovery and the accumulation of 
photodamage, but lower values allow better recovery and lead to higher initial Fv/Fm 
values. A recent study by Schutter et al. (2011b) shows that corals are exposed to continuous 
light (i.e. 24 hours per day) bleached and died after 7 weeks.  
Under a range of assumptions, PAM can also be applied to estimate rates of electron 
transport (ETR), which is a proxy for gross photosynthesis under subsaturating light 
conditions (Genty et al. 1989). The apparent quantum yield is converted to ETR by 
multiplying it by the quantum irradiance, the absorptance (i.e. the fraction of the quantum 
irradiance absorbed by the photosynthetic apparatus) and the fraction of the corresponding 
energy delivered to PSII or the absorbed light that is utilized by PSII. Absorptance can be 
assessed through reflection measurements (Shibata 1969; Enríquez et al. 2005; see next 
subsection). The fraction of light energy delivered to by PSII is generally assumed to be 50%, 
based on an assumed balanced condition between PSII and PSI. ETR can simply be 
converted into oxygen evolution rates by assuming that four electrons are needed to 
produce one molecule of oxygen from water. Whereas this approach might work under non-
saturating quantum irradiance levels, ETR values may overestimate oxygen evolution rates 
under saturating light due to an increasing proportion of non-photochemical quenching as a 
sink for excitation energy. In addition, since a PAM measurement represents only a small 
fraction of the total surface of an organism, many measurements will be needed to 
accurately quantify gross photosynthesis at the level of the whole organism if the colony has 
a large variation in tissue condition. Such an analysis should also take into account that the 
light field and tissue photoacclimatory condition will be highly variable in colonies with a 
complex architecture. 

 
Fig. 7. Principle of PAM fluorometry. Arrow and AL indicate the moment when the actinic 
light is switched on. See text for further explanation. 
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As a more qualitative measure, indicative for changes in photosynthetic activity (i.e. to 
generate P/E curves), Beer et al. (2001) introduced the relative ETR (rETR). The use of this 
approach is limited and not recommended if the absorption cross-section of coral tissue 
changes among organisms, treatments or during the experimental approach. As the amount 
of light absorbed by a photosynthetic tissue is highly variable in most marine organisms the 
lack of control of this source of variation over ΔF/Fm’ changes does not allow the 
comparison of relative changes in ETR. The use of this approach is limited and not 
recommended, because adsorptance is highly variable in most marine organisms. Acquiring 
rETR values through the making of rapid light curves (RLC, Ralph & Gademann 2005) is not 
recommended in particular, because the time needed for a photosynthetic organism to reach 
photosynthetic steady-state is much longer than the time intervals applied in the RLC 
method (Enríquez & Borowitzka 2009).  

3.6 Measuring light respiration and gross photosynthesis 
Reflection of light falling onto photosynthetic active biological surfaces can be quantified 
using a spectrometer and a small waveguide detector attached to it to collect the reflected 
light (Enríquez 2005, Enríquez et al. 2005, Terán et al 2010). It is hereby important to relate 
the measurement to a standard representing 100% reflection, for example white reference 
materials such as Teflon or a high reflecting materials supplied by manufacturers of light 
meters and spectrometers. Reflection measurements can provide information to quantify the 
light dose absorbed by a coral surface from absorptance determinations. Absorptance (A) is 
defined as the fraction of incident light absorbed by a surface and can be quantified from 
reflectance (R) measurements assuming that coral skeleton has minimal transmission 
(Enríquez et al. 2005) as A = 1 - R. In addition measurement of the percentage of light 
reflected can serve to quantify coral acclimation, coral paling and adaptive coral bleaching, 
and potentially, to indicate the onset of non-adaptive coral bleaching. 

4. Rates and mechanisms: What controls coral photosynthesis? 
Many researchers have carried out experiments to unravel how photosynthesis is controlled 
in stony corals. Limiting factors include the photon flux density and the availability of 
inorganic nutrients such as dissolved inorganic carbon (DIC), nitrogen (DIN), phosphorous 
(DIP) and iron. Additional factors that have been reported to influence coral photosynthesis 
are temperature, water flow, pH and oxygen. Table 2 summarizes photosynthetic rates that 
have been measured in stony corals in situ and ex situ in aquaria under a large variety of 
conditions. Using the data and experiments listed in Table 2, we will outline the 
mechanisms by which the different factors influence photosynthesis rates in stony corals. 

4.1 Light 
Light is the primary factor distinguishing photosynthesis from other assimilatory metabolic 
processes. Light is harvested by antenna molecules that are part of large light harvesting 
complexes termed Photosystem I (PSI) and Photosystem II (PSII), which are present on the 
thylakoid membranes of the chloroplasts residing in photosynthetically active cells. In the 
antenna molecules, an electron is excited by a photon to a higher energetic state. Through a 
cascade of events that take place in the thylakoid membrane and will not be discussed in  
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Species conditions Rdark P and/or Pmax* Ik (μE m-2 s-1) reference 
Goniastrea 
retiformis 

Shaded, incubated with filtered seawater 25.9  
(μg O2 cm-2 h-1) 

127.6*  
(μg O2 cm-2 h-1) 

263.4 Anthony & 
Fabricius 2000 

 Shaded, incubated with high loads of 
suspended matter 

29.4  137.6*  
(μg O2 cm-2 h-1) 

261.4  

 Unshaded, incubated with filtered seawater 25.1  105.7*  310.6  
 Unshaded, incubated with high loads of 

suspended matter 
22.3  104.1*  321.2  

Porites 
cylindrica 

Shaded, incubated with filtered seawater 22.3  141.4*  350.3  

 Shaded, incubated with high loads of 
suspended matter 

21.1  130.6*  306.8  

 Unshaded, incubated with filtered seawater 21.4  130.0*  390.7  
 Unshaded, incubated with high loads of 

suspended matter 
23.0    92.2*  334.0  

Montipora 
monasteriata 

Open water corals, simulated natural light 
cycle 

1.33  
(μmol O2 cm-2 h-1)

3.92*  
(μmol O2 cm-2 h-1) 

211 Anthony & 
Hoegh-
Guldberg 2003 

 Corals growing under overhang, simulated 
natural light cycle 

0.70 3.24* 127  

 Corals from cave, simulated natural light 
cycle 

0.43 2.94* 80.8  

Porites 
porites 

Branch tips obtained from 10 m depth 11.91  
(μl O2 cm-2 h-1) 

82.34  
(μl O2 cm-2 h-1) 

456 Edmunds & 
Davies 1986 

 Constant PPFD of 500 μE m-2 s-1, 0.5 mM 
HCO3- 

 12  
(nmol O2 mg chl a-1 
h-1) 

 Herfort  
et al. 2008 

 Constant PPFD of 500 μE m-2 s-1, 1.0 mM 
HCO3- 

 24   

 Constant PPFD of 500 μE m-2 s-1, 2.0 mM 
HCO3- 

 43.5   

 Constant PPFD of 500 μE m-2 s-1, 4.0 mM 
HCO3- 

 52.5   

 Constant PPFD of 500 μE m-2 s-1, 6.0 mM 
HCO3- 

 61.5   

 Constant PPFD of 500 μE m-2 s-1, 8.0 mM 
HCO3- 

 56   

Acropora 
sp. 

Constant PPFD of 500 μE m-2 s-1, 1.0 mM 
HCO3- 

 5   

 Constant PPFD of 500 μE m-2 s-1, 2.0 mM 
HCO3- 

 8   

 Constant PPFD of 500 μE m-2 s-1, 4.0 mM 
HCO3- 

 12   

 Constant PPFD of 500 μE m-2 s-1, 6.0 mM 
HCO3- 

 15   

 Constant PPFD of 500 μE m-2 s-1, 8.0 mM 
HCO3- 

 12   

Stylophora 
pistillata 

Constant PPFD of 350 μE m-2 s-1, low 
feeding, low flow (0.6-1 cm s-1), measured 
after 3 weeks 

0.44  
(μmol O2 cm-2 h-1)

0.57*  
(μmol O2 cm-2 h-1) 

403 Houlbrèque  
et al. 2004 

 Identical as above, high feeding 0.43 0.20* 203  
 Constant PPFD of 300 μE m-2 s-1, low 

feeding, low flow (0.6-1 cm s-1), measured 
after 9 weeks 

0.229 0.30  Houlbrèque  
et al. 2003 

 Constant PPFD of 300 μE m-2 s-1, high 
feeding 

0.495 1.20   

 Constant PPFD of 200 μE m-2 s-1, low feeding 0.134 0.22   
 Constant PPFD of 200 μE m-2 s-1, high 

feeding 
0.449 0.70   

 Constant PPFD of 80 μE m-2 s-1, low feeding 0.186 0.15   
 Constant PPFD of 80 μE m-2 s-1, high feeding 0.438 0.20   
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As a more qualitative measure, indicative for changes in photosynthetic activity (i.e. to 
generate P/E curves), Beer et al. (2001) introduced the relative ETR (rETR). The use of this 
approach is limited and not recommended if the absorption cross-section of coral tissue 
changes among organisms, treatments or during the experimental approach. As the amount 
of light absorbed by a photosynthetic tissue is highly variable in most marine organisms the 
lack of control of this source of variation over ΔF/Fm’ changes does not allow the 
comparison of relative changes in ETR. The use of this approach is limited and not 
recommended, because adsorptance is highly variable in most marine organisms. Acquiring 
rETR values through the making of rapid light curves (RLC, Ralph & Gademann 2005) is not 
recommended in particular, because the time needed for a photosynthetic organism to reach 
photosynthetic steady-state is much longer than the time intervals applied in the RLC 
method (Enríquez & Borowitzka 2009).  
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defined as the fraction of incident light absorbed by a surface and can be quantified from 
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and potentially, to indicate the onset of non-adaptive coral bleaching. 

4. Rates and mechanisms: What controls coral photosynthesis? 
Many researchers have carried out experiments to unravel how photosynthesis is controlled 
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inorganic nutrients such as dissolved inorganic carbon (DIC), nitrogen (DIN), phosphorous 
(DIP) and iron. Additional factors that have been reported to influence coral photosynthesis 
are temperature, water flow, pH and oxygen. Table 2 summarizes photosynthetic rates that 
have been measured in stony corals in situ and ex situ in aquaria under a large variety of 
conditions. Using the data and experiments listed in Table 2, we will outline the 
mechanisms by which the different factors influence photosynthesis rates in stony corals. 

4.1 Light 
Light is the primary factor distinguishing photosynthesis from other assimilatory metabolic 
processes. Light is harvested by antenna molecules that are part of large light harvesting 
complexes termed Photosystem I (PSI) and Photosystem II (PSII), which are present on the 
thylakoid membranes of the chloroplasts residing in photosynthetically active cells. In the 
antenna molecules, an electron is excited by a photon to a higher energetic state. Through a 
cascade of events that take place in the thylakoid membrane and will not be discussed in  
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cycle 

0.43 2.94* 80.8  

Porites 
porites 

Branch tips obtained from 10 m depth 11.91  
(μl O2 cm-2 h-1) 

82.34  
(μl O2 cm-2 h-1) 

456 Edmunds & 
Davies 1986 

 Constant PPFD of 500 μE m-2 s-1, 0.5 mM 
HCO3- 

 12  
(nmol O2 mg chl a-1 
h-1) 

 Herfort  
et al. 2008 

 Constant PPFD of 500 μE m-2 s-1, 1.0 mM 
HCO3- 

 24   

 Constant PPFD of 500 μE m-2 s-1, 2.0 mM 
HCO3- 

 43.5   

 Constant PPFD of 500 μE m-2 s-1, 4.0 mM 
HCO3- 

 52.5   

 Constant PPFD of 500 μE m-2 s-1, 6.0 mM 
HCO3- 

 61.5   

 Constant PPFD of 500 μE m-2 s-1, 8.0 mM 
HCO3- 

 56   

Acropora 
sp. 

Constant PPFD of 500 μE m-2 s-1, 1.0 mM 
HCO3- 

 5   

 Constant PPFD of 500 μE m-2 s-1, 2.0 mM 
HCO3- 

 8   

 Constant PPFD of 500 μE m-2 s-1, 4.0 mM 
HCO3- 

 12   

 Constant PPFD of 500 μE m-2 s-1, 6.0 mM 
HCO3- 

 15   

 Constant PPFD of 500 μE m-2 s-1, 8.0 mM 
HCO3- 

 12   

Stylophora 
pistillata 

Constant PPFD of 350 μE m-2 s-1, low 
feeding, low flow (0.6-1 cm s-1), measured 
after 3 weeks 

0.44  
(μmol O2 cm-2 h-1)

0.57*  
(μmol O2 cm-2 h-1) 

403 Houlbrèque  
et al. 2004 

 Identical as above, high feeding 0.43 0.20* 203  
 Constant PPFD of 300 μE m-2 s-1, low 

feeding, low flow (0.6-1 cm s-1), measured 
after 9 weeks 

0.229 0.30  Houlbrèque  
et al. 2003 

 Constant PPFD of 300 μE m-2 s-1, high 
feeding 

0.495 1.20   

 Constant PPFD of 200 μE m-2 s-1, low feeding 0.134 0.22   
 Constant PPFD of 200 μE m-2 s-1, high 

feeding 
0.449 0.70   

 Constant PPFD of 80 μE m-2 s-1, low feeding 0.186 0.15   
 Constant PPFD of 80 μE m-2 s-1, high feeding 0.438 0.20   
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Species conditions Rdark P and/or Pmax* Ik (μE m-2 s-1) reference 
Coral 
assemblage 

Mesocosm experiment, high flow  
(20 cm s-1), natural solar cycle,  
peak PPFD ~ 1200, ambient CO2 

 37 (mmol O2 m-2 h-

1) 
586 Langdon & 

Atkinson 2005 

 Mesocosm experiment, high flow  
(20 cm s-1), natural solar cycle,  
peak PPFD ~ 1200, 1.7 x ambient CO2 

 36   

 Mesocosm experiment, high flow  
(20 cm s-1), natural solar cycle,  
peak PPFD ~ 700, ambient CO2 

 23   

 Mesocosm experiment, high flow  
(20 cm s-1), natural solar cycle,  
peak PPFD ~ 700, 1.3 x ambient CO2 

 31   

 Mesocosm experiment, high flow  
(20 cm s-1), natural solar cycle,  
peak PPFD ~ 700, 2 x ambient CO2 

 21   

 Mesocosm experiment, high flow  
(20 cm s-1), natural solar cycle, peak  
PPFD ~ 700, enriched with DIN & DIP,  
0.6-1.9 x ambient CO2 

 29-34   

Montastrea 
annularis 

Constant PPFD of 250 μE m-2 s-1,  
natural oligotrophic seawater 

14.8  
(μl O2 cm-2 h-1) 

39.5*  
(μl O2 cm-2 h-1) 

119 Marubini & 
Davies 1996 

 Constant PPFD of 250 μE m-2 s-1,  
seawater + 1 μM NO3 

13.6 37.9* 111  

 Constant PPFD of 250 μE m-2 s-1,  
seawater + 5 μM NO3 

14.4 46.4* 88  

 Constant PPFD of 250 μE m-2 s-1,  
seawater + 20 μM NO3 

15.0 49.5* 104  

Porites 
porites 

Constant PPFD of 250 μE m-2 s-1,  
natural oligotrophic seawater 

10.9 44.2* 215  

 Constant PPFD of 250 μE m-2 s-1,  
seawater + 1 μM NO3 

10.2 45.8* 232  

 Constant PPFD of 250 μE m-2 s-1,  
seawater + 5 μM NO3 

9.6 58.6* 304  

 Constant PPFD of 250 μE m-2 s-1,  
seawater + 20 μM NO3 

8.5 61.8* 382  

Stylophora 
pistillata 

Constant PPFD of 300 μE m-2 s-1, 
pH = 7.6, 2 mM HCO3- 

 38  
(μmol O2 g-1 
buoyant weight d-1)

 Marubini  
et al. 2008 

 Constant PPFD of 300 μE m-2 s-1,  
pH = 8.0, 2 mM HCO3- 

 47   

 Constant PPFD of 300 μE m-2 s-1,  
pH = 8.2, 2 mM HCO3- 

 38   

 Constant PPFD of 300 μE m-2 s-1,  
pH = 7.6, 4 mM HCO3- 

 66   

 Constant PPFD of 300 μE m-2 s-1,  
pH = 8.0, 4 mM HCO3- 

 66   

 Constant PPFD of 300 μE m-2 s-1,  
pH = 8.2, 4 mM HCO3- 

 80   

 In situ, 5 m depth, winter 0.25  
(μmol O2 cm-2 h-1)

0.87*  
(μmol O2 cm-2 h-1) 

659.5 Mass  
et al. 2007 

 In situ, 65 m depth, winter 0.04 0.15* 5.8  
 In situ, 5 m depth, summer 0.41 1.19* 1084.5  
 In situ, 65 m depth, summer 0.08 0.42* 108.9  
 Constant PPFD of 380 μE m-2 s-1, 450 μatm 

CO2, T = 25.3 ºC 
0.34  
(μmol O2 mg 
protein-1 h-1) 

0.24  
(μmol O2 mg  
 protein-1 h-1) 

 Reynaud  
et al. 2003 

 Constant PPFD of 380 μE m-2 s-1, 470 μatm 
CO2, T = 28.2 ºC 

0.39 0.41   

 Constant PPFD of 380 μE m-2 s-1, 734 μatm 
CO2, T = 25.1 ºC 

0.39 0.20   

 Constant PPFD of 380 μE m-2 s-1, 798 μatm 
CO2, T = 28.3 ºC 

0.44 0.27   

Measuring Photosynthesis in Symbiotic Invertebrates:  
A Review of Methodologies, Rates and Processes 

 

243 

Species conditions Rdark P and/or Pmax* Ik (μE m-2 s-1) reference 
Galaxea 
fascicularis 

Constant PPFD of 90 μE m-2 s-1,  
flow = 10 cm s-1 

9.0  
(nmol O2 cm-2  
min-1) 

11.7  
(nmol O2 cm-2 min-1)

 Schutter  
et al. 2010 

 Constant PPFD of 90 μE m-2 s-1,  
flow = 20 cm s-1 

10.0 10.4   

 Constant PPFD of 90 μE m-2 s-1,  
flow = 25 cm s-1 

10.4 8.2   

 Constant PPFD of 280 μE m-2 s-1,  
flow = 5 cm s-1 

 49  Schutter  
et al. 2011 

 Constant PPFD of 560 μE m-2 s-1,  
flow = 20 cm s-1 

 42   

 Constant PPFD of 280 μE m-2 s-1,  
flow = 5 cm s-1 

 30   

 Constant PPFD of 560 μE m-2 s-1,  
flow = 20 cm s-1 

 57   

Table 2. Overview of photosynthetic rates measured in zooxanthellate stony corals. 

detail here, the excitation energy is converted to metabolic energy (ATP) and reducing 
power (NADPH), which enables the conversion of CO2 to organic carbon and the release of 
oxygen. Eight photochemical events, four per reaction centre in each photosystem, are 
needed to release one molecule of oxygen (i.e. eight photons), hence the maximal theoretical 
yield (also termed maximal quantum yield) of photosynthetic oxygen production from light 
energy is 12.5% (the evolution of 1 oxygen molecule requires 8 photons). 
In the sea, the availability of light for photosynthesis depends largely on depth. In clear 
tropical waters, at a depth of 100 m, the PFD is only 2% of the PFD at the surface (Lesser et 
al. 2009). Zooxanthellate corals have been found up till depths exceeding 150 m. According 
to Lesser et al (2009), the deepest living photosynthetic coral specimen ever found so far 
being a colony of Leptoseris hawaiiensis growing at a depth of 165 m at Johnston Atoll 
(Maragos & Jokiel 1986). In order to cope with these highly variable light conditions, corals 
and their symbionts have developed a myriad of adaptation mechanisms (generally referred 
to as photoadaptation mechanisms), such as variation in the level of pigmentation, the 
number of zooxanthellae, pigmentation per cell, antenna size, coral morphology (Tissue and 
skeleton), polyp size and polyp behaviour (Dustan 1982, Iglesias-Prieto & Trench 1994; 
1997a,b; Titlyanov et al. 2001; Levy et al. 2003; 2006; Hennige et al. 2008). When a coral is 
transferred to another location, the symbiotic population will respond to this change by 
modifying its photosynthetic apparatus to the new light conditions (Titlyanov et al. 2001). 
Changes in photosynthetic activity and the underlying photophysiology induced by diverse 
adjusting mechanisms upon changes in the light regime are generally referred to as 
photoacclimation processes. For example, in specimen of Stylophora pistillata, both the 
number of zooxanthellae per cm2 coral surface and the amount of chlorophyll a per 
zooxanthellate cell doubled within 40 days upon translocation from an area exposed to 95% 
of the ambient surface irradiance to an area exposed to 30% of surface irradiance. The same 
response was observed upon translocation of corals from 30% surface irradiance to 0.8% 
surface irradiance (Titlyanov et al. 2001). 
Under high light, down-regulation mechanisms are needed to prevent that the excess light 
causes large levels of damage to the photosynthetic apparatus. Several mechanisms for 
photoprotection have evolved in photosynthetic organisms (see mini-review by Niyogi 
1999). Among these are pathways to safely dissipate the excess of energy absorbed as heat 
(non-photochemical quenching) or that allow to maintain the flow of electrons through both 
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Species conditions Rdark P and/or Pmax* Ik (μE m-2 s-1) reference 
Coral 
assemblage 

Mesocosm experiment, high flow  
(20 cm s-1), natural solar cycle,  
peak PPFD ~ 1200, ambient CO2 

 37 (mmol O2 m-2 h-

1) 
586 Langdon & 

Atkinson 2005 

 Mesocosm experiment, high flow  
(20 cm s-1), natural solar cycle,  
peak PPFD ~ 1200, 1.7 x ambient CO2 

 36   

 Mesocosm experiment, high flow  
(20 cm s-1), natural solar cycle,  
peak PPFD ~ 700, ambient CO2 

 23   

 Mesocosm experiment, high flow  
(20 cm s-1), natural solar cycle,  
peak PPFD ~ 700, 1.3 x ambient CO2 

 31   

 Mesocosm experiment, high flow  
(20 cm s-1), natural solar cycle,  
peak PPFD ~ 700, 2 x ambient CO2 

 21   

 Mesocosm experiment, high flow  
(20 cm s-1), natural solar cycle, peak  
PPFD ~ 700, enriched with DIN & DIP,  
0.6-1.9 x ambient CO2 

 29-34   

Montastrea 
annularis 

Constant PPFD of 250 μE m-2 s-1,  
natural oligotrophic seawater 

14.8  
(μl O2 cm-2 h-1) 

39.5*  
(μl O2 cm-2 h-1) 

119 Marubini & 
Davies 1996 

 Constant PPFD of 250 μE m-2 s-1,  
seawater + 1 μM NO3 

13.6 37.9* 111  

 Constant PPFD of 250 μE m-2 s-1,  
seawater + 5 μM NO3 

14.4 46.4* 88  

 Constant PPFD of 250 μE m-2 s-1,  
seawater + 20 μM NO3 

15.0 49.5* 104  

Porites 
porites 

Constant PPFD of 250 μE m-2 s-1,  
natural oligotrophic seawater 

10.9 44.2* 215  

 Constant PPFD of 250 μE m-2 s-1,  
seawater + 1 μM NO3 

10.2 45.8* 232  

 Constant PPFD of 250 μE m-2 s-1,  
seawater + 5 μM NO3 

9.6 58.6* 304  

 Constant PPFD of 250 μE m-2 s-1,  
seawater + 20 μM NO3 

8.5 61.8* 382  

Stylophora 
pistillata 

Constant PPFD of 300 μE m-2 s-1, 
pH = 7.6, 2 mM HCO3- 

 38  
(μmol O2 g-1 
buoyant weight d-1)

 Marubini  
et al. 2008 

 Constant PPFD of 300 μE m-2 s-1,  
pH = 8.0, 2 mM HCO3- 

 47   

 Constant PPFD of 300 μE m-2 s-1,  
pH = 8.2, 2 mM HCO3- 

 38   

 Constant PPFD of 300 μE m-2 s-1,  
pH = 7.6, 4 mM HCO3- 

 66   

 Constant PPFD of 300 μE m-2 s-1,  
pH = 8.0, 4 mM HCO3- 

 66   

 Constant PPFD of 300 μE m-2 s-1,  
pH = 8.2, 4 mM HCO3- 

 80   

 In situ, 5 m depth, winter 0.25  
(μmol O2 cm-2 h-1)

0.87*  
(μmol O2 cm-2 h-1) 

659.5 Mass  
et al. 2007 

 In situ, 65 m depth, winter 0.04 0.15* 5.8  
 In situ, 5 m depth, summer 0.41 1.19* 1084.5  
 In situ, 65 m depth, summer 0.08 0.42* 108.9  
 Constant PPFD of 380 μE m-2 s-1, 450 μatm 

CO2, T = 25.3 ºC 
0.34  
(μmol O2 mg 
protein-1 h-1) 

0.24  
(μmol O2 mg  
 protein-1 h-1) 

 Reynaud  
et al. 2003 

 Constant PPFD of 380 μE m-2 s-1, 470 μatm 
CO2, T = 28.2 ºC 

0.39 0.41   

 Constant PPFD of 380 μE m-2 s-1, 734 μatm 
CO2, T = 25.1 ºC 

0.39 0.20   

 Constant PPFD of 380 μE m-2 s-1, 798 μatm 
CO2, T = 28.3 ºC 

0.44 0.27   
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Species conditions Rdark P and/or Pmax* Ik (μE m-2 s-1) reference 
Galaxea 
fascicularis 

Constant PPFD of 90 μE m-2 s-1,  
flow = 10 cm s-1 

9.0  
(nmol O2 cm-2  
min-1) 

11.7  
(nmol O2 cm-2 min-1)

 Schutter  
et al. 2010 

 Constant PPFD of 90 μE m-2 s-1,  
flow = 20 cm s-1 

10.0 10.4   

 Constant PPFD of 90 μE m-2 s-1,  
flow = 25 cm s-1 

10.4 8.2   

 Constant PPFD of 280 μE m-2 s-1,  
flow = 5 cm s-1 

 49  Schutter  
et al. 2011 

 Constant PPFD of 560 μE m-2 s-1,  
flow = 20 cm s-1 

 42   

 Constant PPFD of 280 μE m-2 s-1,  
flow = 5 cm s-1 

 30   

 Constant PPFD of 560 μE m-2 s-1,  
flow = 20 cm s-1 

 57   

Table 2. Overview of photosynthetic rates measured in zooxanthellate stony corals. 

detail here, the excitation energy is converted to metabolic energy (ATP) and reducing 
power (NADPH), which enables the conversion of CO2 to organic carbon and the release of 
oxygen. Eight photochemical events, four per reaction centre in each photosystem, are 
needed to release one molecule of oxygen (i.e. eight photons), hence the maximal theoretical 
yield (also termed maximal quantum yield) of photosynthetic oxygen production from light 
energy is 12.5% (the evolution of 1 oxygen molecule requires 8 photons). 
In the sea, the availability of light for photosynthesis depends largely on depth. In clear 
tropical waters, at a depth of 100 m, the PFD is only 2% of the PFD at the surface (Lesser et 
al. 2009). Zooxanthellate corals have been found up till depths exceeding 150 m. According 
to Lesser et al (2009), the deepest living photosynthetic coral specimen ever found so far 
being a colony of Leptoseris hawaiiensis growing at a depth of 165 m at Johnston Atoll 
(Maragos & Jokiel 1986). In order to cope with these highly variable light conditions, corals 
and their symbionts have developed a myriad of adaptation mechanisms (generally referred 
to as photoadaptation mechanisms), such as variation in the level of pigmentation, the 
number of zooxanthellae, pigmentation per cell, antenna size, coral morphology (Tissue and 
skeleton), polyp size and polyp behaviour (Dustan 1982, Iglesias-Prieto & Trench 1994; 
1997a,b; Titlyanov et al. 2001; Levy et al. 2003; 2006; Hennige et al. 2008). When a coral is 
transferred to another location, the symbiotic population will respond to this change by 
modifying its photosynthetic apparatus to the new light conditions (Titlyanov et al. 2001). 
Changes in photosynthetic activity and the underlying photophysiology induced by diverse 
adjusting mechanisms upon changes in the light regime are generally referred to as 
photoacclimation processes. For example, in specimen of Stylophora pistillata, both the 
number of zooxanthellae per cm2 coral surface and the amount of chlorophyll a per 
zooxanthellate cell doubled within 40 days upon translocation from an area exposed to 95% 
of the ambient surface irradiance to an area exposed to 30% of surface irradiance. The same 
response was observed upon translocation of corals from 30% surface irradiance to 0.8% 
surface irradiance (Titlyanov et al. 2001). 
Under high light, down-regulation mechanisms are needed to prevent that the excess light 
causes large levels of damage to the photosynthetic apparatus. Several mechanisms for 
photoprotection have evolved in photosynthetic organisms (see mini-review by Niyogi 
1999). Among these are pathways to safely dissipate the excess of energy absorbed as heat 
(non-photochemical quenching) or that allow to maintain the flow of electrons through both 
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photosystems under Ferredoxin sinks limitation such as the cyclic electron flow and the 
water-water cycle (Asada 2000). The water-water cycle acts as a sink for electrons through a 
cyclic series of reactions involving superoxide dismutase and ascorbate. Photorespiration, 
which is basically the oxigenase instead of the carboxilase activity of the enzyme Rubisco, 
can also be considered as an alternative photoprotective mechanism that enables the 
maintenance of Rubisco activity under carbon limitation conditions (Niyogi 1999). These 
general photoprotective mechanisms also exist in zooxanthellate corals (e.g. Jones et al. 2001; 
Gorbunov et al. 2001), and will not be explained in detail here. Other adaptive mechanisms 
to high light include the synthesis of antioxidant molecules and host pigments that protect 
the symbiont photosynthetic membranes (Dove et al. 2008), efficient systems to repair 
photodamage, and the controlled expelling of zooxanthellae, which is also termed adaptive 
bleaching (Fautin & Buddemaier 2004). 
Anthony & Hoegh-Guldberg (2003) studied photoacclimation by measuring photosynthesis 
and respiration in specimen of Montipora monasteriata from different habitats, hereby 
comparing corals growing in an open area (peak irradiance > 600 μmole quanta m-2 s-1) to 
corals growing in caves (peak irradiance < 50 μmole quanta m-2 s-1). Shade-adapted corals 
had a lower compensation point and a lower Pnmax than their light-adapted conspecifics, but 
a higher photosynthetic efficiency (Fig 8). In contrast to the study by Titlyanov et al. (2001), 
Anthony & Hoegh-Guldberg (2003) did not find an increase in the number of zooxanthellae 
per unit of coral surface, and no increase in the amount of chlorophyll a per cell at lower 
irradiances. However, the shade-adapted coral had a thinner tissue layer, and may thus 
have had a higher density of zooxanthellae per unit of tissue volume. Not hampered by 
secondary effects of high light such as photorespiration, formation of reactive oxygen 
species, and non-photochemical quenching, low light corals may be optimally adapted to 
perform photosynthesis with a very high efficiency. Indeed, the quantum yield of nearly 
10% estimated by Anthony & Hoegh-Guldberg (2003) in shade-adapted corals is close to the 
theoretical maximum of 12.5%. In addition, the shape of the corresponding P/E curve 
closely resembled a solely light-limited process, Pnmax already being reached at a quantum 
irradiance of approximately 100 μmole quanta m-2 s-1. The first quantification of the 
minimum quanta requirements of photosynthesis (1/Φmax) for intact corals, using a correct 
methodology for the determination of coral absorptance and the amount of energy absorbed 
by the coral surface was reported by Rodríguez-Román et al. (2006), who quantified an 
average value of 15.4 ± 2.3 quanta absorbed per O2 molecule evolved. This represents a 
quantum efficiency of 6.5% (Φmax = 0.065) for the species Montastraea faveolata. 
These findings, together with the description of the optical properties of intact coral 
structures done by Enríquez et al. (2005) confirm that corals are very efficient light 
collectors and users and can rely they metabolic needs on the symbiotic relationship even 
at low irradiance values. Thanks to multiple scattering of light by the coral skeletons, 
effects of self-shading are small. Hence, photosynthesis in coral holobionts or in isolated 
zooxanthellae will exhibit saturation under relatively low levels quantum irradiance (100-
200 μmole quanta m-2 s-1, see for example Iglesias-Prieto & Trench 1994; Anthony & 
Hoegh-Guldberg 2003). Positive effects of higher quantum irradiance values on coral 
growth and photosynthesis reported for example by Schlacher et al. (2007) and Schutter et 
al. (2008) may relate to self-shading effects due to the increasing colony size of the 
growing coral (Fig. 9).  
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Fig. 8. Schematic representation of the results found by Anthony & Hoegh-Guldberg (2003) 
on photoadaptation by shade-adapted and light-adapted specimen of M. monasteriata. P/E 
curves for shade-adapted corals (blue line) and light-adapted corals (red line) are shown. 
The presumed thickness and pigmentation of the coral tissue corresponding to shade-
adapted and light-adapted P/E curves is indicated. 

 
 
 

 
Fig. 9. Schematic representation of different light fields around a shade-adapted, plate-
shaped coral (left) and a light adapted branching coral (right). 
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photosystems under Ferredoxin sinks limitation such as the cyclic electron flow and the 
water-water cycle (Asada 2000). The water-water cycle acts as a sink for electrons through a 
cyclic series of reactions involving superoxide dismutase and ascorbate. Photorespiration, 
which is basically the oxigenase instead of the carboxilase activity of the enzyme Rubisco, 
can also be considered as an alternative photoprotective mechanism that enables the 
maintenance of Rubisco activity under carbon limitation conditions (Niyogi 1999). These 
general photoprotective mechanisms also exist in zooxanthellate corals (e.g. Jones et al. 2001; 
Gorbunov et al. 2001), and will not be explained in detail here. Other adaptive mechanisms 
to high light include the synthesis of antioxidant molecules and host pigments that protect 
the symbiont photosynthetic membranes (Dove et al. 2008), efficient systems to repair 
photodamage, and the controlled expelling of zooxanthellae, which is also termed adaptive 
bleaching (Fautin & Buddemaier 2004). 
Anthony & Hoegh-Guldberg (2003) studied photoacclimation by measuring photosynthesis 
and respiration in specimen of Montipora monasteriata from different habitats, hereby 
comparing corals growing in an open area (peak irradiance > 600 μmole quanta m-2 s-1) to 
corals growing in caves (peak irradiance < 50 μmole quanta m-2 s-1). Shade-adapted corals 
had a lower compensation point and a lower Pnmax than their light-adapted conspecifics, but 
a higher photosynthetic efficiency (Fig 8). In contrast to the study by Titlyanov et al. (2001), 
Anthony & Hoegh-Guldberg (2003) did not find an increase in the number of zooxanthellae 
per unit of coral surface, and no increase in the amount of chlorophyll a per cell at lower 
irradiances. However, the shade-adapted coral had a thinner tissue layer, and may thus 
have had a higher density of zooxanthellae per unit of tissue volume. Not hampered by 
secondary effects of high light such as photorespiration, formation of reactive oxygen 
species, and non-photochemical quenching, low light corals may be optimally adapted to 
perform photosynthesis with a very high efficiency. Indeed, the quantum yield of nearly 
10% estimated by Anthony & Hoegh-Guldberg (2003) in shade-adapted corals is close to the 
theoretical maximum of 12.5%. In addition, the shape of the corresponding P/E curve 
closely resembled a solely light-limited process, Pnmax already being reached at a quantum 
irradiance of approximately 100 μmole quanta m-2 s-1. The first quantification of the 
minimum quanta requirements of photosynthesis (1/Φmax) for intact corals, using a correct 
methodology for the determination of coral absorptance and the amount of energy absorbed 
by the coral surface was reported by Rodríguez-Román et al. (2006), who quantified an 
average value of 15.4 ± 2.3 quanta absorbed per O2 molecule evolved. This represents a 
quantum efficiency of 6.5% (Φmax = 0.065) for the species Montastraea faveolata. 
These findings, together with the description of the optical properties of intact coral 
structures done by Enríquez et al. (2005) confirm that corals are very efficient light 
collectors and users and can rely they metabolic needs on the symbiotic relationship even 
at low irradiance values. Thanks to multiple scattering of light by the coral skeletons, 
effects of self-shading are small. Hence, photosynthesis in coral holobionts or in isolated 
zooxanthellae will exhibit saturation under relatively low levels quantum irradiance (100-
200 μmole quanta m-2 s-1, see for example Iglesias-Prieto & Trench 1994; Anthony & 
Hoegh-Guldberg 2003). Positive effects of higher quantum irradiance values on coral 
growth and photosynthesis reported for example by Schlacher et al. (2007) and Schutter et 
al. (2008) may relate to self-shading effects due to the increasing colony size of the 
growing coral (Fig. 9).  
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The strength of the light field is usually measured around the top of the coral colony, but the 
quantum irradiance at the bottom end of a colony may be tenfold lower. This may cause 
light limitation of photosynthesis in the lower parts of the colony, and hence, further 
increasing the quantum irradiance will further enhance the growth of these corals. In 
agreement to this view is the work of Schutter and coworkers on Galaxea fascicularis 
(Schutter et al. 2010, 2011). Schutter et al. (2010) found very high growth rates of 2.5% per 
day for small nubbins of G. fascicularis that were grown under a quantum irradiance of 90 
μmole quanta m-2 s-1, which corresponds to the afternoon peak irradiance at a depth of 
approximately 50 to 60 m (Mass et al. 2007). In another study, which was executed under 
much higher quantum irradiance levels (300 and 600 μmole quanta m-2 s-1), a positive 
relation between SGR and quantum irradiance was observed, although the growth rates 
obtained were lower than the 2.5% per day that had been observed for small nubbins grown 
at 90 μmole quanta m-2 s-1. 

4.2 Inorganic nutrients 
In shallow waters (on average, until a depth of nine metres), light is available in excess and 
may control coral photosynthesis through inhibitory mechanisms rather than limitation. 
Under saturating light, the availability of nutrients may as well become a limiting factor for 
coral photosynthesis. Experimental results suggest that photosynthetic rates of the 
zooxanthellae are limited by the availability of DIC, whereas the size of the symbiotic 
population and pigmentation per cell (i.e. the thickness of the coral tissue, the number of 
zooxanthellae per cm2 of coral surface and the number of zooxanthellae cells per coral cell) 
is determined by the availability of inorganic nitrogen (Falkowski et al. 1993). Addition of 
DIC (e.g. Marubini & Thake 1999; Marubini et al. 2003) enhances photosynthesis and 
calcification, by increasing the rate of photosynthesis per cell. An increased availability of 
DIN without concurrent increased supply of DIC apparently disrupts the delicate balance of 
the symbiosis: additions of ammonium and nitrate increase the biomass of the zooxanthellae 
and lead to lower rates of calcification (Stambler et al. 1991; Marubini & Davies 1996), 
whereas concurrent addition of bicarbonate restores the calcification (Marubini & Thake 
1999). Addition of planktonic food (i.e. carbon, nitrogen and phosphorous in a natural ratio) 
enhances tissue growth in corals and increases the size of the symbiotic population and 
pigmentation per cell leading to thicker tissue (cf Trench & Fisher 1983) and higher 
photosynthetic rates per unit of coral surface under increasing light than their food-limited 
conspecifics (Houlbrèque et al. 2004; Fig. 10A). This enables highly fed corals to calcify faster 
under high light than food-limited corals (Osinga et al. 2011). In contrast to these findings, 
corals exposed to increased DIN levels displayed a higher Pmax without a corresponding 
increase in calcification, despite the denser population of zooxanthellae residing in those 
corals (Marubini & Davies 1996; Fig 10B). There are two possible explanations for this 
apparent paradox. First, high DIN loadings reduce translocation of photosynthetic products 
from the algae to their host. Second, DIN-enriched corals respond to the enrichment by 
increasing the number of zooxanthellae per cm2 without a concurrent increase in coral tissue 
and calcification capacity. Hence, DIN fed corals exhibit a higher zooxanthellae to coral 
tissue ratio than DON enriched corals, in which both the thickness of the coral tissue and the 
number of zooxanthellae per cm2 increase. This implies that the algae are perhaps 
suboptimally packed in a more dense concentration in DIN-enriched corals. 
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Fig. 10. Schematic representation of the findings of Houlbrèque et al. (2004) on the effects of 
feeding on photosynthesis in Stylophora pistillata (A) and the findings of Marubini & Davies 
(1996) on the effects of DIN enrichment on photosynthesis in Montastrea annularis and Porites 
porites (B). 

4.3 The role of water flow and oxygen 
Water flow around a sessile organism regulates the rate of gas exchange between the 
organism and the surrounding water by affecting the thickness of the diffusive boundary 
layer – a thin, stagnant layer of water around the surface of the organism that determines 
the rate of mass transfer via diffusion (Patterson 1992). In flume experiments allowing a 
controlled variation in flow, Dennison & Barnes (1988) found that flow stimulated 
photosynthesis in corals, which was attributed to an improved influx of DIC, thus relieving 
DIC limitation of photosynthesis. Recent studies (Mass et al. 2010; Schutter et al. 2011) have 
related the enhancement of photosynthesis by flow to an increased efflux of oxygen. Under 
low flow, photosynthetic produced oxygen accumulates in the coral tissue (Gardella & 
Edmunds 1999; Mass et al. 2010). A concurrent flow-limited influx of DIC will lead to a high 
oxygen / DIC ratio in the zooxanthellate cell, which will induce high rates of 
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The strength of the light field is usually measured around the top of the coral colony, but the 
quantum irradiance at the bottom end of a colony may be tenfold lower. This may cause 
light limitation of photosynthesis in the lower parts of the colony, and hence, further 
increasing the quantum irradiance will further enhance the growth of these corals. In 
agreement to this view is the work of Schutter and coworkers on Galaxea fascicularis 
(Schutter et al. 2010, 2011). Schutter et al. (2010) found very high growth rates of 2.5% per 
day for small nubbins of G. fascicularis that were grown under a quantum irradiance of 90 
μmole quanta m-2 s-1, which corresponds to the afternoon peak irradiance at a depth of 
approximately 50 to 60 m (Mass et al. 2007). In another study, which was executed under 
much higher quantum irradiance levels (300 and 600 μmole quanta m-2 s-1), a positive 
relation between SGR and quantum irradiance was observed, although the growth rates 
obtained were lower than the 2.5% per day that had been observed for small nubbins grown 
at 90 μmole quanta m-2 s-1. 

4.2 Inorganic nutrients 
In shallow waters (on average, until a depth of nine metres), light is available in excess and 
may control coral photosynthesis through inhibitory mechanisms rather than limitation. 
Under saturating light, the availability of nutrients may as well become a limiting factor for 
coral photosynthesis. Experimental results suggest that photosynthetic rates of the 
zooxanthellae are limited by the availability of DIC, whereas the size of the symbiotic 
population and pigmentation per cell (i.e. the thickness of the coral tissue, the number of 
zooxanthellae per cm2 of coral surface and the number of zooxanthellae cells per coral cell) 
is determined by the availability of inorganic nitrogen (Falkowski et al. 1993). Addition of 
DIC (e.g. Marubini & Thake 1999; Marubini et al. 2003) enhances photosynthesis and 
calcification, by increasing the rate of photosynthesis per cell. An increased availability of 
DIN without concurrent increased supply of DIC apparently disrupts the delicate balance of 
the symbiosis: additions of ammonium and nitrate increase the biomass of the zooxanthellae 
and lead to lower rates of calcification (Stambler et al. 1991; Marubini & Davies 1996), 
whereas concurrent addition of bicarbonate restores the calcification (Marubini & Thake 
1999). Addition of planktonic food (i.e. carbon, nitrogen and phosphorous in a natural ratio) 
enhances tissue growth in corals and increases the size of the symbiotic population and 
pigmentation per cell leading to thicker tissue (cf Trench & Fisher 1983) and higher 
photosynthetic rates per unit of coral surface under increasing light than their food-limited 
conspecifics (Houlbrèque et al. 2004; Fig. 10A). This enables highly fed corals to calcify faster 
under high light than food-limited corals (Osinga et al. 2011). In contrast to these findings, 
corals exposed to increased DIN levels displayed a higher Pmax without a corresponding 
increase in calcification, despite the denser population of zooxanthellae residing in those 
corals (Marubini & Davies 1996; Fig 10B). There are two possible explanations for this 
apparent paradox. First, high DIN loadings reduce translocation of photosynthetic products 
from the algae to their host. Second, DIN-enriched corals respond to the enrichment by 
increasing the number of zooxanthellae per cm2 without a concurrent increase in coral tissue 
and calcification capacity. Hence, DIN fed corals exhibit a higher zooxanthellae to coral 
tissue ratio than DON enriched corals, in which both the thickness of the coral tissue and the 
number of zooxanthellae per cm2 increase. This implies that the algae are perhaps 
suboptimally packed in a more dense concentration in DIN-enriched corals. 

Measuring Photosynthesis in Symbiotic Invertebrates:  
A Review of Methodologies, Rates and Processes 

 

247 

 

 
Fig. 10. Schematic representation of the findings of Houlbrèque et al. (2004) on the effects of 
feeding on photosynthesis in Stylophora pistillata (A) and the findings of Marubini & Davies 
(1996) on the effects of DIN enrichment on photosynthesis in Montastrea annularis and Porites 
porites (B). 

4.3 The role of water flow and oxygen 
Water flow around a sessile organism regulates the rate of gas exchange between the 
organism and the surrounding water by affecting the thickness of the diffusive boundary 
layer – a thin, stagnant layer of water around the surface of the organism that determines 
the rate of mass transfer via diffusion (Patterson 1992). In flume experiments allowing a 
controlled variation in flow, Dennison & Barnes (1988) found that flow stimulated 
photosynthesis in corals, which was attributed to an improved influx of DIC, thus relieving 
DIC limitation of photosynthesis. Recent studies (Mass et al. 2010; Schutter et al. 2011) have 
related the enhancement of photosynthesis by flow to an increased efflux of oxygen. Under 
low flow, photosynthetic produced oxygen accumulates in the coral tissue (Gardella & 
Edmunds 1999; Mass et al. 2010). A concurrent flow-limited influx of DIC will lead to a high 
oxygen / DIC ratio in the zooxanthellate cell, which will induce high rates of 



 
Applied Photosynthesis 

 

248 

photorespiration, in particular in organisms that contain Type II Rubisco. Photorespiration 
reduces the efficiency of carbon fixation, but allows maintaining a minimum of carbon 
fixation under conditions of carbon limitation and high oxygen availability. The impact of 
photorespiration may be reduced by increasing the flow (Mass et al. 2010; Schutter et al. 
2011) or by increasing the availability of DIC, thus reducing carbon limitation of coral 
photosynthesis. Indeed, several authors reported on increased photosynthetic activity in 
corals under elevated DIC levels (e.g. Herfort et al. 2008; Marubini et al. 2008; see next 
subsection).  
Fig. 11 depicts a predicted change in P/E curve following an increase in flow. Under high 
flow, Pn will linearly increase until Pnmax has been reached, whereas under low flow, 
inhibition of net oxygen evolution due to photorespiration will increase with increasing 
irradiance, thus resulting in a lower Pnmax and a quantum yield (slope) that decreases with 
increasing irradiance. 
 

 
Fig. 11. Predicted effect of flow on photosynthesis in corals. The presumed thickness and 
pigmentation of the coral tissue corresponding to the P/E curves is equal in both conditions 
as indicated. 

4.4 pH and dissolved inorganic carbon 
Due to increasing atmospheric carbon dioxide concentrations, the ocean pH is decreasing. 
Almost 30% of the anthropogenic CO2 emissions have been already removed from the 
atmosphere by the oceans. An increased availability of CO2 may stimulate photosynthesis in 
DIC-limited corals (i.e. corals receiving non-limiting quantities of light), because CO2 
diffuses freely through the cell membrane and does not require carbonic anhydrase activity 
(the conversion of bicarbonate HCO3- into CO2, Langdon & Atkinson 2005). However, 
doubling the concentration of dissolved CO2 slightly reduced net photosynthesis in colonies 
of Stylophora pistillata cultured under a quantum irradiance of 380 μmole quanta m-2 s-1, even 
though the number of zooxanthellae per coral cell increased (Reynaud et al. 2003). Several 
other studies also failed to demonstrate an effect of pH on photosynthesis (Marubini et al. 
2008; Goiran et al 1996; Schneider & Erez 2006). It should be noted that these studies all 
evaluated the effect of pH on net photosynthesis. Hence, it cannot be excluded that the 
higher [CO2] simultaneously stimulated to the same extent both algal photosynthesis and 
coral respiration, so that no increase in Pn could be detected. Indeed, Langdon & Atkinson 
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(2005) found an increase in net photosynthetic carbon fixation in an experimental coral 
community upon an increase in [CO2] without a concurrent increase in the net production of 
oxygen. Several studies found that calcification was impaired by high [CO2] (Reynaud et al. 
2003; Langdon & Atkinson 2005; Marubini et al. 2008), although Reynaud et al. (2003) only 
observed such a negative response under elevated temperature. The studies by Langdon & 
Atkinson (2005), Schneider & Erez (2006 and Marubini et al. (2008) showed that 
photosynthesis and calcification are uncoupled under high CO2 availability (a higher 
photosynthetic production concurrent with a lower calcification), which raises the question 
for what alternative purpose the excess photosynthetic carbon is being utilized within the 
holobiont under high [CO2] conditions. We hypothesize that part of the excess carbon is 
being respired to provide additional energy needed to maintain a high pH in the calcifying 
fluid. 
Contrasting results have also found with respect to the effect of total [DIC] on coral 
photosynthesis. Marubini et al. (2008) found that a doubling of the ambient seawater [DIC] 
nearly doubled the rate of Pn in Stylophora pistillata. In agreement with these results, Herfort 
et al. (2008) found an optimal [DIC] of 6 mM for photosynthesis in Porites porites and 
Acropora sp. This concentration is well above the ambient seawater [DIC], which is 
approximately 2 mM. Other studies failed to show such an effect (Goiran et al. 1996; 
Schneider & Erez 2006). The contrasting findings may have been caused by differences 
between species, but also by differences in experimental approaches, such as pre-incubation 
time (Marubini et al. 2008), effects of limited mass transfer of gases due to low flow (e.g. 
Dennison & Barnes 1998; see also Section 4.3) and changes in Pg that are not reflected in Pn. 
Further studies in this field should focus on these aspects and should elucidate the relative 
importance of CO2 and HCO3- as substrates for photosynthesis in corals. 

4.5 Temperature; its role in coral bleaching 
Bleaching of zooxanthellate corals, the partial or total expelling by a coral of its 
zooxanthellae population, is beyond doubt the most intensively studied subject within coral 
science (see reviews by Lesser 2007; Weis 2008). Whereas bleaching is mainly associated 
with thermal anomalies (Hoegh-Guldberg 1999; Lesser & Farrell 2004), it must be noted here 
that with respect to coral bleaching, light and temperature act as partners in crime: they both 
induce the same type of stress (Iglesias-Prieto 2006). For example, high light and high 
temperature both have a negative effect on Photosystem II. Re-oxidation of the first quinone 
electron acceptor QA is considered as the rate limiting step in the electron transport reactions 
in PSII. Over-excitation of QA under high light can cause a double reduction of QA. This 
over-reduction induces the formation of reactive oxygen species (ROS), which can cause 
damage in PSII (Smith et al 2005). High temperature reduces the rate at which QA is re-
oxidized (Lesser & Farrell 2004; Suggett et al. 2008). Hence, by slowing down re-oxidation of 
QA, high temperature increases the probability that a QA molecule becomes over-reduced 
under high light. Moreover, both high light and high temperature cause an increase in the 
respiratory demand of a coral, which implies that the proportion of translocated 
photosynthetic carbon that can be used by the coral for tissue growth becomes smaller. The 
growing respiratory demand thus causes the coral tissue to become thinner, which makes 
the zooxanthellae more vulnerable to bleaching (Enriquez et al. 2005), so that the 
photosynthetic activity is even further reduced. In this way, the bleaching process 
accelerates rapidly, ultimately resulting in a complete loss of zooxanthellae from the tissue. 
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(2005) found an increase in net photosynthetic carbon fixation in an experimental coral 
community upon an increase in [CO2] without a concurrent increase in the net production of 
oxygen. Several studies found that calcification was impaired by high [CO2] (Reynaud et al. 
2003; Langdon & Atkinson 2005; Marubini et al. 2008), although Reynaud et al. (2003) only 
observed such a negative response under elevated temperature. The studies by Langdon & 
Atkinson (2005), Schneider & Erez (2006 and Marubini et al. (2008) showed that 
photosynthesis and calcification are uncoupled under high CO2 availability (a higher 
photosynthetic production concurrent with a lower calcification), which raises the question 
for what alternative purpose the excess photosynthetic carbon is being utilized within the 
holobiont under high [CO2] conditions. We hypothesize that part of the excess carbon is 
being respired to provide additional energy needed to maintain a high pH in the calcifying 
fluid. 
Contrasting results have also found with respect to the effect of total [DIC] on coral 
photosynthesis. Marubini et al. (2008) found that a doubling of the ambient seawater [DIC] 
nearly doubled the rate of Pn in Stylophora pistillata. In agreement with these results, Herfort 
et al. (2008) found an optimal [DIC] of 6 mM for photosynthesis in Porites porites and 
Acropora sp. This concentration is well above the ambient seawater [DIC], which is 
approximately 2 mM. Other studies failed to show such an effect (Goiran et al. 1996; 
Schneider & Erez 2006). The contrasting findings may have been caused by differences 
between species, but also by differences in experimental approaches, such as pre-incubation 
time (Marubini et al. 2008), effects of limited mass transfer of gases due to low flow (e.g. 
Dennison & Barnes 1998; see also Section 4.3) and changes in Pg that are not reflected in Pn. 
Further studies in this field should focus on these aspects and should elucidate the relative 
importance of CO2 and HCO3- as substrates for photosynthesis in corals. 

4.5 Temperature; its role in coral bleaching 
Bleaching of zooxanthellate corals, the partial or total expelling by a coral of its 
zooxanthellae population, is beyond doubt the most intensively studied subject within coral 
science (see reviews by Lesser 2007; Weis 2008). Whereas bleaching is mainly associated 
with thermal anomalies (Hoegh-Guldberg 1999; Lesser & Farrell 2004), it must be noted here 
that with respect to coral bleaching, light and temperature act as partners in crime: they both 
induce the same type of stress (Iglesias-Prieto 2006). For example, high light and high 
temperature both have a negative effect on Photosystem II. Re-oxidation of the first quinone 
electron acceptor QA is considered as the rate limiting step in the electron transport reactions 
in PSII. Over-excitation of QA under high light can cause a double reduction of QA. This 
over-reduction induces the formation of reactive oxygen species (ROS), which can cause 
damage in PSII (Smith et al 2005). High temperature reduces the rate at which QA is re-
oxidized (Lesser & Farrell 2004; Suggett et al. 2008). Hence, by slowing down re-oxidation of 
QA, high temperature increases the probability that a QA molecule becomes over-reduced 
under high light. Moreover, both high light and high temperature cause an increase in the 
respiratory demand of a coral, which implies that the proportion of translocated 
photosynthetic carbon that can be used by the coral for tissue growth becomes smaller. The 
growing respiratory demand thus causes the coral tissue to become thinner, which makes 
the zooxanthellae more vulnerable to bleaching (Enriquez et al. 2005), so that the 
photosynthetic activity is even further reduced. In this way, the bleaching process 
accelerates rapidly, ultimately resulting in a complete loss of zooxanthellae from the tissue. 
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Some corals may survive the current era of rapid climate change. The combination of high 
light and high temperature is restricted to the upper zone of the coral reef environment. 
Corals usually remain safe from temperature-induced bleaching at depths below 10m. In 
addition, corals have the potential to adapt to chronic thermal stress, which makes them less 
vulnerable to acute thermal stress (Mumby et al. 2011). Zooxanthellae play an important role 
in the responses of corals to thermal stress (Rowan et al. 1997; Ulstrup et al. 2006), although 
symbiont identity does not fully explain the variation in coral tolerance to thermal stress 
(Fitt et al. 2009). The different phylotypes (clades) of Symbiodinium residing in corals exhibit 
strong differences in thermo-tolerance (Bhagooli & Hidaka 2003; Baker et al. 2004; Robison 
& Warner 2006; Suggett et al. 2008). Berkelmans & Van Oppen (2006) were the first to 
describe a shift in abundance of different Symbiodinium types upon transplantation of corals 
to different light/temperature habitats. Previous work had not documented such shifts in 
Symbiodinium types after coral transplantation to contrasting light environments (Iglesias-
Prieto et al. 2004). Shifts in relative abundance in Symbiodinium types have been attributed to 
changes in the relative abundance of the genetic varieties already present in the coral rather 
than to uptake of new types from the environment. It is not clear yet if corals hosting a 
mixed population of Symbiodinium would have higher potential for thermal acclimation 
than corals hosting a single type. The effect of symbiosis plasticity on symbiosis robustness 
and specifically on holobiont capacity to cope with thermal stress has not been fully 
elucidated yet. Using real-time PCR techniques, Mieog et al. (2007) found that minute 
numbers of different types were present in 78% of the samples taken from species that were 
previously believed to host only one Symbiodinium type. Coffroth et al. (2010) recently 
reported that some corals are capable of taking up Symbiodinium from the environment, thus 
increasing their potential for acclimation through symbiont shuffling. Coffroth et al. (2010) 
were also the first to note that this uptake of foreign zooxanthellae may not necessarily 
cause a stable thermo-tolerant symbiosis, and hence, may not prevent the occurrence of 
bleaching.  
Another recent study suggest that the thermo-tolerant Symbiodinium type D1a is a rather 
selfish organism that hardly translocates photosynthetic carbon to its host (Smith et al. 
2010), which puts another constraint to symbiont shuffling as a mechanism of thermo-
adaptation.  

5. Summary and conclusions 
1. Photosynthesis in corals is affected by many, often interacting factors.  
2. Zooxanthellate corals possess a myriad of mechanisms to adjust their photophysiology 

to changing environmental conditions, including symbiont shuffling. 
3. P/E curves represent a useful characterization of the photosynthetic responses of 

zooxanthellate corals, the shape and the associated parameters Pmax, α, Ec and Ek being 
good indicators for photo-acclimation. 

4. Oxygen evolution measurements are the easiest and most reliable way to obtain 
information on net photosynthesis and dark respiration.  
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previously believed to host only one Symbiodinium type. Coffroth et al. (2010) recently 
reported that some corals are capable of taking up Symbiodinium from the environment, thus 
increasing their potential for acclimation through symbiont shuffling. Coffroth et al. (2010) 
were also the first to note that this uptake of foreign zooxanthellae may not necessarily 
cause a stable thermo-tolerant symbiosis, and hence, may not prevent the occurrence of 
bleaching.  
Another recent study suggest that the thermo-tolerant Symbiodinium type D1a is a rather 
selfish organism that hardly translocates photosynthetic carbon to its host (Smith et al. 
2010), which puts another constraint to symbiont shuffling as a mechanism of thermo-
adaptation.  

5. Summary and conclusions 
1. Photosynthesis in corals is affected by many, often interacting factors.  
2. Zooxanthellate corals possess a myriad of mechanisms to adjust their photophysiology 

to changing environmental conditions, including symbiont shuffling. 
3. P/E curves represent a useful characterization of the photosynthetic responses of 

zooxanthellate corals, the shape and the associated parameters Pmax, α, Ec and Ek being 
good indicators for photo-acclimation. 

4. Oxygen evolution measurements are the easiest and most reliable way to obtain 
information on net photosynthesis and dark respiration.  
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1. Introduction 
The application of knowledge with strong physiological basis of crop yield, allied to genetic 
and environmental  factors, is essential in developing proper practices for crop management 
aiming high yields (Floss, 2008). Several aspects determine the performance of a particular 
crop plant in a given environment, such as temperature, water availability, incidence of 
pests, plant genetics and management applied. Although it is virtually impossible to control 
all these factors, plant behavior can be assessed when submitted to different levels of these 
factors to understand how the responses of the plant to that given stress are formed 
(Radosevich et al., 2007; Gurevitch et al., 2009). 
Population growth leads to an increasing demand for food, fibers and energy, and requires 
both expansion of the area for crops as well as higher crop yields. In both cases, one of the 
limiting factors is the occurrence of weed species. The high cost of human labor led farmers 
to choose weed control practices which allow reduction of the production costs (Silva et al., 
2007). In  the past, chemical management was used as the only method of weed control, but 
several problems led to the development  of cultural methods as effective tools for lasting 
and low cost weed management. 
More recently the physiology and ecology of crops and weed species gained increasing 
importance in the development of methods of weed control (Radosevich et al., 2007; 
Gurevitch et al., 2009). Several studies of competition between crops and weed species were 
conducted and the results of these studies are being applied at planning of integrated 
management practices such as crop rotation, succession, crop-livestock integration and 
winter crops as tools for suppressing weed occurrence (Severino, 2005; Ceccon, 2007). Most 
of these studies allow modeling the dynamics of weeds infestation in certain crops and 
optimizing the system as a whole, based in dry mass accumulation, plants height, number of 
tillers or branches, number of inflorescences and other directly measured variables (Galon et 
al., 2007; Fleck et al., 2008; Bianchi et al., 2010). 
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1. Introduction 
The application of knowledge with strong physiological basis of crop yield, allied to genetic 
and environmental  factors, is essential in developing proper practices for crop management 
aiming high yields (Floss, 2008). Several aspects determine the performance of a particular 
crop plant in a given environment, such as temperature, water availability, incidence of 
pests, plant genetics and management applied. Although it is virtually impossible to control 
all these factors, plant behavior can be assessed when submitted to different levels of these 
factors to understand how the responses of the plant to that given stress are formed 
(Radosevich et al., 2007; Gurevitch et al., 2009). 
Population growth leads to an increasing demand for food, fibers and energy, and requires 
both expansion of the area for crops as well as higher crop yields. In both cases, one of the 
limiting factors is the occurrence of weed species. The high cost of human labor led farmers 
to choose weed control practices which allow reduction of the production costs (Silva et al., 
2007). In  the past, chemical management was used as the only method of weed control, but 
several problems led to the development  of cultural methods as effective tools for lasting 
and low cost weed management. 
More recently the physiology and ecology of crops and weed species gained increasing 
importance in the development of methods of weed control (Radosevich et al., 2007; 
Gurevitch et al., 2009). Several studies of competition between crops and weed species were 
conducted and the results of these studies are being applied at planning of integrated 
management practices such as crop rotation, succession, crop-livestock integration and 
winter crops as tools for suppressing weed occurrence (Severino, 2005; Ceccon, 2007). Most 
of these studies allow modeling the dynamics of weeds infestation in certain crops and 
optimizing the system as a whole, based in dry mass accumulation, plants height, number of 
tillers or branches, number of inflorescences and other directly measured variables (Galon et 
al., 2007; Fleck et al., 2008; Bianchi et al., 2010). 
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On the other hand, there is still a big gap between physiological, high specialized studies 
and application of these results for practical everyday weed management inside crops. 
Weed biologists, mainly from under developed countries, often do not use physiological 
parameters in association to the directly measured variables as tools for supporting their 
findings. Basic research materials which support applied studies (Radosevich et al., 2007; 
Larcher, 2004; Gurevitch et al., 2009; Aliyev, 2010), propose changes to this scenario. 
This chapter is proposed to present options involving the application of physiological 
parameters in studies of crop-weed competition, whether the chemical tool of weed control 
is present or not, highlighting examples of studies of the types of findings which could 
result from the use of physiological parameters in ecophysiological and competition studies.  

2. Weed species 
Elaborate a definition for “weed species” in agricultural terms was never easy. All the 
current concepts are based in the not desired occurrence of a plant species in a given time 
and place (Silva et al., 2007). A plant species can be considered a weed if its presence 
interferes in some way in a given situation. Therefore, no specific plant species can be 
considered essentially a weed, since this will depend on the place and moment this species 
is present for it to be considered harmful to the system – a weed. Even a crop plant, like 
corn, can be considered a weed if it is growing inside a soybean field, for example. 
Weed species can be classified in terms of vegetative cycle, habitat or growth habit. But 
despite this, general features of these species are (1) high capacity of producing seeds and 
other reproductive structures; (2) seeds keep viability even under unfavorable conditions; 
(3) seeds capable of germinating and emerging from deep soil layers; (4) seeds dormancy, 
which allows a continuous and low percentage of germination; (5) alternative methods of 
propagation (rhizomes, stolons, bulbs, underground seeds); (6) mechanisms of seed 
dispersion (seeds with wings or hooks); (7) fast initial growth and development; and (8) 
seeds longevity (Silva et al., 2007). 

3. Chemical weed control 
The wide acceptance of chemical weed control with herbicides can be attributed to:  (1) less 
demand of human labor; (2) efficient even under rainy seasons; (3) efficient in controlling 
weeds at the crop row with no damage to crop root system; (4) essential tool for no-till 
planting systems; (5) efficient in controlling vegetatively propagated weed species ; and (6) 
allows free decision about planting system (in rows, sowing) and crop row spacing (Silva et 
al., 2007). 
It is important to consider, however, that a herbicide is a chemical molecule that should be 
correctly managed to avoid human intoxication as well as environmental contamination 
(Silva et al., 2007). The knowledge in plant physiology, chemical herbicide groups and 
technology of pesticide application is essential for the success of the chemical weed control 
(Floss, 2008). Surely there are risks involved at this method, but if they are known they can 
be avoided and controlled. 
Chemical weed control should be applied as an auxiliary method. Efforts should be focused 
on the cultural method of weed management once it allows the best conditions for the 
development of crops while at the same time creating barriers for the proper development 
of seedlings of weed species (Silva et al., 2007; Floss, 2008). 
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In addition, the application of herbicides will, as mandatory, cause some level of harm over 
the crops – from almost no harm to near total plant death. These impacts are sometimes not 
easily visible externally at the plant, but the physiological parameters would be imbalanced 
resulting in lower plant performance. Because of that, more susceptible parameters like the 
ones associated to the photosynthesis and water use of plants are essential tools for 
monitoring herbicide safety for crops. 

4. Competition between plant species 
Among several interpretations, "plant competition" essentially means a reduction in 
performance of a given plant species of importance, due to shared use of a limited available 
resource (Gurevitch et al., 2009). Competition between plants is different from the 
competition between animals. Due to the lack of mobility, the competition among plants 
apparently is passive, not being visible at the beginning of the development (Floss, 2008). It 
is known, however, that crops in general terms do not present high competitive ability 
against weed species, due to the genetic refinement they were submitted to increase the 
occurrence of desired productive features in detriment of aggressiveness (Silva et al., 2007). 
According to Grime (1979), as cited in Silva et al. (2007), competition is established when 
neighboring plants use the same resources, and success in competition is strongly 
determined by the plant capacity to capture these resources. Thus, a good competitor has a high 
relative growth rate and can use the available resources quickly. However, Tilman (1980), 
cited in Silva et al. (2007), claims that competitive success is the ability to extract scarce 
resources and to tolerate this lack of resources – essentially to be more efficient in extracting 
and using a given  resource. Therefore, in theory, a good competitor could be the species with 
least resource requirement (Radosevich et al., 2007). 
In agricultural systems, both the crop and weeds grow together in the same area. As both 
groups usually demand similar environmental factors as water, light, nutrients and CO2, 
and usually these resources are not enough even for the crops, the competition is 
established. Under this situation, any strange plant which emerges at this area will share 
these limited resources, causing a reduction both in the volume produced by the crops, as 
well as in the quality of the harvested product (Floss, 2008). Radosevich et al. (2007) 
classified the environmental factors which determine plant growth in “resources” and 
“conditions”. 
Resources are the consumed factors such as water, CO2, nutrients and light, and the 
response of plants usually follows a standard curve: it is small if the resource is less 
available and maximum at the saturation point, usually declining again in case of excessive 
availability of the resource (e.g. toxicity due to excessive zinc availability in the soil). 
Conditions are factors not directly consumed, such as pH and soil density, although they 
influence directly plant ability in exploring the resources. However, plant competition will 
only be established when the demand of a given resource by a plant community surpasses 
the ability of the environment in supplying the demanded level of the given resource (Floss, 
2008). 
The competition between crops and weed species is critical for the crop in cases where the 
weed is established together or before the crop (Radosevich, 2007). However, if the crop 
presents similar competitive ability to the weeds and is capable of establishing itself first, it 
will cover the soil, preventing access of weeds to light (Silva et al., 2007) – which is one of 
the most determinant factors for plant establishment (Floss, 2008; Gurevitch et al., 2009). 
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On the other hand, there is still a big gap between physiological, high specialized studies 
and application of these results for practical everyday weed management inside crops. 
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In addition, the application of herbicides will, as mandatory, cause some level of harm over 
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least resource requirement (Radosevich et al., 2007). 
In agricultural systems, both the crop and weeds grow together in the same area. As both 
groups usually demand similar environmental factors as water, light, nutrients and CO2, 
and usually these resources are not enough even for the crops, the competition is 
established. Under this situation, any strange plant which emerges at this area will share 
these limited resources, causing a reduction both in the volume produced by the crops, as 
well as in the quality of the harvested product (Floss, 2008). Radosevich et al. (2007) 
classified the environmental factors which determine plant growth in “resources” and 
“conditions”. 
Resources are the consumed factors such as water, CO2, nutrients and light, and the 
response of plants usually follows a standard curve: it is small if the resource is less 
available and maximum at the saturation point, usually declining again in case of excessive 
availability of the resource (e.g. toxicity due to excessive zinc availability in the soil). 
Conditions are factors not directly consumed, such as pH and soil density, although they 
influence directly plant ability in exploring the resources. However, plant competition will 
only be established when the demand of a given resource by a plant community surpasses 
the ability of the environment in supplying the demanded level of the given resource (Floss, 
2008). 
The competition between crops and weed species is critical for the crop in cases where the 
weed is established together or before the crop (Radosevich, 2007). However, if the crop 
presents similar competitive ability to the weeds and is capable of establishing itself first, it 
will cover the soil, preventing access of weeds to light (Silva et al., 2007) – which is one of 
the most determinant factors for plant establishment (Floss, 2008; Gurevitch et al., 2009). 
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The competition can be established both among individuals of the same species (intra-
specific competition), or among distinct plants (inter-specific competition). There is also the 
intra-plant competition, where distinct parts of the same plant (leaves, roots, flower buds) 
vie for photo-assimilates. Based on the previously exposed, in general terms the competitive 
process among plant species should be faced as follows (Silva et al., 2007): 
 Competition is more serious in younger stages of development of the crop, e.g. at the 

first eight weeks for annual crops; 
 Weed species morpho-physiologically similar to the crop are usually the most 

competitive in comparison to those which differ greatly from the crops; 
 A moderate weed infestation in crop fields can be as harmful as a heavy infestation, 

depending on the moment these weeds are established; 
 The competition is established for water, light, CO2, nutrients and physical space. Weed 

species can also exsudate to soil allelochemicals capable of inhibiting germination 
and/or growth of other plant species. 

This chapter will be focused on competition for light, but competition for water and its 
related parameters will also be addressed as competition for these factors are related to 
photosynthesis rate or efficiency. 

5. The physiology of competition 
When plants are subjected to strong competition in the plant community, the physiological 
characteristics of growth and development are usually changed. This results in differences 
in the use of environmental resources, especially the water, which directly affects the 
availability of CO2 in leaf mesophyll and leaf temperature, therefore, the photosynthetic 
efficiency (Procópio et al., 2004b). 

5.1 Competition for light 
For some authors, competition for light is not as important as competition for water and 
nutrients. However, it should be considered that there is an interrelation among these 
factors (Silva et al., 2007). In fact, researchers are only starting to understand how the plant 
physiology is related to conditions of competition (Larcher, 2004). When the crop shades 
completely the soil, there is no competition for light between crops and weed species. For 
other authors, the genetic improvement of crops allowed these plants to be more efficient in 
intercepting and using light. As a consequence, plants of crop species present high Light Use 
Efficiency (LUE) when evaluated alone (Floss, 2008). Probably because of this, competition 
for light is often not considered in studies of plant competition. 
Santos et al. (2003) evaluated the LUE of bean and soybean plants and of weed species 
Euphorbia heterophylla, Bidens pilosa and Desmodium tortuosum, and concluded that crops 
accumulated more dry mass per unit of light intercepted than any of the weeds studied. 
These authors also reported that, although the weeds were less efficient than crops in using 
light, they present high competitive ability in field conditions due to be more efficient in the 
extraction and use of other resources, like water and nutrients. 
It is known that the competition for light is complex and its amplitude is influenced by the 
plant species, e.g. if the species is native to shaded or sunny environments and if it presents 
carbon metabolism of the type C3, C4 or CAM. The differences between these plant groups 
are based on the reactions that take place at the dark phase of photosynthesis (Floss, 2008; 
Gurevitch et al., 2009). 
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It is common to imagine that C4 plants are always more efficient than C3 plants; however, 
this is true only under certain conditions (Silva et al., 2007). The C4 plants demand higher 
levels of energy for producing photoassimilates, because they present two carboxilative 
systems, and thus need to recover two enzymes for a new photosynthetic cycle. It is 
known that the relation CO2 fixed/ATP/NADPH is 1:3:2 for C3 species and 1:5:2 for C4 
species. This remarks the higher need of energy for photosynthesis in C4 plants. As all this 
energy comes from light, if the access to light is reduced, C4 plants will be less competitive 
than C3 species. 
On the other hand, the enzyme responsible for carboxilation in C4 species presents some 
characteristics like high affinity for CO2; no oxygenase function; optimal performance at 
higher temperatures; and no saturation under high light availability. As a function of these 
and other features, when plants are under high temperatures, light availability and also 
temporary water deficit, C4 species are capable of completely overcoming C3 species, being 
able to accumulate twice the dry mass per unit of leaf area in the same time interval (Silva et 
al., 2007). 

5.2 Competition for water 
Plants are powerful pumps extracting water from the soil, and because of this in hot days it 
is common to see crops submitted to water deficit presenting some degree of wilting, while 
plants of some weed species are still completely turgid. Usually, the competition for water 
causes the plant to compete also for light and nutrients (Silva et al., 2007). Several factors 
influence the competitive ability of a plant in competing for water, highlighting the volume 
of soil explored (proportional to the volume of the root system), physiological characteristics 
of the plant, stomatal regulation, osmotic adjustment in roots and hydraulic conductivity 
capacity of the roots (Floss, 2008). 
Some plant species are capable of using less water per unit of dry mass accumulated than 
others, because they are more efficient in  the use of the water (Water Use Efficiency – WUE 
= amount of dry mass accumulated as a function of water used at the same period). It is 
possible to infer that plants with higher WUE (more efficient in the use of water) are more 
productive when submitted to periods of limited water availability, as well as more 
competitive (Radosevich et al., 2007). However, some weed species may present distinct 
values of WUE throughout the cycle, being more competitive for water in certain stages of 
their development (Silva et al., 2007). 
Differences in WUE are important in plant aggressiveness, although this is not the only 
mechanism allowing survival to water competition. The stomatal self-regulation, in terms of 
stomatal conductance, plays an important role in overcoming water deficit periods. 

5.3 Competition for CO2 
In relation to CO2, competitive aspects involving the availability of this gas are usually not 
considered. However, when the distinct carbon cycles presented by crops and weed species 
are detailed, it is possible to observe that the CO2 concentration in the leaf mesophyll, 
necessary for a given species to properly accumulate dry mass, is distinct. As the efficiency 
in capturing CO2 from the air is distinct between C3 and C4 species, and also the 
concentration of CO2 may vary inside a given mixed plant community, the availability of 
CO2 may be limiting for photosynthesis under competition, mainly for C3 plant species 
(Silva et al., 2007). 
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competitive in comparison to those which differ greatly from the crops; 
 A moderate weed infestation in crop fields can be as harmful as a heavy infestation, 

depending on the moment these weeds are established; 
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species can also exsudate to soil allelochemicals capable of inhibiting germination 
and/or growth of other plant species. 

This chapter will be focused on competition for light, but competition for water and its 
related parameters will also be addressed as competition for these factors are related to 
photosynthesis rate or efficiency. 

5. The physiology of competition 
When plants are subjected to strong competition in the plant community, the physiological 
characteristics of growth and development are usually changed. This results in differences 
in the use of environmental resources, especially the water, which directly affects the 
availability of CO2 in leaf mesophyll and leaf temperature, therefore, the photosynthetic 
efficiency (Procópio et al., 2004b). 

5.1 Competition for light 
For some authors, competition for light is not as important as competition for water and 
nutrients. However, it should be considered that there is an interrelation among these 
factors (Silva et al., 2007). In fact, researchers are only starting to understand how the plant 
physiology is related to conditions of competition (Larcher, 2004). When the crop shades 
completely the soil, there is no competition for light between crops and weed species. For 
other authors, the genetic improvement of crops allowed these plants to be more efficient in 
intercepting and using light. As a consequence, plants of crop species present high Light Use 
Efficiency (LUE) when evaluated alone (Floss, 2008). Probably because of this, competition 
for light is often not considered in studies of plant competition. 
Santos et al. (2003) evaluated the LUE of bean and soybean plants and of weed species 
Euphorbia heterophylla, Bidens pilosa and Desmodium tortuosum, and concluded that crops 
accumulated more dry mass per unit of light intercepted than any of the weeds studied. 
These authors also reported that, although the weeds were less efficient than crops in using 
light, they present high competitive ability in field conditions due to be more efficient in the 
extraction and use of other resources, like water and nutrients. 
It is known that the competition for light is complex and its amplitude is influenced by the 
plant species, e.g. if the species is native to shaded or sunny environments and if it presents 
carbon metabolism of the type C3, C4 or CAM. The differences between these plant groups 
are based on the reactions that take place at the dark phase of photosynthesis (Floss, 2008; 
Gurevitch et al., 2009). 
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It is common to imagine that C4 plants are always more efficient than C3 plants; however, 
this is true only under certain conditions (Silva et al., 2007). The C4 plants demand higher 
levels of energy for producing photoassimilates, because they present two carboxilative 
systems, and thus need to recover two enzymes for a new photosynthetic cycle. It is 
known that the relation CO2 fixed/ATP/NADPH is 1:3:2 for C3 species and 1:5:2 for C4 
species. This remarks the higher need of energy for photosynthesis in C4 plants. As all this 
energy comes from light, if the access to light is reduced, C4 plants will be less competitive 
than C3 species. 
On the other hand, the enzyme responsible for carboxilation in C4 species presents some 
characteristics like high affinity for CO2; no oxygenase function; optimal performance at 
higher temperatures; and no saturation under high light availability. As a function of these 
and other features, when plants are under high temperatures, light availability and also 
temporary water deficit, C4 species are capable of completely overcoming C3 species, being 
able to accumulate twice the dry mass per unit of leaf area in the same time interval (Silva et 
al., 2007). 

5.2 Competition for water 
Plants are powerful pumps extracting water from the soil, and because of this in hot days it 
is common to see crops submitted to water deficit presenting some degree of wilting, while 
plants of some weed species are still completely turgid. Usually, the competition for water 
causes the plant to compete also for light and nutrients (Silva et al., 2007). Several factors 
influence the competitive ability of a plant in competing for water, highlighting the volume 
of soil explored (proportional to the volume of the root system), physiological characteristics 
of the plant, stomatal regulation, osmotic adjustment in roots and hydraulic conductivity 
capacity of the roots (Floss, 2008). 
Some plant species are capable of using less water per unit of dry mass accumulated than 
others, because they are more efficient in  the use of the water (Water Use Efficiency – WUE 
= amount of dry mass accumulated as a function of water used at the same period). It is 
possible to infer that plants with higher WUE (more efficient in the use of water) are more 
productive when submitted to periods of limited water availability, as well as more 
competitive (Radosevich et al., 2007). However, some weed species may present distinct 
values of WUE throughout the cycle, being more competitive for water in certain stages of 
their development (Silva et al., 2007). 
Differences in WUE are important in plant aggressiveness, although this is not the only 
mechanism allowing survival to water competition. The stomatal self-regulation, in terms of 
stomatal conductance, plays an important role in overcoming water deficit periods. 

5.3 Competition for CO2 
In relation to CO2, competitive aspects involving the availability of this gas are usually not 
considered. However, when the distinct carbon cycles presented by crops and weed species 
are detailed, it is possible to observe that the CO2 concentration in the leaf mesophyll, 
necessary for a given species to properly accumulate dry mass, is distinct. As the efficiency 
in capturing CO2 from the air is distinct between C3 and C4 species, and also the 
concentration of CO2 may vary inside a given mixed plant community, the availability of 
CO2 may be limiting for photosynthesis under competition, mainly for C3 plant species 
(Silva et al., 2007). 
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6. Characteristics related to the photosynthesis and water use efficiency 
The photosynthesis rate surely is one of the main processes responsible for high crop yields, 
but the liquid photosynthesis is a result of interaction among several processes, and each 
one of these processes, alone or in sets, may limit plant gain in terms of photoassimilates 
(Floss, 2008). The genetic variation among species and even among biotypes of the same 
species may shift the enzimatic mechanism and make a given species more capable than 
other in extracting or using efficiently a given environmental resource aiming to maximize 
its photosynthetic rate. Until recently, it was widely accepted that light affected indirectly 
the stomatal opening through the CO2 assimilation dependent on light – i.e., light increased 
the photosynthesis rate, which would reduce the internal CO2 concentration in the leaf and 
as a consequence the stomata would open. However, more accurate studies concluded that 
stomatal response is less connected to the internal CO2 concentration of the leaf than 
anticipated; most of the response to light in stomatal opening is direct, not mediated by CO2 
(Sharkey & Raschke, 1981). 
Distinct light regimes, both in terms of quantity and composition, influence almost all 
physiological processes like photosynthesis and respiration rates, affecting also variables like 
plant height, fresh and dry mass and water content of the plant (Pystina & Danilov, 2001). 
Water content, on the other hand, shifts both the stem length and leaf area of the plant, in a 
way to adapt the plant to the amount or quality of light intercepted (Aspiazú et al., 2008). 
Interspecific and intraspecific plant competition affect the amount and the quality of the 
final product, as well as its efficiency in utilization of environmental resources (VanderZee 
& Kennedy, 1983; Melo et al., 2006). This is noted when assessing physiological 
characteristics associated to photosynthesis, such as concentration of internal and external 
gases (Kirschbaum & Pearcy, 1988), light composition and intensity (Merotto Jr. et al., 2009) 
and mass accumulation by plants under different conditions. 
Although gas exchange capability by stomata is considered a main limitation for 
photosynthetic CO2 assimilation (Hutmacher & Krieg, 1983), it is unlikely that gas exchange 
will limit the photosynthesis rate when interacting with other factors. However, 
photosynthetic rate is directly related to the photosynthetically active radiation 
(composition of light), to water availability and gas exchange (Naves-Barbiero et al., 2000). 
Plants have specific needs for light, predominantly in bands of red and blue (Messinger et 
al., 2006). When plants do not receive these wave lengths in a satisfactory manner, they need 
to adapt themselves in order to survive (Attridge, 1990). When under competition for light, 
the red and far-red ratio affected by shading is also important (Merotto Jr. et al., 2009) and 
influences photosynthetic efficiency (Da Matta et al., 2001). 
The physiological parameters associated to photosynthesis rate and dynamics of water use 
in plant species will be presented, and on the following the application of these parameters 
in studies of plant competition (both in  crops and weed species), and studies of herbicide 
toxicity to crops and forest trees will be discussed. 

6.1 Physiological parameters 
Table 1 presents the main physiological parameters evaluated by the equipment called Infra 
Red Gas Analyzer (IRGA). Details on the principles of measurements by this equipment, as 
well as cares to be taken to avoid reading errors, can be found in Dutton et al. (1988), Long & 
Bernacchi (2003) and in the technical manual of the equipment. Please note that the 
parameters available vary among equipments from different manufacturers, as well as 
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Parameter Usual Unit Name and Description 

A µmol m-2 s-1 
Photosynthesis rate – Rate of incorporation of  
carbon molecules from the air into biomass.  
Supplied by equipment. 

E mol H2O m-2 s-1 Transpiration – Rate of water loss through stomata. 
Supplied by equipment. 

Gs mol m-1 s-1 
Stomatal conductance - Rate of passage of either water 
vapor or carbon dioxide through the stomata.  
Supplied by equipment. 

Ci µmol mol-1 Internal CO2 concentration – Concentration of CO2 in the 
leaf mesophyll . Supplied by equipment. 

Ean mBar 
Vapor pressure at sub-stomatal chamber – Water pressure at 
the sub-stomatal zone within the leaf.  
Not supplied by some equipments. 

∆C µmol mol-1 

Carbon gradient – Gradient of CO2 between the interior 
and the exterior of the leaf. Usually not supplied by 
equipment. May be calculated by the difference between 
the CO2 of reference (supplied by equipment) and  
its concentration at the mesophyll  
(Ci – supplied by equipment). 

Tleaf °C Leaf temperature – Supplied by equipment in °C or °F. 

∆T ∆ °C 

Temperature gradient – Not supplied by equipment. May 
be calculated by the difference between the temperature 
of the leaf (supplied by equipment) and the 
environmental temperature (supplied by equipment). 

WUE µmol CO2 mol H2O-1

Water use efficiency – Describes the relation between the  
rate of incorporation of CO2 into biomass and the 
amount of water lost at the same time interval. Usually 
not supplied. May be calculated by dividing 
photosynthesis (A) by transpiration (E). May be 
presented in several distinct units. 

A/Gs Curve* 

Intrinsic water use efficiency – Not widely used, but 
describes a relation between the actual photosynthesis 
rate and the stomatal conductance. The original units of 
each parameter is maintained. 

A/Ci Curve* 

Photosynthesis / CO2 relation – Describes the curve of 
photosynthesis rate as the concentration of CO2 within 
the leaf is increased. The original units of each parameter 
is maintained. 

*These data should be represented as a graph showing the relation between variables as the 
concentration of one of them is increased; thus, the original units are maintained. 

Table 1. Physiological parameters usually available when using an Infra Red Gas Analyzer 
(IRGA). Parameters available vary among manufacturers as well as among models of the 
same manufacturer. Some parameters are supplied by the equipment while others have to 
be calculated.  
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toxicity to crops and forest trees will be discussed. 
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the CO2 of reference (supplied by equipment) and  
its concentration at the mesophyll  
(Ci – supplied by equipment). 

Tleaf °C Leaf temperature – Supplied by equipment in °C or °F. 

∆T ∆ °C 

Temperature gradient – Not supplied by equipment. May 
be calculated by the difference between the temperature 
of the leaf (supplied by equipment) and the 
environmental temperature (supplied by equipment). 

WUE µmol CO2 mol H2O-1

Water use efficiency – Describes the relation between the  
rate of incorporation of CO2 into biomass and the 
amount of water lost at the same time interval. Usually 
not supplied. May be calculated by dividing 
photosynthesis (A) by transpiration (E). May be 
presented in several distinct units. 

A/Gs Curve* 

Intrinsic water use efficiency – Not widely used, but 
describes a relation between the actual photosynthesis 
rate and the stomatal conductance. The original units of 
each parameter is maintained. 

A/Ci Curve* 

Photosynthesis / CO2 relation – Describes the curve of 
photosynthesis rate as the concentration of CO2 within 
the leaf is increased. The original units of each parameter 
is maintained. 

*These data should be represented as a graph showing the relation between variables as the 
concentration of one of them is increased; thus, the original units are maintained. 

Table 1. Physiological parameters usually available when using an Infra Red Gas Analyzer 
(IRGA). Parameters available vary among manufacturers as well as among models of the 
same manufacturer. Some parameters are supplied by the equipment while others have to 
be calculated.  
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among models of the same manufacturer. Some of them (∆C, Tleaf, ∆T and WUE) are usually 
not automatically supplied, but may be easily calculated based on parameters supplied by 
the equipment. The measuring units of the parameters also vary, and the most common 
units were adopted at Table 1. Water use efficiency (WUE) have several interpretations and 
may be presented in several different units, for distinct purposes. For a more comprehensive 
overview of this parameter, please consult Tambuci et al. (2011). 

6.2 Photosynthesis 
The photosynthesis (A) and thus the respiration, depend upon a constant flux of CO2 and O2 
in and out of the cell; this free flux is a function of the concentration of CO2 (Ci) and O2 at 
the intercellular spaces, which depend on the stomatal opening, major controller of the gas 
flux through stomata (Taylor Jr. & Gunderson, 1986; Messinger et al., 2006). This is mainly 
controlled by the turgescence both of the guard cells (which control stomatal opening) as 
well as by the epidermic cells at the stomata (Humble & Hsiao, 1970). A low water potential 
will promote reduction in stomatal opening and reduce the leaf conductance, inhibiting 
photosynthesis and also the respiration (Attridge, 1990), and increasing the gradient of CO2 
concentration between the leaf mesophyll and the exterior of the leaf (∆C). 

6.3 Water use efficiency 
When plants are studied in terms of the efficiency they present when using water, the 
parameters stomatal conductance of water vapor (Gs), vapor pressure at the sub-stomatal 
chamber (Ean), transpiratory rate (E) and water use efficiency (WUE) should be considered. 
The WUE is obtained by the relation between CO2 incorporated in the plant and the amount 
of water lost by transpiration during the same period (Gurevitch et al., 2009). The more 
efficient water use is directly related to the photosynthetic efficiency as well as the dynamics 
of stomatal opening, because while the plant absorbs CO2 for the photosynthesis, it also 
loses water to the atmosphere by transpiration, in rates that depend on the potential 
gradient between the interior and the exterior of the leaf (Floss, 2008). Water exchange also 
allows the plant to keep adequate temperature levels, which can be evaluated by the leaf 
temperature (Tleaf), as well as by the difference between the leaf temperature and the 
temperature of the air surrounding the leaf (∆T). 

7. Physiology of crops 
7.1 Sugarcane 
Control of weed species is a mandatory practice which should be applied in sugarcane 
fields, and among the control methods available, the chemical is usually the most widely 
adopted on this crop. The reasons for that are (1) the big size of the sugarcane fields; (2) 
higher cost of the other control methods; (3) high efficiency of the chemical method; and (4) 
speed of the method. 
There is a very limited knowledge about the impact of the application of herbicides on the 
physiology of crops. According to Azania et al. (2005), the application of late post-
emergence herbicides in sugarcane fields may result in high toxicity to the crop, limiting the 
yield. These authors attribute this to physiological changes in sugarcane plants which would 
result in negative effects, also on the quality of the harvest. 
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Galon et al. (2010) studied the following herbicides, applied over several sugarcane 
genotypes: ametryn - 2.000 g ha-1; trifloxysulfuron-sodium - 22,5 g ha-1; and a commercial 
mixture containing ametryn + trifloxysulfuron-sodium at 1.463 + 37,0 g ha-1, respectively. 
Treatments were compared against a check with no herbicide. The results are summarized 
in Table 2. 
 

Treatment Sugarcane Genotype 
RB72454 RB835486 RB855113 RB867515 RB947520 SP801816 

 Shoot Dry Mass (g plant-1) 
TC A 5,77 a A 5,46 a A 4,93 a A 5,02 a A 5,02 a B 2,46 a 
HA B 2,83 b B 3,69 ab B 2,89 b A 5,97 a B 3,38 ab B 3,63 a 
HB A 5,21 ab B 2,81 b B 3,81 ab B 2,99 b B 2,03 b B 2,30 a 
HC A 2,90 b A 1,99 b A 2,46 ab A 2,09 b A 1,66 b A 1,30 a 
 Consumed CO2 - ∆C (µmol mol-1) 
TC A 124 ab AB 149 a B 120 a AB 139 a A 177 a B 117 a 
HA A 109 b B 75 c AB 105 b AB 91 b AB 102 b A 110 a 
HB AB 119 ab B 106 b AB 114 ab AB 118 ab A 144 ab B 108 a 
HC A 131 a A 107 b AB 112 ab A 95 b A 118 b A 111 a 
 Internal CO2 Concentration – Ci (µmol mol-1) 
TC AB 102 a A 177 a AB 104 b AB 123 b B 68 c AB 120 b 
HA A 165 a A 136 ab A 169 a A 178 a A 134 a A 157 a 
HB AB 126 ab AB 127 ab AB 128 ab AB 114 b B 88 b A 137 ab 
HC AB 146 ab B 87,7 b AB 125 ab A 179 a AB 145 a A 158 a 
 Photosynthesis Rate (µmol m-2 s-1) 
TC AB 45,1 a AB 51,2 a B 41,3 a AB 47,9 a A 60,7 a AB 48,0 a 
HA A 37,5 b B 25,8 b A 36,1 a B 28,9 b A 37,0 b A 37,3 b 
HB B 41,1 ab B 36,6 ab B 38,9 a B 40,3 ab A 49,5 ab B 38,8 b 
HC A 42,1 ab A 36,4 ab A 38,4 a B 32,8 b A 40,5 b A 40,1 b 

Table 2. Physiological variables evaluated in sugarcane genotypes as a function of herbicide 
treatment. TC: control with no herbicide; HA: ametryn at 2.000 g ha-1 a.i.; HB:  
trifloxysulfuron-sodium at 22,5 g ha-1 a.i.; HC: ametryn + trifloxysulfuron-sodium at 1.463 + 
37,0 g ha-1 a.i. Means followed by the same letter at the column, inside each variable, are not 
different by the DMRT test at 5% probability. Source: adapted from Galon et al. (2010). 

In general terms, the CO2 consumed by photosynthesis (ΔC) was smaller in treatments 
including the herbicide ametryn. There were also remarkable differences between 
genotypes. The ΔC is directly related to the photosynthesis rate of the plant by the time of 
the evaluation. In this situation, it is possible to observe that the genotypes RB72454 and 
SP80-1816 were less susceptible to ametryn than the other genotypes. 
The concentration of CO2 within the leaf (Ci) was affected by the herbicide treatments, being 
also observed once more differences between genotypes. As expected, this parameter 
presented, in general terms, opposite behavior in comparison to ΔC. The application of the 
herbicide ametryn, a photosynthesis II (PSII) inhibitor, resulted in higher concentrations of 
CO2 within the leaf, once the photosynthesis of the genotypes under application of this 
herbicide was more severely affected. The CO2 concentration within the leaf was around 
50% higher in treatments involving ametryn in comparison to the control treatment with no 
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among models of the same manufacturer. Some of them (∆C, Tleaf, ∆T and WUE) are usually 
not automatically supplied, but may be easily calculated based on parameters supplied by 
the equipment. The measuring units of the parameters also vary, and the most common 
units were adopted at Table 1. Water use efficiency (WUE) have several interpretations and 
may be presented in several different units, for distinct purposes. For a more comprehensive 
overview of this parameter, please consult Tambuci et al. (2011). 

6.2 Photosynthesis 
The photosynthesis (A) and thus the respiration, depend upon a constant flux of CO2 and O2 
in and out of the cell; this free flux is a function of the concentration of CO2 (Ci) and O2 at 
the intercellular spaces, which depend on the stomatal opening, major controller of the gas 
flux through stomata (Taylor Jr. & Gunderson, 1986; Messinger et al., 2006). This is mainly 
controlled by the turgescence both of the guard cells (which control stomatal opening) as 
well as by the epidermic cells at the stomata (Humble & Hsiao, 1970). A low water potential 
will promote reduction in stomatal opening and reduce the leaf conductance, inhibiting 
photosynthesis and also the respiration (Attridge, 1990), and increasing the gradient of CO2 
concentration between the leaf mesophyll and the exterior of the leaf (∆C). 

6.3 Water use efficiency 
When plants are studied in terms of the efficiency they present when using water, the 
parameters stomatal conductance of water vapor (Gs), vapor pressure at the sub-stomatal 
chamber (Ean), transpiratory rate (E) and water use efficiency (WUE) should be considered. 
The WUE is obtained by the relation between CO2 incorporated in the plant and the amount 
of water lost by transpiration during the same period (Gurevitch et al., 2009). The more 
efficient water use is directly related to the photosynthetic efficiency as well as the dynamics 
of stomatal opening, because while the plant absorbs CO2 for the photosynthesis, it also 
loses water to the atmosphere by transpiration, in rates that depend on the potential 
gradient between the interior and the exterior of the leaf (Floss, 2008). Water exchange also 
allows the plant to keep adequate temperature levels, which can be evaluated by the leaf 
temperature (Tleaf), as well as by the difference between the leaf temperature and the 
temperature of the air surrounding the leaf (∆T). 

7. Physiology of crops 
7.1 Sugarcane 
Control of weed species is a mandatory practice which should be applied in sugarcane 
fields, and among the control methods available, the chemical is usually the most widely 
adopted on this crop. The reasons for that are (1) the big size of the sugarcane fields; (2) 
higher cost of the other control methods; (3) high efficiency of the chemical method; and (4) 
speed of the method. 
There is a very limited knowledge about the impact of the application of herbicides on the 
physiology of crops. According to Azania et al. (2005), the application of late post-
emergence herbicides in sugarcane fields may result in high toxicity to the crop, limiting the 
yield. These authors attribute this to physiological changes in sugarcane plants which would 
result in negative effects, also on the quality of the harvest. 
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Galon et al. (2010) studied the following herbicides, applied over several sugarcane 
genotypes: ametryn - 2.000 g ha-1; trifloxysulfuron-sodium - 22,5 g ha-1; and a commercial 
mixture containing ametryn + trifloxysulfuron-sodium at 1.463 + 37,0 g ha-1, respectively. 
Treatments were compared against a check with no herbicide. The results are summarized 
in Table 2. 
 

Treatment Sugarcane Genotype 
RB72454 RB835486 RB855113 RB867515 RB947520 SP801816 

 Shoot Dry Mass (g plant-1) 
TC A 5,77 a A 5,46 a A 4,93 a A 5,02 a A 5,02 a B 2,46 a 
HA B 2,83 b B 3,69 ab B 2,89 b A 5,97 a B 3,38 ab B 3,63 a 
HB A 5,21 ab B 2,81 b B 3,81 ab B 2,99 b B 2,03 b B 2,30 a 
HC A 2,90 b A 1,99 b A 2,46 ab A 2,09 b A 1,66 b A 1,30 a 
 Consumed CO2 - ∆C (µmol mol-1) 
TC A 124 ab AB 149 a B 120 a AB 139 a A 177 a B 117 a 
HA A 109 b B 75 c AB 105 b AB 91 b AB 102 b A 110 a 
HB AB 119 ab B 106 b AB 114 ab AB 118 ab A 144 ab B 108 a 
HC A 131 a A 107 b AB 112 ab A 95 b A 118 b A 111 a 
 Internal CO2 Concentration – Ci (µmol mol-1) 
TC AB 102 a A 177 a AB 104 b AB 123 b B 68 c AB 120 b 
HA A 165 a A 136 ab A 169 a A 178 a A 134 a A 157 a 
HB AB 126 ab AB 127 ab AB 128 ab AB 114 b B 88 b A 137 ab 
HC AB 146 ab B 87,7 b AB 125 ab A 179 a AB 145 a A 158 a 
 Photosynthesis Rate (µmol m-2 s-1) 
TC AB 45,1 a AB 51,2 a B 41,3 a AB 47,9 a A 60,7 a AB 48,0 a 
HA A 37,5 b B 25,8 b A 36,1 a B 28,9 b A 37,0 b A 37,3 b 
HB B 41,1 ab B 36,6 ab B 38,9 a B 40,3 ab A 49,5 ab B 38,8 b 
HC A 42,1 ab A 36,4 ab A 38,4 a B 32,8 b A 40,5 b A 40,1 b 

Table 2. Physiological variables evaluated in sugarcane genotypes as a function of herbicide 
treatment. TC: control with no herbicide; HA: ametryn at 2.000 g ha-1 a.i.; HB:  
trifloxysulfuron-sodium at 22,5 g ha-1 a.i.; HC: ametryn + trifloxysulfuron-sodium at 1.463 + 
37,0 g ha-1 a.i. Means followed by the same letter at the column, inside each variable, are not 
different by the DMRT test at 5% probability. Source: adapted from Galon et al. (2010). 

In general terms, the CO2 consumed by photosynthesis (ΔC) was smaller in treatments 
including the herbicide ametryn. There were also remarkable differences between 
genotypes. The ΔC is directly related to the photosynthesis rate of the plant by the time of 
the evaluation. In this situation, it is possible to observe that the genotypes RB72454 and 
SP80-1816 were less susceptible to ametryn than the other genotypes. 
The concentration of CO2 within the leaf (Ci) was affected by the herbicide treatments, being 
also observed once more differences between genotypes. As expected, this parameter 
presented, in general terms, opposite behavior in comparison to ΔC. The application of the 
herbicide ametryn, a photosynthesis II (PSII) inhibitor, resulted in higher concentrations of 
CO2 within the leaf, once the photosynthesis of the genotypes under application of this 
herbicide was more severely affected. The CO2 concentration within the leaf was around 
50% higher in treatments involving ametryn in comparison to the control treatment with no 
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herbicide. Trifloxysulfuron-sodium also caused changes in Ci, but not at the same 
magnitude of ametryn. 
In general terms, the photosynthesis rate (A) observed at the treatment with trifloxysulfuron 
alone was similar to the control with no herbicide. On the same way treatments involving 
the PSII inhibitor presented photosynthesis rate inferior to rates observed at the control 
treatment. When considering the treatment containing ametryn + trifloxysulfuron, it was 
possible to highlight the genotype RB947520. 
The authors highlight that, even the damages caused by ametryn being more easily 
identified by evaluating parameters associated to the photosynthesis, variations due to the 
application of trifloxysulfuron-sodium were also detectable by changes in these parameters 
by using an Infra Red Gas Analyzer (IRGA). In other words, herbicidal damage on crops can 
be effectively quantified by evaluating direct and indirect damage to the photosynthetic 
route. Furthermore, the accumulation of dry mass did not correlate directly with most of the 
studied physiological parameters, because plant growth is a result of biomass accumulation 
since the emergence until the moment of the evaluation. In this way, the authors remark the 
importance of evaluating both types of variables, physiological and biomass/growth - 
related, before concluding about the efficacy or impact of a given herbicide treatment. In 
addition, the authors remark the existence of differences among genotypes in terms of 
susceptibility to herbicides, which were effectively identified by physiological parameters. 

7.2 Cassava 
Several factors have contributed to the low productivity of cassava in under-developed 
countries, being the inadequate management of weeds one of the most important. Usually, 
cassava producers believe that this crop is rustic and there is no need to worry too much 
about weed control (Albuquerque, 2008). However, the competition between weeds and 
cassava can affect its production in quantitative and qualitative ways (Aspiazú et al., 2010a, 
2010b). This competition alters the efficiency of use of environmental resources such as 
water, light, nutrients and space among species that occupy the same ecological niche (Melo 
et al., 2006; Floss, 2008).  
Aspiazú et al. (2010b) studied the physiological interactions of cassava with three weed 
species in order to determine the mechanism the crop plants used to overcome the stress 
imposed by weed competition. One cassava plant was submitted to competition with one of 
these weed species: Bidens pilosa (three plants m-2), Brachiaria plantaginea (six plants m-2) or 
Commelina benghalensis (three plants m-2). 
Cassava plants grown free of competition showed greater leaf internal CO2 concentration 
(Ci) than when competing with weeds (Table 3). Lower CO2 concentrations in leaves were 
observed when cassava plants were grown under competition with C. benghalensis. The 
highest values for Ci observed in cassava plants were when under competition with B. pilosa 
or B. plantaginea, if compared to C. benghalensis. That can be attributed to the accelerated 
plant metabolism as a way to increase growth rate and escape shading caused by weeds, as 
will be further detailed. It is believed that under these conditions, where lower Ci occurs, 
CO2 was consumed due to the increase at metabolic rate. 
Studies conducted by some researchers showed that responses to changes in Red:Far Red 
(R:Fr) ratios occur before the mutual shading among neighbors. Based on these studies, it 
was proposed that the Far Red radiation, which is reflected by adjacent leaves, is a means of 
early detection that signals the imminence of competition during canopy development 
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(Ballaré et al., 1990; Merotto Jr. et al., 2009; Aspiazú et al., 2010b). In addition, some species 
are capable of recognizing others by the amount of radiation reflected in each wave length – 
essentially, the composition of the light reflected (Larcher, 2004; Aspiazú et al., 2010b). 
 

Treatment Ci 
(µmol mol-1)

∆C 
(µmol mol-1)

Tleaf 
(°C) 

A 
(µmol  m-2 s-1) 

Cassava 295,7 a 14,43 b 32,1 b 5,71 b 
Cassava x B. pilosa 256,4 b 12,73 b 33,6 ab 5,17 b 
Cassava x C. benghalensis 232,3 c 19,60 a 35,1 a 7,32 a 
Cassava x B. plantaginea 266,9 b 14,50 b 33,6 ab 5,93 b 
CV (%) 10,0 19,4 3,6 15,2 
Table 3. Parameters associated to the photosynthesis of cassava plants 60 days after 
emergence, as a function of the weed species with whom cassava plants were under 
competition. Means followed by the same letter at the column, are not different by the 
DMRT test at 5% probability. Source: Aspiazú et al. (2010b). 

It was probably what happened when cassava plants competed with C. benghalensis; the 
presence of this slow growth, poor competitive weed species might have been simply 
enough to increase cassava metabolism aiming to avoid the imposition of future 
competition. 
The authors also remark that the consumption of CO2 (ΔC) increased proportionally to the 
decrease of Ci. When the three weeds were compared, C. benghalensis was the one that most 
increased the ᐃC of cassava, because there was a higher gradient between the internal and 
the external sides of the cassava leaves – this may indicate accelerated plant metabolism. 
Cassava leaves temperature was higher when under competition with C. benghalensis, 
mainly due to the stimulus in metabolism caused by the presence of the weed, and due to 
the low competition exerted, or simply due to the changing of the quality of light, which 
allowed cassava plants to recognize the species of weed (Radosevich et al., 2007; Larcher, 
2004). The competition-free control indicates the metabolic rate usual to cassava plants when 
free of competition. In this situation, plant growth becomes more balanced, distributing 
photoassimilates proportionally between shoots and roots, which is not the case when under 
competition (Radosevich et al., 2007). 
The difference between leaf temperature and the air around it (ΔT) is commonly only 1 or 2 
ºC, but in extreme cases it may exceed 5 ºC (Attridge, 1990). Cassava plants under 
competition with B. pilosa or B. plantaginea stayed half way compared to the ones observed 
in weed-free control, and at treatment under competition with C. benghalensis. This indicates 
that these weeds were able to prevent cassava from reacting adequately to the imposition of 
competition, probably by limiting crop access to appropriate levels of a given resource, such 
as light or water, for example. 
The photosynthetic rate was also higher for cassava plants under competition with C. 
benghalensis, when compared to other treatments. Photosynthetic rate of cassava under 
competition with C. benghalensis was 7,32 µmol m-2 s-1 CO2, while for the average of the 
remaining treatments was 5,50 µmol m-2 s-1 CO2. The radiation balance and composition on 
the plant when in competition or shading, combined with carbohydrate level in leaves, may 
increase respiratory rate directly or through alternative pathways associated with the 
respiratory chain (Pystina & Danilov, 2001). This could make photosynthesis balance even 
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herbicide. Trifloxysulfuron-sodium also caused changes in Ci, but not at the same 
magnitude of ametryn. 
In general terms, the photosynthesis rate (A) observed at the treatment with trifloxysulfuron 
alone was similar to the control with no herbicide. On the same way treatments involving 
the PSII inhibitor presented photosynthesis rate inferior to rates observed at the control 
treatment. When considering the treatment containing ametryn + trifloxysulfuron, it was 
possible to highlight the genotype RB947520. 
The authors highlight that, even the damages caused by ametryn being more easily 
identified by evaluating parameters associated to the photosynthesis, variations due to the 
application of trifloxysulfuron-sodium were also detectable by changes in these parameters 
by using an Infra Red Gas Analyzer (IRGA). In other words, herbicidal damage on crops can 
be effectively quantified by evaluating direct and indirect damage to the photosynthetic 
route. Furthermore, the accumulation of dry mass did not correlate directly with most of the 
studied physiological parameters, because plant growth is a result of biomass accumulation 
since the emergence until the moment of the evaluation. In this way, the authors remark the 
importance of evaluating both types of variables, physiological and biomass/growth - 
related, before concluding about the efficacy or impact of a given herbicide treatment. In 
addition, the authors remark the existence of differences among genotypes in terms of 
susceptibility to herbicides, which were effectively identified by physiological parameters. 

7.2 Cassava 
Several factors have contributed to the low productivity of cassava in under-developed 
countries, being the inadequate management of weeds one of the most important. Usually, 
cassava producers believe that this crop is rustic and there is no need to worry too much 
about weed control (Albuquerque, 2008). However, the competition between weeds and 
cassava can affect its production in quantitative and qualitative ways (Aspiazú et al., 2010a, 
2010b). This competition alters the efficiency of use of environmental resources such as 
water, light, nutrients and space among species that occupy the same ecological niche (Melo 
et al., 2006; Floss, 2008).  
Aspiazú et al. (2010b) studied the physiological interactions of cassava with three weed 
species in order to determine the mechanism the crop plants used to overcome the stress 
imposed by weed competition. One cassava plant was submitted to competition with one of 
these weed species: Bidens pilosa (three plants m-2), Brachiaria plantaginea (six plants m-2) or 
Commelina benghalensis (three plants m-2). 
Cassava plants grown free of competition showed greater leaf internal CO2 concentration 
(Ci) than when competing with weeds (Table 3). Lower CO2 concentrations in leaves were 
observed when cassava plants were grown under competition with C. benghalensis. The 
highest values for Ci observed in cassava plants were when under competition with B. pilosa 
or B. plantaginea, if compared to C. benghalensis. That can be attributed to the accelerated 
plant metabolism as a way to increase growth rate and escape shading caused by weeds, as 
will be further detailed. It is believed that under these conditions, where lower Ci occurs, 
CO2 was consumed due to the increase at metabolic rate. 
Studies conducted by some researchers showed that responses to changes in Red:Far Red 
(R:Fr) ratios occur before the mutual shading among neighbors. Based on these studies, it 
was proposed that the Far Red radiation, which is reflected by adjacent leaves, is a means of 
early detection that signals the imminence of competition during canopy development 
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(Ballaré et al., 1990; Merotto Jr. et al., 2009; Aspiazú et al., 2010b). In addition, some species 
are capable of recognizing others by the amount of radiation reflected in each wave length – 
essentially, the composition of the light reflected (Larcher, 2004; Aspiazú et al., 2010b). 
 

Treatment Ci 
(µmol mol-1)

∆C 
(µmol mol-1)

Tleaf 
(°C) 

A 
(µmol  m-2 s-1) 

Cassava 295,7 a 14,43 b 32,1 b 5,71 b 
Cassava x B. pilosa 256,4 b 12,73 b 33,6 ab 5,17 b 
Cassava x C. benghalensis 232,3 c 19,60 a 35,1 a 7,32 a 
Cassava x B. plantaginea 266,9 b 14,50 b 33,6 ab 5,93 b 
CV (%) 10,0 19,4 3,6 15,2 
Table 3. Parameters associated to the photosynthesis of cassava plants 60 days after 
emergence, as a function of the weed species with whom cassava plants were under 
competition. Means followed by the same letter at the column, are not different by the 
DMRT test at 5% probability. Source: Aspiazú et al. (2010b). 

It was probably what happened when cassava plants competed with C. benghalensis; the 
presence of this slow growth, poor competitive weed species might have been simply 
enough to increase cassava metabolism aiming to avoid the imposition of future 
competition. 
The authors also remark that the consumption of CO2 (ΔC) increased proportionally to the 
decrease of Ci. When the three weeds were compared, C. benghalensis was the one that most 
increased the ᐃC of cassava, because there was a higher gradient between the internal and 
the external sides of the cassava leaves – this may indicate accelerated plant metabolism. 
Cassava leaves temperature was higher when under competition with C. benghalensis, 
mainly due to the stimulus in metabolism caused by the presence of the weed, and due to 
the low competition exerted, or simply due to the changing of the quality of light, which 
allowed cassava plants to recognize the species of weed (Radosevich et al., 2007; Larcher, 
2004). The competition-free control indicates the metabolic rate usual to cassava plants when 
free of competition. In this situation, plant growth becomes more balanced, distributing 
photoassimilates proportionally between shoots and roots, which is not the case when under 
competition (Radosevich et al., 2007). 
The difference between leaf temperature and the air around it (ΔT) is commonly only 1 or 2 
ºC, but in extreme cases it may exceed 5 ºC (Attridge, 1990). Cassava plants under 
competition with B. pilosa or B. plantaginea stayed half way compared to the ones observed 
in weed-free control, and at treatment under competition with C. benghalensis. This indicates 
that these weeds were able to prevent cassava from reacting adequately to the imposition of 
competition, probably by limiting crop access to appropriate levels of a given resource, such 
as light or water, for example. 
The photosynthetic rate was also higher for cassava plants under competition with C. 
benghalensis, when compared to other treatments. Photosynthetic rate of cassava under 
competition with C. benghalensis was 7,32 µmol m-2 s-1 CO2, while for the average of the 
remaining treatments was 5,50 µmol m-2 s-1 CO2. The radiation balance and composition on 
the plant when in competition or shading, combined with carbohydrate level in leaves, may 
increase respiratory rate directly or through alternative pathways associated with the 
respiratory chain (Pystina & Danilov, 2001). This could make photosynthesis balance even 
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smaller and reduce the ability of the plant to accumulate mass. The interaction between 
measured parameters is presented at Table 4. 
  

 Ci 
(µmol mol-1) 

∆C 
(µmol mol-1) 

Tleaf 
(°C) 

A 
(µmol m-2 s-1) 

Ci 1 - - - 
∆C -0,60 * 1 - - 
Tleaf -0,53 0,34 1 - 
A -0,60 * 0,96 * 0,37 1 
* = significant at 5% of probability. 

Table 4. Pearson linear correlation matrix as a function of the parameters associated to the 
photosynthesis of cassava plants grown alone or under competition with weed species, 
evaluated 60 days after emergence. Source: Aspiazú et al. (2010b). 

In terms of parameters associated to the water use efficiency, the stomatal conductance (Gs) 
of cassava plants in coexistence with B. pilosa was inferior only to the treatment where 
cassava was grown alone (Table 5). 
 

Treatment E 
(mol H2O m-2 s-1) 

Gs 
(mol m-1 s-1) 

Ean 
(mbar) 

WUE 
(µmol CO2 
mol-1 H2O) 

Cassava 3,57 a 0,13 a 22,40 a 1,81 b 
Cassava x B. pilosa 2,31 c 0,07 b 21,03 a 2,26 a 
Cassava x C. benghalensis 3,69 a 0,11 ab 24,57 a 1,98 ab 
Cassava x B. plantaginea 3,15 b 0,12 ab 23,47 a 1,90 ab 
CV (%) 19,7 24,40 6,6 9,8 
Table 5. Parameters associated to the water use of cassava plants 60 days after emergence, as 
a function of the weed species with whom cassava plants were under competition.  
Means followed by the same letter at the column, are not different by the DMRT test at  
5% probability. Source: Aspiazú et al. (2010a). 

Vapor pressure in the substomatal cavity of the cassava leaves (Ean) did not change in 
function of the competition between cassava and any of the weed species (Table 5).  In Table 
6, a high correlation between E and Ean can be observed, although the latter was not 
modified in function of the species with which cassava competed. In this case, the changes 
in Gs can be attributed to factors not related to cassava plants, such as availability of soil 
water or wind speed, factors that can be changed by the presence of weeds.  
The transpiration rate (E) was dependent on the weed species with which the cassava 
plant competed, being superior for the control free of weeds and for the cassava plant 
which competed with C. benghalensis (Table 5). This supports the considered hypothesis 
by the authors that C. benghalensis does not show a good competitive ability for light, 
because the crop had higher leaf temperature (Table 3) and higher transpiration rate 
(Table 5) when competing with this species, which indicates high metabolic rate and 
accelerated growth due to recognition of imposition of competition before it was actually 
established. The interactions between parameters associated to the water use are 
presented at Table 6. 
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 E
(mol H2O m-2 s-1)

Gs
(mol m-1 s-1)

Ean 
(mbar)

WUE 
(µmol CO2 mol H2O-1) 

E 1 0,72 * 0,87 * -0,26 
Gs - 1 0,49 -0,30 
Ean - - 1 -0,09 
WUE - - - 1 
* = significant at 5% of probability. 

Table 6. Pearson linear correlation matrix as a function of the parameters associated to the 
water use of cassava plants grown alone or under competition with weed species, evaluated 
60 days after emergence. Source: Aspiazú et al. (2010a). 

The photosynthetic characteristics of cassava were influenced by its competition with B. 
pilosa and B. plantaginea. The authors noticed that cassava plants are affected by these species 
especially concerning competition for light and water. However, there were no negative 
effects when cassava plants competed with C. benghalensis. This species seems to rather 
affect the composition of light by reflecting peculiar spectrum of specific wavelengths, 
which allows cassava plants to anticipate the imposition of competition even before they get 
to harmful levels. 

7.3 Eucalyptus 
The management of weed species in Eucalyptus plantations is based both on mechanical and 
chemical methods (Machado et al., 2010). When using the chemical method, the main active 
ingredient applied is the glyphosate, due to several advantages (Tuffi Santos et al., 2010). As 
this is a non selective herbicide, it is applied between plant rows, avoiding contact with the 
Eucalyptus plants, which could result in lower growth rates and eventually plant death 
(Tuffi Santos et al., 2010). 
The possibility of severe damage for Eucalyptus by the application of glyphosate instigated 
the conduction of several researches involving the concept of “simulated drift”. However, 
there are just a few researches in Brazil aiming at the physiological implications of 
glyphosate application in Eucalyptus plantations. In a pioneer study, Machado et al. (2010) 
modeled the impact of the herbicide glyphosate over clones of Eucalyptus grandis and E. 
urophylla. These authors were not able to identify differences in susceptibility among clones, 
but were able to characterize relatively well the behavior of physiological parameters in 
Eucaliptus under application of glyphosate. Four doses of glyphosate (43,2; 86,2; 129,6; and 
172,8 g ha-1 of the commercial formulation containing 360 g L-1 of the acid equivalent of 
glyphosate) were applied on two clones of each species when plants were around 40 cm 
height. The main results are synthesized in Figure 1. 
When the photosynthesis rate was analyzed as a function of herbicide doses, there was no 
change seven days after application (18,49 µmol m-2 s-1). However, 21 days after application 
(DAA) the photosynthesis was reduced as the dose of the herbicide increased (Figure 1). At 
the higher herbicide doses, there was a proportional increasing in toxicity to the plants of 
Eucalyptus which caused leaf abscission, thus reducing the leaf area available for 
photosynthesis. The stomatal conductance (Gs) did not differ among herbicide doses 7 
DAA, but it was reduced as the dose was increased at the evaluation of 21 DAA. According 
to the authors, this is due to the slow action of the glyphosate which usually causes most of 
the damage between 9 and 15 DAA. 
In the same way of A and Gs, differences in transpiration (E) were not observed 7 DAA with 
increasing at the dose of glyphosate, but these differences were reported 21 DAA of the 
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smaller and reduce the ability of the plant to accumulate mass. The interaction between 
measured parameters is presented at Table 4. 
  

 Ci 
(µmol mol-1) 

∆C 
(µmol mol-1) 

Tleaf 
(°C) 

A 
(µmol m-2 s-1) 

Ci 1 - - - 
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* = significant at 5% of probability. 
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cassava was grown alone (Table 5). 
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Cassava x C. benghalensis 3,69 a 0,11 ab 24,57 a 1,98 ab 
Cassava x B. plantaginea 3,15 b 0,12 ab 23,47 a 1,90 ab 
CV (%) 19,7 24,40 6,6 9,8 
Table 5. Parameters associated to the water use of cassava plants 60 days after emergence, as 
a function of the weed species with whom cassava plants were under competition.  
Means followed by the same letter at the column, are not different by the DMRT test at  
5% probability. Source: Aspiazú et al. (2010a). 

Vapor pressure in the substomatal cavity of the cassava leaves (Ean) did not change in 
function of the competition between cassava and any of the weed species (Table 5).  In Table 
6, a high correlation between E and Ean can be observed, although the latter was not 
modified in function of the species with which cassava competed. In this case, the changes 
in Gs can be attributed to factors not related to cassava plants, such as availability of soil 
water or wind speed, factors that can be changed by the presence of weeds.  
The transpiration rate (E) was dependent on the weed species with which the cassava 
plant competed, being superior for the control free of weeds and for the cassava plant 
which competed with C. benghalensis (Table 5). This supports the considered hypothesis 
by the authors that C. benghalensis does not show a good competitive ability for light, 
because the crop had higher leaf temperature (Table 3) and higher transpiration rate 
(Table 5) when competing with this species, which indicates high metabolic rate and 
accelerated growth due to recognition of imposition of competition before it was actually 
established. The interactions between parameters associated to the water use are 
presented at Table 6. 
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water use of cassava plants grown alone or under competition with weed species, evaluated 
60 days after emergence. Source: Aspiazú et al. (2010a). 

The photosynthetic characteristics of cassava were influenced by its competition with B. 
pilosa and B. plantaginea. The authors noticed that cassava plants are affected by these species 
especially concerning competition for light and water. However, there were no negative 
effects when cassava plants competed with C. benghalensis. This species seems to rather 
affect the composition of light by reflecting peculiar spectrum of specific wavelengths, 
which allows cassava plants to anticipate the imposition of competition even before they get 
to harmful levels. 

7.3 Eucalyptus 
The management of weed species in Eucalyptus plantations is based both on mechanical and 
chemical methods (Machado et al., 2010). When using the chemical method, the main active 
ingredient applied is the glyphosate, due to several advantages (Tuffi Santos et al., 2010). As 
this is a non selective herbicide, it is applied between plant rows, avoiding contact with the 
Eucalyptus plants, which could result in lower growth rates and eventually plant death 
(Tuffi Santos et al., 2010). 
The possibility of severe damage for Eucalyptus by the application of glyphosate instigated 
the conduction of several researches involving the concept of “simulated drift”. However, 
there are just a few researches in Brazil aiming at the physiological implications of 
glyphosate application in Eucalyptus plantations. In a pioneer study, Machado et al. (2010) 
modeled the impact of the herbicide glyphosate over clones of Eucalyptus grandis and E. 
urophylla. These authors were not able to identify differences in susceptibility among clones, 
but were able to characterize relatively well the behavior of physiological parameters in 
Eucaliptus under application of glyphosate. Four doses of glyphosate (43,2; 86,2; 129,6; and 
172,8 g ha-1 of the commercial formulation containing 360 g L-1 of the acid equivalent of 
glyphosate) were applied on two clones of each species when plants were around 40 cm 
height. The main results are synthesized in Figure 1. 
When the photosynthesis rate was analyzed as a function of herbicide doses, there was no 
change seven days after application (18,49 µmol m-2 s-1). However, 21 days after application 
(DAA) the photosynthesis was reduced as the dose of the herbicide increased (Figure 1). At 
the higher herbicide doses, there was a proportional increasing in toxicity to the plants of 
Eucalyptus which caused leaf abscission, thus reducing the leaf area available for 
photosynthesis. The stomatal conductance (Gs) did not differ among herbicide doses 7 
DAA, but it was reduced as the dose was increased at the evaluation of 21 DAA. According 
to the authors, this is due to the slow action of the glyphosate which usually causes most of 
the damage between 9 and 15 DAA. 
In the same way of A and Gs, differences in transpiration (E) were not observed 7 DAA with 
increasing at the dose of glyphosate, but these differences were reported 21 DAA of the 
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herbicide. The water use efficiency (WUE), however, was affected by increasing doses of the 
herbicide at the two evaluations (Figure 1), although these differences were more drastic 21 
DAA. According to the authors, these differences in WUE are due at least in part to the 
reduction observed at the photosynthesis rate, which also resulted in smaller dry mass 
accumulation. 
 

 
 

 
 

Fig. 1. Physiological parameters of plants of Eucaliptus spp. submitted to increasing doses of 
glyphosate, 7 and 21 days after application (DAA) of the treatments. Doses are supplied 
based on commercial formulation containing 360 g L-1 of acid equivalent of glyphosate. 
Source: Machado et al. (2010). 

The authors suggest that the smaller dry mass accumulated in treatments under high doses 
of glyphosate (Figure 2) are due to the higher toxicity caused to plants which resulted in 
high rates of necrosis and foliar abscission, associated to the lower photosynthesis rate and 
water use efficiency observed in these treatments 21 DAA of the herbicide. In these terms 
the authors recommend maximum care when using glyphosate in Eucalyptus plantations 
aiming to avoid toxicity to the crop and possible plant death, and concluded that the 
physiological parameters are an essential tool to determine herbicide injury to tree plants, 
when the evaluations are conducted at the right time after herbicide application. 
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Fig. 2. Dry mass (g plant-1) of plants of Eucaliptus spp. submitted to increasing doses of 
glyphosate, 50 days after application (DAA) of the treatments. Doses are supplied based on 
commercial formulation containing 360 g L-1 of acid equivalent of glyphosate. Source: 
Machado et al. (2010). 

8. Physiology of weed species 
8.1 Bidens pilosa, Commelina benghalensis, Brachiaria plantaginea 
B. pilosa, C. benghalensis and B. plantaginea usually are associated in the same community in 
areas where cassava is grown. There are several implications in controlling these weed 
species in cassava plantations, and the main one is the lack of herbicides registered to be 
used in this crop – only four herbicides are registered to be applied in cassava in Brazil. 
Based on this, it is important to determine the extent of the damage by competition these 
species are capable of causing to crops, and understand the physiological differences among 
these weed species. 
These weed species were grown alone at densities of 3 plants m-2 (B. pilosa and C. 
benghalensis) and 6 plants m-2 (B. plantaginea), in soil with moisture constantly maintained at 
2/3 of the field capacity. Sixty days after emergence, plants were evaluated in terms of 
physiological characteristics associated to photosynthesis and water use efficiency. 
The stomatal conductance (Gs) did not differ among species, with values around 0,06 mol 
m-1 s-1. The stomatal conductance is composed by the small cuticular conductance of the 
epidermis, and by the stomatal conductance when stomata are open. Because of that, Gs is 
proportional to stomata number and size. The water vapor exchange between the interior 
and exterior of the leaf was similar for all species (Table 7). The control of stomatal opening 
depends upon light availability, CO2 levels in the mesophyll, relative air humidity and 
water potential inside the plant, as well as other less impacting factors like wind speed, 
application of growth substances and endogenous rhythms proper of a given species. 
Similarly to the Gs, the Ean was also equal among species. This variable is directly related to 
the water status of the plant and to the dynamics of the water vapor. Even in a leaf with 
high transpiration rate the relative humidity at the sub-stomatal chamber (Ean) may be 
superior to 95% and the resultant water potential may be around 0%, increasing the vapor 
exchange with the external environment, which presents water potential highly negative. 
Under these conditions the instantaneous vapor pressure is the saturation vapor pressure of 
the temperature of the leaf. In this way the Ean is controlled by the leaf humidity level and 



 
Applied Photosynthesis 

 

270 

herbicide. The water use efficiency (WUE), however, was affected by increasing doses of the 
herbicide at the two evaluations (Figure 1), although these differences were more drastic 21 
DAA. According to the authors, these differences in WUE are due at least in part to the 
reduction observed at the photosynthesis rate, which also resulted in smaller dry mass 
accumulation. 
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the authors recommend maximum care when using glyphosate in Eucalyptus plantations 
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when the evaluations are conducted at the right time after herbicide application. 
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B. pilosa, C. benghalensis and B. plantaginea usually are associated in the same community in 
areas where cassava is grown. There are several implications in controlling these weed 
species in cassava plantations, and the main one is the lack of herbicides registered to be 
used in this crop – only four herbicides are registered to be applied in cassava in Brazil. 
Based on this, it is important to determine the extent of the damage by competition these 
species are capable of causing to crops, and understand the physiological differences among 
these weed species. 
These weed species were grown alone at densities of 3 plants m-2 (B. pilosa and C. 
benghalensis) and 6 plants m-2 (B. plantaginea), in soil with moisture constantly maintained at 
2/3 of the field capacity. Sixty days after emergence, plants were evaluated in terms of 
physiological characteristics associated to photosynthesis and water use efficiency. 
The stomatal conductance (Gs) did not differ among species, with values around 0,06 mol 
m-1 s-1. The stomatal conductance is composed by the small cuticular conductance of the 
epidermis, and by the stomatal conductance when stomata are open. Because of that, Gs is 
proportional to stomata number and size. The water vapor exchange between the interior 
and exterior of the leaf was similar for all species (Table 7). The control of stomatal opening 
depends upon light availability, CO2 levels in the mesophyll, relative air humidity and 
water potential inside the plant, as well as other less impacting factors like wind speed, 
application of growth substances and endogenous rhythms proper of a given species. 
Similarly to the Gs, the Ean was also equal among species. This variable is directly related to 
the water status of the plant and to the dynamics of the water vapor. Even in a leaf with 
high transpiration rate the relative humidity at the sub-stomatal chamber (Ean) may be 
superior to 95% and the resultant water potential may be around 0%, increasing the vapor 
exchange with the external environment, which presents water potential highly negative. 
Under these conditions the instantaneous vapor pressure is the saturation vapor pressure of 
the temperature of the leaf. In this way the Ean is controlled by the leaf humidity level and 
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temperature, causing changes over both the stomatal conductance of water vapor (Gs) and 
over the transpiration rate (E). 
 

Water Use 

Weed Species Gs 
(mol m-1 s-1) 

Ean 
(mbar) 

E 
(mol H2O m-2 s-1)

WUE 
(mol CO2 mol H2O-1) 

B. pilosa 0,08 a 19,90 a 2,17 a 0,98 b 
C. benghalensis 0,07 a 21,57 a 2,40 a 1,26 b 
B. plantaginea 0,04 a 20,30 a 1,71 b 4,85 a 
CV (%) 32,9 4,2 16,8 91,3 

Photosynthesis 

Weed Species Ci 
(µmol mol-1) 

∆C 
(µmol mol-1) 

Tleaf 
(°C) 

A 
(µmol m-2 s-1) 

B. pilosa 303,6 a 8,30 b 30,9 b 2,26 b 
C. benghalensis 282,1 b 8,17 b 34,3 a 3,07 b 
B. plantaginea 31,2 c 21,83 a 35,1 a 8,44 a 
CV (%) 73,6 61,5 7,4 73,2 
Table 7. Parameters associated to the photosynthesis and water use of weed species. In the 
same variable, means followed by the same letter at the column are not different by the 
Least Significant Difference (LSD) test at 5% probability. Source: Aspiazú et al. (2010c). 

Bidens pilosa is known by its wide capacity of extracting water from the soil, although it is 
not highly efficient in water use. This species is capable of keeping high growth rates under 
soil water potentials in which most of the crops and weed species reached the permanent 
wilting point, and in some cases this species is benefited by the occurrence of water deficit 
(Procópio et al., 2004b). B. plantaginea, on the other hand, has a distinct strategy in 
overcoming severe water stress. While B. pilosa is highly efficient in extracting water from 
soil, B. plantaginea is highly efficient in using the amount of water extracted, in part because 
it is a C4 species. As B. plantaginea is capable of keeping high photosynthesis rate even with 
CO2 concentration in the leaf mesophyll very close to 0 ppm, it will allow this species to 
keep stomata closed for a longer period of time and increase the water use efficiency (WUE). 
B. plantaginea was superior to the others in terms of water loss as it was able to keep a tighter 
stomatal opening control. It is probably related to the C4 metabolism of this species and to 
the lower compensation point of CO2 concentration. As stomata of this species are closed for 
more time in relation to other species, the amount of water lost by transpiration is reduced. 
The parameters Gs, Ean and E are connected to a cost-benefit ratio because the processes of 
transpiration and CO2 interception from the outside of the leaf only occur when stomata are 
open. In addition, Ean is usually reduced in periods of stomatal opening (Aspiazú et al., 
2010a). 
The higher WUE observed for B. plantaginea is directly related to the C4 carbon cycle in  this 
species and the consequent smaller period of stomatal opening (Table 7). The Ci of the leaf 
differed among species, and B. pilosa showed higher levels of CO2, followed by C. 
benghalensis and B. plantaginea. This is considered a physiological characteristic affected by 
environmental factors such as water and light availability (Gurevitch et al., 2009). The higher 
the photosynthesis rate, the higher the amount of CO2 consumed (Table 7), and smaller will 
be its concentration at the interior of the leaf supposing the stomata are closed (Aspiazú et 
al., 2010c). The CO2 consumption increases the differences in concentration of this gas 
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between the interior and the exterior of the leaf, and in general terms as higher is this 
gradient (ᐃC), faster the CO2 will enter the leaf in moments of stomatal opening. Because of 
this, it was also observed that a smaller Ci also resulted in higher ᐃC. 
The leaf temperature (Tleaf) is affected by the metabolic rate of the leaf, and in proper 
conditions this temperature is always 1 - 3 °C superior to the environmental temperature 
around it. In these terms, plant metabolism may be indirectly estimated by the leaf 
temperature (Attridge, 1990). According to the observed for Ci and ᐃC, the leaf temperature 
was lower for B. pilosa, because this plant consumed less CO2 per unit of time than the other 
species, and presented higher Ci and lower ᐃC than B. plantaginea (Table 7). 
According to the Ci, ᐃC and Tleaf, the photosynthesis rate was higher for B. plantaginea in 
comparison to the other weed species. The photosynthesis and transpiration rates depend 
upon a constant flux of both CO2 and O2 in and out of the leaves (Messinger et al., 2006). 
The authors emphasize that, in general terms, under lower water availability, B. plantaginea 
tend to be more competitive than B. pilosa and C. benghalensis due to its superiority at 
photosynthesis rate and the other physiological parameters studied. On the other hand, B. 
pilosa is capable of keeping high photosynthesis rate even under moderate water stress due 
to its higher capacity of extracting water from soil – in other words, this species is 
specialized in avoiding the stress. While B. plantaginea is more efficient in characteristics 
related to the photosynthesis, i.e. more efficient in use of light, B. pilosa was more efficient in 
characteristics related to water use. 

8.2 Lolium multiflorum 
Ryegrass (Lolium multiflorum) is an annual winter forage, also extensively used as winter 
crop, aiming to supply mass for the no-till planting system. This species is distributed in all 
temperate climate regions of Brazil, especially at the Southern region. By the time of 
planting, this plant is usually desiccated with the herbicide glyphosate, and recently this 
species became resistant to this herbicide (Ferreira et al., 2009). 
Ferreira et al. (2009) conducted some studies on growth and development of the ryegrass 
biotype resistant to glyphosate in comparison to the standard susceptible biotype, and 
concluded that the susceptible biotype accumulates more dry mass than the resistant one. 
These authors attributed this to the smaller number of tillers at the resistant biotype: while 
the susceptible biotype presented around 7,2 tillers per plant, the resistant one presented in 
average 4,4 tillers per plant under the same conditions. Due to this, the number of 
inflorescences – and as a consequence the number of seeds produced – is smaller at the 
resistant biotype. Another fact reported by this group of researchers was that the susceptible 
biotype shifted from the vegetative to the reproductive period 19 days before the resistant, 
and completed the cycle around 25 days before. 
The parameters photosynthesis (A) and water use efficiency (WUE) are usually the main 
determiners of the predominance of a given species or biotype over the others at the same 
area, mainly as a function of the environmental stresses to which these plants are 
subjected to. 
As the factors causing this behavior in the resistant biotype were not clear, further work by 
the same authors went deeper at the physiological causes of these differences. 
Characteristics related with both the photosynthesis and the water use efficiency at the 
resistant biotype differed from the susceptible biotype, probably as a consequence of the 
mechanism conferring resistance to the herbicide glyphosate. The competitive ability of the 
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temperature, causing changes over both the stomatal conductance of water vapor (Gs) and 
over the transpiration rate (E). 
 

Water Use 

Weed Species Gs 
(mol m-1 s-1) 

Ean 
(mbar) 

E 
(mol H2O m-2 s-1)

WUE 
(mol CO2 mol H2O-1) 

B. pilosa 0,08 a 19,90 a 2,17 a 0,98 b 
C. benghalensis 0,07 a 21,57 a 2,40 a 1,26 b 
B. plantaginea 0,04 a 20,30 a 1,71 b 4,85 a 
CV (%) 32,9 4,2 16,8 91,3 

Photosynthesis 

Weed Species Ci 
(µmol mol-1) 

∆C 
(µmol mol-1) 

Tleaf 
(°C) 

A 
(µmol m-2 s-1) 

B. pilosa 303,6 a 8,30 b 30,9 b 2,26 b 
C. benghalensis 282,1 b 8,17 b 34,3 a 3,07 b 
B. plantaginea 31,2 c 21,83 a 35,1 a 8,44 a 
CV (%) 73,6 61,5 7,4 73,2 
Table 7. Parameters associated to the photosynthesis and water use of weed species. In the 
same variable, means followed by the same letter at the column are not different by the 
Least Significant Difference (LSD) test at 5% probability. Source: Aspiazú et al. (2010c). 

Bidens pilosa is known by its wide capacity of extracting water from the soil, although it is 
not highly efficient in water use. This species is capable of keeping high growth rates under 
soil water potentials in which most of the crops and weed species reached the permanent 
wilting point, and in some cases this species is benefited by the occurrence of water deficit 
(Procópio et al., 2004b). B. plantaginea, on the other hand, has a distinct strategy in 
overcoming severe water stress. While B. pilosa is highly efficient in extracting water from 
soil, B. plantaginea is highly efficient in using the amount of water extracted, in part because 
it is a C4 species. As B. plantaginea is capable of keeping high photosynthesis rate even with 
CO2 concentration in the leaf mesophyll very close to 0 ppm, it will allow this species to 
keep stomata closed for a longer period of time and increase the water use efficiency (WUE). 
B. plantaginea was superior to the others in terms of water loss as it was able to keep a tighter 
stomatal opening control. It is probably related to the C4 metabolism of this species and to 
the lower compensation point of CO2 concentration. As stomata of this species are closed for 
more time in relation to other species, the amount of water lost by transpiration is reduced. 
The parameters Gs, Ean and E are connected to a cost-benefit ratio because the processes of 
transpiration and CO2 interception from the outside of the leaf only occur when stomata are 
open. In addition, Ean is usually reduced in periods of stomatal opening (Aspiazú et al., 
2010a). 
The higher WUE observed for B. plantaginea is directly related to the C4 carbon cycle in  this 
species and the consequent smaller period of stomatal opening (Table 7). The Ci of the leaf 
differed among species, and B. pilosa showed higher levels of CO2, followed by C. 
benghalensis and B. plantaginea. This is considered a physiological characteristic affected by 
environmental factors such as water and light availability (Gurevitch et al., 2009). The higher 
the photosynthesis rate, the higher the amount of CO2 consumed (Table 7), and smaller will 
be its concentration at the interior of the leaf supposing the stomata are closed (Aspiazú et 
al., 2010c). The CO2 consumption increases the differences in concentration of this gas 
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between the interior and the exterior of the leaf, and in general terms as higher is this 
gradient (ᐃC), faster the CO2 will enter the leaf in moments of stomatal opening. Because of 
this, it was also observed that a smaller Ci also resulted in higher ᐃC. 
The leaf temperature (Tleaf) is affected by the metabolic rate of the leaf, and in proper 
conditions this temperature is always 1 - 3 °C superior to the environmental temperature 
around it. In these terms, plant metabolism may be indirectly estimated by the leaf 
temperature (Attridge, 1990). According to the observed for Ci and ᐃC, the leaf temperature 
was lower for B. pilosa, because this plant consumed less CO2 per unit of time than the other 
species, and presented higher Ci and lower ᐃC than B. plantaginea (Table 7). 
According to the Ci, ᐃC and Tleaf, the photosynthesis rate was higher for B. plantaginea in 
comparison to the other weed species. The photosynthesis and transpiration rates depend 
upon a constant flux of both CO2 and O2 in and out of the leaves (Messinger et al., 2006). 
The authors emphasize that, in general terms, under lower water availability, B. plantaginea 
tend to be more competitive than B. pilosa and C. benghalensis due to its superiority at 
photosynthesis rate and the other physiological parameters studied. On the other hand, B. 
pilosa is capable of keeping high photosynthesis rate even under moderate water stress due 
to its higher capacity of extracting water from soil – in other words, this species is 
specialized in avoiding the stress. While B. plantaginea is more efficient in characteristics 
related to the photosynthesis, i.e. more efficient in use of light, B. pilosa was more efficient in 
characteristics related to water use. 

8.2 Lolium multiflorum 
Ryegrass (Lolium multiflorum) is an annual winter forage, also extensively used as winter 
crop, aiming to supply mass for the no-till planting system. This species is distributed in all 
temperate climate regions of Brazil, especially at the Southern region. By the time of 
planting, this plant is usually desiccated with the herbicide glyphosate, and recently this 
species became resistant to this herbicide (Ferreira et al., 2009). 
Ferreira et al. (2009) conducted some studies on growth and development of the ryegrass 
biotype resistant to glyphosate in comparison to the standard susceptible biotype, and 
concluded that the susceptible biotype accumulates more dry mass than the resistant one. 
These authors attributed this to the smaller number of tillers at the resistant biotype: while 
the susceptible biotype presented around 7,2 tillers per plant, the resistant one presented in 
average 4,4 tillers per plant under the same conditions. Due to this, the number of 
inflorescences – and as a consequence the number of seeds produced – is smaller at the 
resistant biotype. Another fact reported by this group of researchers was that the susceptible 
biotype shifted from the vegetative to the reproductive period 19 days before the resistant, 
and completed the cycle around 25 days before. 
The parameters photosynthesis (A) and water use efficiency (WUE) are usually the main 
determiners of the predominance of a given species or biotype over the others at the same 
area, mainly as a function of the environmental stresses to which these plants are 
subjected to. 
As the factors causing this behavior in the resistant biotype were not clear, further work by 
the same authors went deeper at the physiological causes of these differences. 
Characteristics related with both the photosynthesis and the water use efficiency at the 
resistant biotype differed from the susceptible biotype, probably as a consequence of the 
mechanism conferring resistance to the herbicide glyphosate. The competitive ability of the 
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plant affects directly its capacity of using environmental resources, mainly those related to 
the photosynthesis rate (VanderZee & Kennedy, 1983; Melo et al., 2006). 
When the resistant biotype was put under competition with the susceptible one, the 
photosynthesis rate was greatly affected. As a consequence, the internal concentration of 
CO2 in the leaf is increased because its consumption by photosynthesis was reduced (Figure 
3). Considering the previously discussed fact that the stomatal opening is related with both 
the internal CO2 concentration of the leaf (in smaller degree) and to the level of light 
available (in higher degree), it is hypothesized by the authors that under field conditions 
there would be a smaller period of stomatal opening for the resistant biotype, when under 
competition with the susceptible one, resulting in smaller dry mass accumulation. 
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Fig. 3. Physiological parameters measured at biotypes of Lolium multiflorum resistant (█) or 
susceptible (▒) to the herbicide glyphosate. Source: Ferreira et al. (2009). 

Under low competition levels, the resistant biotype is more efficient in water use than the 
susceptible one (Figure 3). However, this biotype becomes less efficient in water use as the 
competition level is increased. Some studies show that the resistant biotype accumulates less 
dry mass because the period of stomatal opening is smaller to avoid losing excessive water, 
and as a consequence small amounts of CO2 move from the external environment to the 
interior of the leaf. On the other hand, a possible smaller speed of water movement from 
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roots to shoots would limit the water loss to that contained at the sub-stomatal chamber 
during the period of stomatal opening, which would make the resistant biotype more 
efficient in water use at the expense of smaller dry mass accumulation capabilities. 
The most probable reason for the resistant biotype to be more efficient at the water use is a 
supposed smaller efficiency in water absorption or translocation, as well as the smaller 
period of stomatal opening. It is highlighted, however, that a higher WUE does not 
guarantee that this biotype has any physiological advantage over the susceptible one under 
low competition levels. As previously presented, plants of B. pilosa are highly efficient in 
extracting water from soil, but present relatively low WUE (Procópio et al., 2004b). 

8.3 Echinochloa crusgalli 
Barnyardgrass (Echinochloa crusgalli) infest rice fields worldwide being rarely found in 
shaded places. This species is adapted to anaerobic environments, being capable of 
germinating even under 10 cm of water (Concenço et al., 2009). The high number of seeds 
produced increases both its importance as a weed and the survival of the species. In 
addition, this species present C4 carbon cycle while rice is a C3 species. 
The competition for light between rice and barnyardgrass plants occur when the latter grow 
more than the former, shading the plants of the crop and reducing both the quantity and the 
quality of the light received by the rice plants (Concenço et al., 2009). Several studies 
showed that taller plants present superior ability of causing interference in crops, mainly in 
terms of amount of light intercepted. Barnyardgrass plants are usually twice the size of the 
current rice varieties when mature. 
Although relatively easy to control, barnyardgrass plants are becoming a more serious 
problem because there are several biotypes resistant to herbicides around the world. In 
Brazil the main problem is the occurrence of several biotypes resistant to the herbicide 
quinclorac. As the chemical control method becomes inefficient in controlling this species, 
the physiology of the plant should be explored and understood to allow application of 
management practices which will allow a cultural suppression of the occurrence of this 
weed species. 
Preliminary works showed that there are variations among biotypes in terms of growth rate, 
and hypothesized that this was probably related to the physiology of the plant. Later studies 
by Concenço et al. (2009) supplied some light on the physiological behavior of these 
biotypes in terms of characteristics associated to the photosynthesis and growth rates. At 
Table 8 is presented a comparison between a susceptible and a resistant biotype to the 
herbicide quinclorac, in terms of variables associated to the photosynthesis. 
In relation to the variables associated to the photosynthesis, differences between biotypes 
were not observed (Table 8). In relation to the increasing at the competition intensity, it is 
possible to conclude that both biotypes are similar but the susceptible biotype was generally 
more affected than the resistant one under high competition levels, in comparison to the 
control with no competition. More vigorous plants are capable to cover the available space 
faster and avoid access of the less vigorous plants to light. 
At Table 9 it is supplied a comparison between a susceptible and a resistant biotype to the 
herbicide quinclorac in terms of variables associated to the water use efficiency. Also, 
differences were not found. The authors concluded that unlike Lolium multiflorum biotypes 
which differ greatly in terms of physiologic parameters and competitive ability, 
barnyardgrass biotypes resistant and susceptible to the herbicide quinclorac present similar 
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plant affects directly its capacity of using environmental resources, mainly those related to 
the photosynthesis rate (VanderZee & Kennedy, 1983; Melo et al., 2006). 
When the resistant biotype was put under competition with the susceptible one, the 
photosynthesis rate was greatly affected. As a consequence, the internal concentration of 
CO2 in the leaf is increased because its consumption by photosynthesis was reduced (Figure 
3). Considering the previously discussed fact that the stomatal opening is related with both 
the internal CO2 concentration of the leaf (in smaller degree) and to the level of light 
available (in higher degree), it is hypothesized by the authors that under field conditions 
there would be a smaller period of stomatal opening for the resistant biotype, when under 
competition with the susceptible one, resulting in smaller dry mass accumulation. 
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Fig. 3. Physiological parameters measured at biotypes of Lolium multiflorum resistant (█) or 
susceptible (▒) to the herbicide glyphosate. Source: Ferreira et al. (2009). 

Under low competition levels, the resistant biotype is more efficient in water use than the 
susceptible one (Figure 3). However, this biotype becomes less efficient in water use as the 
competition level is increased. Some studies show that the resistant biotype accumulates less 
dry mass because the period of stomatal opening is smaller to avoid losing excessive water, 
and as a consequence small amounts of CO2 move from the external environment to the 
interior of the leaf. On the other hand, a possible smaller speed of water movement from 
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roots to shoots would limit the water loss to that contained at the sub-stomatal chamber 
during the period of stomatal opening, which would make the resistant biotype more 
efficient in water use at the expense of smaller dry mass accumulation capabilities. 
The most probable reason for the resistant biotype to be more efficient at the water use is a 
supposed smaller efficiency in water absorption or translocation, as well as the smaller 
period of stomatal opening. It is highlighted, however, that a higher WUE does not 
guarantee that this biotype has any physiological advantage over the susceptible one under 
low competition levels. As previously presented, plants of B. pilosa are highly efficient in 
extracting water from soil, but present relatively low WUE (Procópio et al., 2004b). 

8.3 Echinochloa crusgalli 
Barnyardgrass (Echinochloa crusgalli) infest rice fields worldwide being rarely found in 
shaded places. This species is adapted to anaerobic environments, being capable of 
germinating even under 10 cm of water (Concenço et al., 2009). The high number of seeds 
produced increases both its importance as a weed and the survival of the species. In 
addition, this species present C4 carbon cycle while rice is a C3 species. 
The competition for light between rice and barnyardgrass plants occur when the latter grow 
more than the former, shading the plants of the crop and reducing both the quantity and the 
quality of the light received by the rice plants (Concenço et al., 2009). Several studies 
showed that taller plants present superior ability of causing interference in crops, mainly in 
terms of amount of light intercepted. Barnyardgrass plants are usually twice the size of the 
current rice varieties when mature. 
Although relatively easy to control, barnyardgrass plants are becoming a more serious 
problem because there are several biotypes resistant to herbicides around the world. In 
Brazil the main problem is the occurrence of several biotypes resistant to the herbicide 
quinclorac. As the chemical control method becomes inefficient in controlling this species, 
the physiology of the plant should be explored and understood to allow application of 
management practices which will allow a cultural suppression of the occurrence of this 
weed species. 
Preliminary works showed that there are variations among biotypes in terms of growth rate, 
and hypothesized that this was probably related to the physiology of the plant. Later studies 
by Concenço et al. (2009) supplied some light on the physiological behavior of these 
biotypes in terms of characteristics associated to the photosynthesis and growth rates. At 
Table 8 is presented a comparison between a susceptible and a resistant biotype to the 
herbicide quinclorac, in terms of variables associated to the photosynthesis. 
In relation to the variables associated to the photosynthesis, differences between biotypes 
were not observed (Table 8). In relation to the increasing at the competition intensity, it is 
possible to conclude that both biotypes are similar but the susceptible biotype was generally 
more affected than the resistant one under high competition levels, in comparison to the 
control with no competition. More vigorous plants are capable to cover the available space 
faster and avoid access of the less vigorous plants to light. 
At Table 9 it is supplied a comparison between a susceptible and a resistant biotype to the 
herbicide quinclorac in terms of variables associated to the water use efficiency. Also, 
differences were not found. The authors concluded that unlike Lolium multiflorum biotypes 
which differ greatly in terms of physiologic parameters and competitive ability, 
barnyardgrass biotypes resistant and susceptible to the herbicide quinclorac present similar 
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performance in terms of physiology and biomass accumulation, and the probable mutation 
responsible for conferring resistance to the herbicide did not affect the environmental fitness 
of the biotype at significant levels. 
 
Plants under 
Competition Resistant Biotype Susceptible Biotype Difference between 

Biotypes 
 Sub-Stomatal CO2 Concentration – Ci (µmol mol-1) 
1 23,4 b 18,1 c +5,3 ns 
2 29,7 b 29,3 bc +0,4 ns 
3 36,5 ab 33,6 bc +2,9 ns 
4 43,2 ab 48,5 ab -5,3 ns 
5 55,3 a 60,2 a -4,9 ns 
 Photosynthesis Rate – A (µmol m-2 s-1) 
1 23,2 a 23,0 a +0,2 ns 
2 19,4 ab 22,2 ab -2,8 ns 
3 21,0 ab 20,8 abc +0,2 ns 
4 21,5 ab 17,9 bc +3,6 ns 
5 18,1 b 16,8 c +1,3 ns 

Table 8. Physiological parameters associated to the photosynthesis in barnyardgrass 
(Echinochloa crusgalli) biotypes, resistant or susceptible to the herbicide quinclorac. Means 
followed by the same letter at the column, inside each variable, are not significantly 
different by the DMRT test at 5% of probability. Source: Concenço et al. (2009). 
 

Plants under 
Competition Resistant Biotype Susceptible Biotype Difference between 

Biotypes 
 Transpiratory Rate – E (mol H2O m-2 s-1) 
1 1,86 a 1,97 a -0,11 ns 
2 1,84 a 1,78 ab +0,06 ns 
3 1,65 a 1,70 ab -0,05 ns 
4 1,72 a 1,35 b +0,37 ns 
5 1,39 a 1,29 b +0,10 ns 
 Water Use Efficiency – WUE (µmol CO2 mol H2O-1) 
1 13,1 a 11,7 a +1,4 ns 
2 10,5 a 12,5 a -2,0 ns 
3 12,7 a 12,2 a +0,50 ns 
4 12,5 a 13,2 a -0,70 ns 
5 13,0 a 13,0 a 0 ns 

Table 9. Physiological parameters associated to the water use in barnyardgrass (Echinochloa 
crusgalli) biotypes, resistant or susceptible to the herbicide quinclorac. Means followed by 
the same letter at the column, inside each variable, are not significantly different by the 
DMRT test at 5% of probability. Source: Concenço et al. (2009). 

9. Final comments and conclusions 
The weed species present distinct strategies to avoid stresses aiming to keep high rates of 
physiological metabolism. As example, B. plantaginea is highly efficient at the use of water; 
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B. pilosa is not efficient in using water but is capable of extracting this resource from soil at 
water potentials where most other weeds are reaching the permanent wilting point, and C. 
benghalensis produces aerial and subterranean seeds, being also capable of propagating 
vegetatively. 
Biotypes of weeds resistant to herbicides, like Echinochloa crusgalli resistant to quinclorac and 
Lolium multiflorum resistant to glyphosate, may present different abilities to those at the 
susceptible biotype. These differences are related to morphophysiological changes caused 
by the mechanism which confers resistance to the herbicide, and the physiological 
parameters associated to the photosynthesis rate and water use efficiency are highly 
effective in pointing out these discrepancies among  plant biotypes when they are present, 
and probably also useful for differentiating plant ecotypes of the same species. Thus, the 
measurement of physiological parameters associated to photosynthesis and water use 
present a wide range of applicabilities, and many of them are currently not fully explored. 
Some weed species or biotypes of weed species are so poor competitors against certain 
crops, that it is unnecessary to eliminate them from the field when they occur at low 
densities, if all other developmental factors (light, water, CO2) are supplied at minimum 
required levels for crop development. In fact, some low competitive weed species are 
recognized by some crops before the competition starts, and these crops are able to increase 
their metabolism as an answer to the presence of that given weed species, growing faster 
while trying to avoid the competition with that weed species. The presence of low 
infestation of such weed species is hypothesized to result in positive effect over the crop 
competitiveness; maybe not increasing yield, but increasing crop capacity to compete 
against other weeds. 
In relation to the application of chemicals for weed management inside crop fields and tree 
plantations, it is advised to observe the optimal time after application when symptoms of 
phytotoxicity are present to avoid mis-determining a lower impact than the real from the 
herbicide and dose over the crops. In this scenario, physiological parameters are more 
efficient than directly quantified variables, also supplying results faster. 
In general terms, more attention should be given to the behavior of physiological 
parameters in crops and weed species when they are submitted to some type of stress. At 
this chapter the possibility of using physiological parameters in determining the effects of 
competition between plant species over each one of the species involved, as well as a tool to 
describe the impact of a given herbicide treatment, were illustrated. However, these 
parameters are suitable for inferences in many other types of applications not discussed at 
this chapter. 
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performance in terms of physiology and biomass accumulation, and the probable mutation 
responsible for conferring resistance to the herbicide did not affect the environmental fitness 
of the biotype at significant levels. 
 
Plants under 
Competition Resistant Biotype Susceptible Biotype Difference between 

Biotypes 
 Sub-Stomatal CO2 Concentration – Ci (µmol mol-1) 
1 23,4 b 18,1 c +5,3 ns 
2 29,7 b 29,3 bc +0,4 ns 
3 36,5 ab 33,6 bc +2,9 ns 
4 43,2 ab 48,5 ab -5,3 ns 
5 55,3 a 60,2 a -4,9 ns 
 Photosynthesis Rate – A (µmol m-2 s-1) 
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2 19,4 ab 22,2 ab -2,8 ns 
3 21,0 ab 20,8 abc +0,2 ns 
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Table 8. Physiological parameters associated to the photosynthesis in barnyardgrass 
(Echinochloa crusgalli) biotypes, resistant or susceptible to the herbicide quinclorac. Means 
followed by the same letter at the column, inside each variable, are not significantly 
different by the DMRT test at 5% of probability. Source: Concenço et al. (2009). 
 

Plants under 
Competition Resistant Biotype Susceptible Biotype Difference between 

Biotypes 
 Transpiratory Rate – E (mol H2O m-2 s-1) 
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Table 9. Physiological parameters associated to the water use in barnyardgrass (Echinochloa 
crusgalli) biotypes, resistant or susceptible to the herbicide quinclorac. Means followed by 
the same letter at the column, inside each variable, are not significantly different by the 
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B. pilosa is not efficient in using water but is capable of extracting this resource from soil at 
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vegetatively. 
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and probably also useful for differentiating plant ecotypes of the same species. Thus, the 
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present a wide range of applicabilities, and many of them are currently not fully explored. 
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crops, that it is unnecessary to eliminate them from the field when they occur at low 
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infestation of such weed species is hypothesized to result in positive effect over the crop 
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against other weeds. 
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plantations, it is advised to observe the optimal time after application when symptoms of 
phytotoxicity are present to avoid mis-determining a lower impact than the real from the 
herbicide and dose over the crops. In this scenario, physiological parameters are more 
efficient than directly quantified variables, also supplying results faster. 
In general terms, more attention should be given to the behavior of physiological 
parameters in crops and weed species when they are submitted to some type of stress. At 
this chapter the possibility of using physiological parameters in determining the effects of 
competition between plant species over each one of the species involved, as well as a tool to 
describe the impact of a given herbicide treatment, were illustrated. However, these 
parameters are suitable for inferences in many other types of applications not discussed at 
this chapter. 
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1. Introduction 
The ability to photosynthesise (i.e., to utilize solar energy for conversion into chemical 
energy) is a distinguishing characteristic unique to plants, algae and photoautotrophic 
bacteria. It is believed that photosynthesis was already well established at least 3.5 billion 
(Gyr) years ago in ancient organisms, with similar capabilities as that of modern 
cyanobacteria (Schidlowski, 1984, 1988; Blakenship, 1992). However, it is only much later 
(i.e., between 2.3 to 2.7 Gyr ago), with the advent of oxygen-evolving photosynthesis, that 
advanced life became possible (Buick, 1992; Björn & Govindjee, 2009). 
For sunlight to be converted into chemical energy, it must first be absorbed by organisms 
through the use of pigments. The primary light absorbing pigments, located in the thylakoid 
membrane of chloroplasts of eukaryotic cells, are Chlorophyll a (Chl a) and Chlorophyll b 
(Chl b). These pigments are located in the thylakoid membrane of the chloroplast, and 
absorb different light wavelengths so as to accumulate energy in the form of excited 
electrons. Secondary pigments, such as carotenoids (carotenes and xanthophyll), are located 
in the chloroplast membrane and outer membrane in order to absorb residual light 
wavelengths not efficiently absorbed by the primary pigments (Blankenship, 1992; Nelson & 
Yocum, 2006; Björn & Govindjee, 2009). This conversion of solar to chemical energy is a 
complex process and involves a large number of pigments and electron transfer proteins, 
collectively known as a photosynthetic unit (i.e., photosynthetic reaction centre) (Buttner et 
al., 1992). In a photosynthetic system the pigments serve as an antenna, collecting light and 
transferring the energy to the reaction centre, where the reactions leading to chemical 
energy conversion take place. 
The photosynthetic reaction centres, or the cores of light harvesting systems, consist of 
special protein-chlorophyll complexes which play a major role in the energy conversion 
process (Buttner et al., 1992). Oxygenic photosynthesis of chloroplasts involves two 
photosystems: the oxygen-evolving photosystem II (PSII) that originated from purple 
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(Gyr) years ago in ancient organisms, with similar capabilities as that of modern 
cyanobacteria (Schidlowski, 1984, 1988; Blakenship, 1992). However, it is only much later 
(i.e., between 2.3 to 2.7 Gyr ago), with the advent of oxygen-evolving photosynthesis, that 
advanced life became possible (Buick, 1992; Björn & Govindjee, 2009). 
For sunlight to be converted into chemical energy, it must first be absorbed by organisms 
through the use of pigments. The primary light absorbing pigments, located in the thylakoid 
membrane of chloroplasts of eukaryotic cells, are Chlorophyll a (Chl a) and Chlorophyll b 
(Chl b). These pigments are located in the thylakoid membrane of the chloroplast, and 
absorb different light wavelengths so as to accumulate energy in the form of excited 
electrons. Secondary pigments, such as carotenoids (carotenes and xanthophyll), are located 
in the chloroplast membrane and outer membrane in order to absorb residual light 
wavelengths not efficiently absorbed by the primary pigments (Blankenship, 1992; Nelson & 
Yocum, 2006; Björn & Govindjee, 2009). This conversion of solar to chemical energy is a 
complex process and involves a large number of pigments and electron transfer proteins, 
collectively known as a photosynthetic unit (i.e., photosynthetic reaction centre) (Buttner et 
al., 1992). In a photosynthetic system the pigments serve as an antenna, collecting light and 
transferring the energy to the reaction centre, where the reactions leading to chemical 
energy conversion take place. 
The photosynthetic reaction centres, or the cores of light harvesting systems, consist of 
special protein-chlorophyll complexes which play a major role in the energy conversion 
process (Buttner et al., 1992). Oxygenic photosynthesis of chloroplasts involves two 
photosystems: the oxygen-evolving photosystem II (PSII) that originated from purple 
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bacteria and the ferredoxin reducing photosystem I (PSI) that originated from the green 
sulphur bacteria (Figure 1) (Xiong et al., 2000; Dent et al., 2001). 
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Fig. 1. Indicated are Photosystems I and II‘s location and their respective functions. The 
thylakoid membrane with PSI and PSII are indicated with the energy flow through  the 
Calvin cycle (Modified from Dent et al., 2001). 

Photosystem I (PSI) reaction centre complex consists of 6 polypeptides containing two of 
subunit I, which associates with P700, subunit PSI-D, subunit PSI-E, quinones and 
fluorenones. TMP14 thylakoid membrane phosphoprotein (14 kDa), a novel subunit of the 
plant PSI (Khrouchtchova et al., 2005) is found second, after PSI-D, as phosphorylation 
subunits of PSI (Hansson & Vener, 2003). ). It is probably involved in the interaction with 
LHCII and together with PSI-D ensures PSI’s function by accepting electrons from PSII 
(Khrouchtchova et al., 2005). Photosystem I P700 is bound by PsaA and PsaB in PSI and 
function as the primary electron donor. PSI converts photonic excitation into a charge 
separation, which transfers an electron from the donor P700 chlorophyll pair to the 
spectroscopically characterized acceptors A0, A1, FX, FA and FB in turn. Photosystem I P700 
induction ensures electron excitation and reduction might force the synthesis of reactive 
oxygen intermediates (ROIs) for the hypersensitive response (i.e., oxidative burst during 
plant defence) (Grotjohann & Fromme, 2005). Each PSI P700 antenna molecule consists of 
twenty chlorophyll a molecules and a cytochrome 522 heme (Bengis & Nelson, 1977). PSI 
utilises photons at 700 nm wavelength to excite electrons collected from its antenna 
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molecule P700. The electrons produced by PSI are transferred to PSII, where it is excited, 
captured by ferredoxin and finally used to reduce NADP+ to NADPH. ATP is produced 
from ADP and pyrophosphate via chemiosmosis. The energy for this process is produced by 
three hydrogen ions, which supply the energy by passing from the thylakoid to the stroma 
of the chloroplast. Both ATP and NADPH are subsequently used in the light-independent 
reactions of the PSII complex, to convert carbon dioxide into glucose using the hydrogen 
atom extracted from water by PSII, and releasing oxygen as a by-product (Fromme, 1996; 
Nelson & Yocum, 2006). 
Photosystem II (PSII) reaction centre complex on the other hand consists of D-1 and D-2 
polypeptides, five chlorophyll a, two pheophytin a, one B-carotene, and one or two 
cytochrome b-559 heme- molecules (Nanba & Satoh, 1987). In PSII, the P680 reaction centre 
captures photons, and the light energy is used for oxidation (splitting) of water molecules. 
Upon electron release, the water molecule is broken into oxygen gas and released into the 
atmosphere. The resulting hydrogen ions are then used to power ATP synthesis. The 
electrons, excited at the antenna molecule P680, are passed down a chain of electron-
transport proteins while receiving extra electrons from PSI. More hydrogen ions are 
pumped across the membrane as these electrons flow down the chain providing more 
protons for ATP synthesis. Chloroplast ATP synthase (cpATPase) is found to be essential for 
photosynthesis (Maiwald et al., 2003) by playing a direct role in the translocation of protons 
across the membrane as a key component of the proton channel. Nine different polypeptides 
make up the cpATPase, which consists of intrinsic CF0 and extrinsic CF1 segments. The F-
type ATPase CF1 segment functions as the catalytic core and the CF0 segment functions as 
the membrane proton channel (Cramer et al., 1991; Groth & Strotmann, 1999). The electrons 
are then transported as NADPH molecules to enzymes that build sugar from water and 
carbon dioxide (Nanba & Satoh, 1987). 

2. Photosynthetic genes respond to biotic stressors 
Plants are constantly locked in an evolutionary arms race with their biological attackers, 
whether they be viral, bacterial or fungal pathogens, parasitic plants or herbivorous insects, 
therefore imposing the need to evolve defensive strategies to overcome this onslaught. 
Although there are a few examples of compensatory stimulation of photosynthesis (Trumble 
et al., 1993), most reports suggest that a decline in photosynthetic capacity is inevitable and 
this may represent the “hidden fitness costs” to defence (Fouché et al., 1984; Zangerl et al., 
2002, 2003; Heng-Moss et al., 2003; Bilgin et al., 2008, 2010; Nabity et al., 2009). A recent 
study by Bilgin et al. (2010), reported that photosynthesis associated genes were down-
regulated in seven different dicotyledonous and one coniferous plant species upon exposure 
to twenty different forms of biotic damage, regardless of the type of biotic attack. The hosts 
seem able to down-regulate these genes as an adaptive response to biotic attack, since a 
reduction in gene expression does not necessarily translate into loss of function. 
Once invasion by an attacker has been recognized, through the detection of various effectors 
(either pathogen-associated molecular patterns (PAMPs), microbe-associated molecular 
patterns (MAMPs), viral coat proteins or insect salivary elicitors), the host must balance 
competing demands for metabolic resources between either supporting defence versus 
sustaining cellular maintenance, growth and reproduction (Berger et al., 2007a,b). Plant 
defence can be costly in terms of plant growth and fitness (Tian et al., 2003; Zavala & 
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bacteria and the ferredoxin reducing photosystem I (PSI) that originated from the green 
sulphur bacteria (Figure 1) (Xiong et al., 2000; Dent et al., 2001). 
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Fig. 1. Indicated are Photosystems I and II‘s location and their respective functions. The 
thylakoid membrane with PSI and PSII are indicated with the energy flow through  the 
Calvin cycle (Modified from Dent et al., 2001). 

Photosystem I (PSI) reaction centre complex consists of 6 polypeptides containing two of 
subunit I, which associates with P700, subunit PSI-D, subunit PSI-E, quinones and 
fluorenones. TMP14 thylakoid membrane phosphoprotein (14 kDa), a novel subunit of the 
plant PSI (Khrouchtchova et al., 2005) is found second, after PSI-D, as phosphorylation 
subunits of PSI (Hansson & Vener, 2003). ). It is probably involved in the interaction with 
LHCII and together with PSI-D ensures PSI’s function by accepting electrons from PSII 
(Khrouchtchova et al., 2005). Photosystem I P700 is bound by PsaA and PsaB in PSI and 
function as the primary electron donor. PSI converts photonic excitation into a charge 
separation, which transfers an electron from the donor P700 chlorophyll pair to the 
spectroscopically characterized acceptors A0, A1, FX, FA and FB in turn. Photosystem I P700 
induction ensures electron excitation and reduction might force the synthesis of reactive 
oxygen intermediates (ROIs) for the hypersensitive response (i.e., oxidative burst during 
plant defence) (Grotjohann & Fromme, 2005). Each PSI P700 antenna molecule consists of 
twenty chlorophyll a molecules and a cytochrome 522 heme (Bengis & Nelson, 1977). PSI 
utilises photons at 700 nm wavelength to excite electrons collected from its antenna 
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molecule P700. The electrons produced by PSI are transferred to PSII, where it is excited, 
captured by ferredoxin and finally used to reduce NADP+ to NADPH. ATP is produced 
from ADP and pyrophosphate via chemiosmosis. The energy for this process is produced by 
three hydrogen ions, which supply the energy by passing from the thylakoid to the stroma 
of the chloroplast. Both ATP and NADPH are subsequently used in the light-independent 
reactions of the PSII complex, to convert carbon dioxide into glucose using the hydrogen 
atom extracted from water by PSII, and releasing oxygen as a by-product (Fromme, 1996; 
Nelson & Yocum, 2006). 
Photosystem II (PSII) reaction centre complex on the other hand consists of D-1 and D-2 
polypeptides, five chlorophyll a, two pheophytin a, one B-carotene, and one or two 
cytochrome b-559 heme- molecules (Nanba & Satoh, 1987). In PSII, the P680 reaction centre 
captures photons, and the light energy is used for oxidation (splitting) of water molecules. 
Upon electron release, the water molecule is broken into oxygen gas and released into the 
atmosphere. The resulting hydrogen ions are then used to power ATP synthesis. The 
electrons, excited at the antenna molecule P680, are passed down a chain of electron-
transport proteins while receiving extra electrons from PSI. More hydrogen ions are 
pumped across the membrane as these electrons flow down the chain providing more 
protons for ATP synthesis. Chloroplast ATP synthase (cpATPase) is found to be essential for 
photosynthesis (Maiwald et al., 2003) by playing a direct role in the translocation of protons 
across the membrane as a key component of the proton channel. Nine different polypeptides 
make up the cpATPase, which consists of intrinsic CF0 and extrinsic CF1 segments. The F-
type ATPase CF1 segment functions as the catalytic core and the CF0 segment functions as 
the membrane proton channel (Cramer et al., 1991; Groth & Strotmann, 1999). The electrons 
are then transported as NADPH molecules to enzymes that build sugar from water and 
carbon dioxide (Nanba & Satoh, 1987). 

2. Photosynthetic genes respond to biotic stressors 
Plants are constantly locked in an evolutionary arms race with their biological attackers, 
whether they be viral, bacterial or fungal pathogens, parasitic plants or herbivorous insects, 
therefore imposing the need to evolve defensive strategies to overcome this onslaught. 
Although there are a few examples of compensatory stimulation of photosynthesis (Trumble 
et al., 1993), most reports suggest that a decline in photosynthetic capacity is inevitable and 
this may represent the “hidden fitness costs” to defence (Fouché et al., 1984; Zangerl et al., 
2002, 2003; Heng-Moss et al., 2003; Bilgin et al., 2008, 2010; Nabity et al., 2009). A recent 
study by Bilgin et al. (2010), reported that photosynthesis associated genes were down-
regulated in seven different dicotyledonous and one coniferous plant species upon exposure 
to twenty different forms of biotic damage, regardless of the type of biotic attack. The hosts 
seem able to down-regulate these genes as an adaptive response to biotic attack, since a 
reduction in gene expression does not necessarily translate into loss of function. 
Once invasion by an attacker has been recognized, through the detection of various effectors 
(either pathogen-associated molecular patterns (PAMPs), microbe-associated molecular 
patterns (MAMPs), viral coat proteins or insect salivary elicitors), the host must balance 
competing demands for metabolic resources between either supporting defence versus 
sustaining cellular maintenance, growth and reproduction (Berger et al., 2007a,b). Plant 
defence can be costly in terms of plant growth and fitness (Tian et al., 2003; Zavala & 
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Baldwin, 2004), as in addition to the mobilization of an array of defensive strategies (i.e., up-
regulation of a suite of defence response genes and production of chemical defence 
responses), the plant usually also has to cope with a reduction in effective biomass, and a 
decline in photosynthetic capacity in the remaining leaf tissue (Zangerl et al., 2002; Bilgin et 
al., 2008, 2010; Nabity et al., 2009).  

2.1 Phloem-feeding insects 
Phloem-feeding insects (PFI), on the other hand selectively down-regulate the expression of 
only certain photosynthesis-related genes (Heidel & Baldwin, 2004; Voelckel et al., 2004; 
Zhu-Salzman et al., 2004; Qubbaj et al., 2005; Yuan et al., 2005; Van Eck, 2007) (Table 1), and 
by manipulating the host carbohydrate metabolism, induce a change in carbon flux to their 
own advantage (Zhu-Salzman et al., 2004). 
 
Regulated gene Host species Aphid 

species 
Platform1 Ref2 

PSI P700 
apoprotein 

Triticum 
aestivum 

Diuraphis 
noxia 

SSH libraries/cDNA arrays 1 

PSI reaction centre 
SU2/SU IV 

Apium 
graviolens 

Myzus persicae Oligonucleotide arrays 2 

 Sorghum 
bicolor 

Schizaphis 
graminum 

SSH libraries/cDNA arrays 3  

 Arabidopsis 
thaliana 

Bemisia tabaci Oligonucleotide arrays 4 

PSI antenna & 
assembly proteins 

Apium 
graviolens 

Myzus persicae Oligonucleotide arrays 2 

 Triticum 
aestivum 

Diuraphis 
noxia 

SSH libraries 5 

PSI chain D 
precursor 

Sorghum 
bicolor 

Schizaphis 
graminum 

SSH libraries/cDNA arrays 3 

PSII 5 kD protein Arabidopsis 
thaliana 

Bemisia tabaci Oligonucleotide arrays 4 

PSII 10 kD protein Triticum 
aestivum 

Diuraphis 
noxia 

cDNA-AFLP analysis 6 

 Apium 
graviolens 

Myzus persicae Oligonucleotide arrays 2 

PSII protein DI Triticum 
aestivum 

Diuraphis 
noxia 

SSH libraries 5 

PSII LS1 protein Triticum 
aestivum 

Diuraphis 
noxia 

SSH libraries 7 

 Apium 
graviolens 

Myzus persicae Oligonucleotide arrays 2 

                                                 
1 Where cDNA-AFLPs = cDNA-amplified fragment length polymorphism and SSH = suppression 
subtractive hybridization 
2 1, Botha et al., 2006; 2, Divol et al., 2005; 3, Park et al., 2005; 4, Kempema et al., 2007; 5, Boyko et al., 
2006; 6, Schultz, 2010; 7, Lacock et al., 2003; 8, Voelckel & Baldwin, 2004; 9, Zhu-Salzman et al., 2004; 10, 
Botha et al., 2010; 11, Qubbaj et al., 2005; 12, De Vos et al., 2005; 13, Van Eck, 2007; 14, Kuśniersczyk et 
al., 2008; 15, Zaayman et al., 2009. 
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PSII O2 evolving 
complex peptide 

N. attenuata Myzus 
nitotianae 

cDNA microarrays 8 

 Sorghum 
bicolor 

Schizaphis 
graminum 

Oligonucleotide arrays 9 

 Triticum 
aestivum 

Diuraphis 
noxia 

SSH libraries 5 

PSII type I 
chlorophyll a/b 
binding protein 

Sorghum 
bicolor 

Schizaphis 
graminum 

Oligonucleotide arrays 9 

 Apium 
graviolens 

Myzus persicae Oligonucleotide arrays 2 

 Sorghum 
bicolor 

Schizaphis 
graminum 

SSH libraries/cDNA arrays 3 

 Triticum 
aestivum 

Diuraphis 
noxia 

Oligonucleotide arrays 10 

 Triticum 
aestivum 

Diuraphis 
noxia 

SSH libraries 5 

PSII chlorophyll a 
binding protein 
psbB 

Triticum 
aestivum 

Diuraphis 
noxia 

SSH libraries 5 

ATP synthase  
subunit 

Triticum 
aestivum 

Diuraphis 
noxia 

SSH libraries 7 

 Malus 
domestica 

Dysaphis 
plantaginea 

cDNA-AFLP analysis 6, 11 

 Arabidopsis 
thaliana 

Myzus persicae Oligonucleotide arrays 12 

 Triticum 
aestivum 

Diuraphis 
noxia 

SSH libraries/cDNA arrays 1 

 Triticum 
aestivum

Diuraphis 
noxia

Oligonucleotide arrays 10 

Aconitate 
hydratase 

Triticum 
aestivum 

Diuraphis 
noxia 

cDNA-AFLP analysis 13 

Beta-glucosidase Triticum 
aestivum

Diuraphis 
noxia

cDNA-AFLP analysis 6 

 Apium 
graviolens

Myzus persicae Oligonucleotide arrays 2 

Chloroplast 
carbonic anhydrase

Triticum 
aestivum 

Diuraphis 
noxia 

cDNA-AFLP analysis 6 

 Sorghum 
bicolor

Schizaphis 
graminum

Oligonucleotide arrays 9 

Chloroplast 
genome DNA 

Triticum 
aestivum 

Diuraphis 
noxia 

SSH libraries 7 

Chloroplast 23S 
ribosomal RNA 
gene 

Triticum 
aestivum 

Diuraphis 
noxia 

cDNA-AFLP analysis 6 

Chloroplast 50S 
ribosomal protein 
L28 

Triticum 
aestivum 

Diuraphis 
noxia 

Oligonucleotide arrays 10 
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Baldwin, 2004), as in addition to the mobilization of an array of defensive strategies (i.e., up-
regulation of a suite of defence response genes and production of chemical defence 
responses), the plant usually also has to cope with a reduction in effective biomass, and a 
decline in photosynthetic capacity in the remaining leaf tissue (Zangerl et al., 2002; Bilgin et 
al., 2008, 2010; Nabity et al., 2009).  

2.1 Phloem-feeding insects 
Phloem-feeding insects (PFI), on the other hand selectively down-regulate the expression of 
only certain photosynthesis-related genes (Heidel & Baldwin, 2004; Voelckel et al., 2004; 
Zhu-Salzman et al., 2004; Qubbaj et al., 2005; Yuan et al., 2005; Van Eck, 2007) (Table 1), and 
by manipulating the host carbohydrate metabolism, induce a change in carbon flux to their 
own advantage (Zhu-Salzman et al., 2004). 
 
Regulated gene Host species Aphid 

species 
Platform1 Ref2 

PSI P700 
apoprotein 

Triticum 
aestivum 

Diuraphis 
noxia 

SSH libraries/cDNA arrays 1 

PSI reaction centre 
SU2/SU IV 

Apium 
graviolens 

Myzus persicae Oligonucleotide arrays 2 

 Sorghum 
bicolor 

Schizaphis 
graminum 

SSH libraries/cDNA arrays 3  

 Arabidopsis 
thaliana 

Bemisia tabaci Oligonucleotide arrays 4 

PSI antenna & 
assembly proteins 

Apium 
graviolens 

Myzus persicae Oligonucleotide arrays 2 

 Triticum 
aestivum 

Diuraphis 
noxia 

SSH libraries 5 

PSI chain D 
precursor 

Sorghum 
bicolor 

Schizaphis 
graminum 

SSH libraries/cDNA arrays 3 

PSII 5 kD protein Arabidopsis 
thaliana 

Bemisia tabaci Oligonucleotide arrays 4 

PSII 10 kD protein Triticum 
aestivum 

Diuraphis 
noxia 

cDNA-AFLP analysis 6 

 Apium 
graviolens 

Myzus persicae Oligonucleotide arrays 2 

PSII protein DI Triticum 
aestivum 

Diuraphis 
noxia 

SSH libraries 5 

PSII LS1 protein Triticum 
aestivum 

Diuraphis 
noxia 

SSH libraries 7 

 Apium 
graviolens 

Myzus persicae Oligonucleotide arrays 2 

                                                 
1 Where cDNA-AFLPs = cDNA-amplified fragment length polymorphism and SSH = suppression 
subtractive hybridization 
2 1, Botha et al., 2006; 2, Divol et al., 2005; 3, Park et al., 2005; 4, Kempema et al., 2007; 5, Boyko et al., 
2006; 6, Schultz, 2010; 7, Lacock et al., 2003; 8, Voelckel & Baldwin, 2004; 9, Zhu-Salzman et al., 2004; 10, 
Botha et al., 2010; 11, Qubbaj et al., 2005; 12, De Vos et al., 2005; 13, Van Eck, 2007; 14, Kuśniersczyk et 
al., 2008; 15, Zaayman et al., 2009. 
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PSII O2 evolving 
complex peptide 

N. attenuata Myzus 
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cDNA microarrays 8 

 Sorghum 
bicolor 

Schizaphis 
graminum 

Oligonucleotide arrays 9 

 Triticum 
aestivum 

Diuraphis 
noxia 

SSH libraries 5 

PSII type I 
chlorophyll a/b 
binding protein 

Sorghum 
bicolor 

Schizaphis 
graminum 

Oligonucleotide arrays 9 

 Apium 
graviolens 

Myzus persicae Oligonucleotide arrays 2 

 Sorghum 
bicolor 

Schizaphis 
graminum 

SSH libraries/cDNA arrays 3 

 Triticum 
aestivum 

Diuraphis 
noxia 

Oligonucleotide arrays 10 

 Triticum 
aestivum 

Diuraphis 
noxia 

SSH libraries 5 

PSII chlorophyll a 
binding protein 
psbB 

Triticum 
aestivum 

Diuraphis 
noxia 

SSH libraries 5 

ATP synthase  
subunit 

Triticum 
aestivum 

Diuraphis 
noxia 

SSH libraries 7 

 Malus 
domestica 

Dysaphis 
plantaginea 

cDNA-AFLP analysis 6, 11 

 Arabidopsis 
thaliana 

Myzus persicae Oligonucleotide arrays 12 

 Triticum 
aestivum 

Diuraphis 
noxia 

SSH libraries/cDNA arrays 1 

 Triticum 
aestivum

Diuraphis 
noxia

Oligonucleotide arrays 10 

Aconitate 
hydratase 

Triticum 
aestivum 

Diuraphis 
noxia 

cDNA-AFLP analysis 13 

Beta-glucosidase Triticum 
aestivum

Diuraphis 
noxia

cDNA-AFLP analysis 6 

 Apium 
graviolens

Myzus persicae Oligonucleotide arrays 2 

Chloroplast 
carbonic anhydrase

Triticum 
aestivum 

Diuraphis 
noxia 

cDNA-AFLP analysis 6 

 Sorghum 
bicolor

Schizaphis 
graminum

Oligonucleotide arrays 9 

Chloroplast 
genome DNA 

Triticum 
aestivum 

Diuraphis 
noxia 

SSH libraries 7 

Chloroplast 23S 
ribosomal RNA 
gene 

Triticum 
aestivum 

Diuraphis 
noxia 

cDNA-AFLP analysis 6 

Chloroplast 50S 
ribosomal protein 
L28 

Triticum 
aestivum 

Diuraphis 
noxia 

Oligonucleotide arrays 10 
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Chloroplast 
precursor 
CH1C_ARATH 20 
kDa chaperonin, 

Triticum 
aestivum 

Diuraphis 
noxia 

Oligonucleotide arrays 10 

29 kD 
ribonucleoprotein 
chloroplast 
precursor 

Sorghum 
bicolor 

Schizaphis 
graminum 

SSH libraries/cDNA arrays 3 

Ribosomal protein 
chloroplast-like 

Sorghum 
bicolor 

Schizaphis 
graminum 

SSH libraries/cDNA arrays 3 

Chlorophyllase Apium 
graviolens 

Myzus persicae Oligonucleotide arrays 2 

Chlorophyll 
synthetase 

Sorghum 
bicolor 

Schizaphis 
graminum 

Oligonucleotide arrays 9 

 Triticum 
aestivum 

Diuraphis 
noxia 

Oligonucleotide arrays 10 

 Triticum 
aestivum 

Diuraphis 
noxia 

Oligonucleotide arrays 10 

Chloroplast 50S 
ribosomal protein 
L28 

Arabidopsis 
thaliana 

Bemisia tabaci Oligonucleotide arrays 4 

Chlorophyll A 
oxygenase (CAO) 

Apium 
graviolens 

Myzus persicae Oligonucleotide arrays 2 

Carbonic 
anhydrase 

Triticum 
aestivum 

Diuraphis 
noxia 

Oligonucleotide array 10 

 Triticum 
aestivum 

Diuraphis 
noxia 

cDNA-AFLP analysis 6 

Cytochrome P450 Arabidopsis 
thaliana 

Brevicoryne 
brassicae 

Oligonucleotide arrays 14 

 Triticum 
aestivum 

Diuraphis 
noxia 

Oligonucleotide arrays 10 

 Apium 
graviolens 

Myzus persicae Oligonucleotide arrays 2 

 Triticum 
aestivum

Diuraphis 
noxia

cDNA-AFLP analysis 6 

Cytochrome c1, c6 
(ATC6) and/or B6 

Sorghum 
bicolor 

Schizaphis 
graminum 

SSH libraries/cDNA arrays 3 

 Arabidopsis 
thaliana

Bemisia tabaci Oligonucleotide arrays 4 

 Sorghum 
bicolor

Schizaphis 
graminum

SSH libraries/cDNA arrays 3 

Ferredoxin Sorghum 
bicolor

Schizaphis 
graminum

Oligonucleotide arrays 9 

 Sorghum 
bicolor 

Schizaphis 
graminum 

Oligonucleotide arrays 9 

Ferredoxin-
thioredoxin 
reductase 

Triticum 
aestivum 

Diuraphis 
noxia 

Oligonucleotide arrays 10 
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 Triticum 
aestivum 

Diuraphis 
noxia 

Oligonucleotide arrays 1 

 Triticum 
aestivum 

Diuraphis 
noxia 

cDNA-AFLP analysis 6, 13, 
15  

Ferrochelatase Sorghum 
bicolor 

Schizaphis 
graminum 

Oligonucleotide arrays 9 

Fructose-1,6-
bisphosphatase 

Triticum 
aestivum 

Diuraphis 
noxia 

Oligonucleotide arrays 10 

 Triticum 
aestivum 

Diuraphis 
noxia 

Oligonucleotide arrays 10 

 Triticum 
aestivum 

Diuraphis 
noxia 

cDNA-AFLP analysis 6 

Malate 
dehydrogenase 
[NADP], 
chloroplast 
precursor 

Triticum 
aestivum 

Diuraphis 
noxia 

Oligonucleotide arrays 10 

Mg-chelate subunit 
chlH 

Triticum 
aestivum 

Diuraphis 
noxia 

Oligonucleotide arrays 10 

Monooxygenase 2 Triticum 
aestivum 

Diuraphis 
noxia 

cDNA-AFLP analysis 6 

NADPH:quinone 
oxidoreductase 

Triticum 
aestivum 

Diuraphis 
noxia 

Oligonucleotide arrays 10 

Nonphototrophic 
hypocotyl 1b 

Apium 
graviolens 

Myzus persicae Oligonucleotide arrays 2 

Non-green plastid 
inner envelope 
membrane protein 

Triticum 
aestivum 

Diuraphis 
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 Apium 
graviolens 

Myzus persicae Oligonucleotide arrays 2 
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aestivum 

Diuraphis 
noxia 
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Diuraphis 
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bisphosphate 
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Oligonucleotide arrays 9 

 Apium 
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T51328 
transcription 
initiation factor 
sigma5, plastid -
specific 

Triticum 
aestivum 

Diuraphis 
noxia 

Oligonucleotide arrays 10 

Thioredoxin Triticum 
aestivum 

Diuraphis 
noxia 

Oligonucleotide arrays 10 

TMP 14 kDa 
thylakoid 
membrane 
phosphoprotein 
 

Triticum 
aestivum 

Diuraphis 
noxia 

cDNA-AFLP analysis 13 

 Arabidopsis 
thaliana 

Bemisia tabaci Oligonucleotide arrays 4 

Thylakoid luminal 
15 kD protein 

Triticum 
aestivum 

Diuraphis 
noxia 

Oligonucleotide arrays 10 

Thylakoid luminal 
protein-related 

Triticum 
aestivum 

Diuraphis 
noxia 

Oligonucleotide arrays 10 

Ubiquinol--
cytochrome-c 
reductase 
 

Triticum 
aestivum 

Diuraphis 
noxia 

Oligonucleotide arrays 10 

 Triticum 
aestivum 

Diuraphis 
noxia 

cDNA-AFLP analysis 6 

Table 1. Genes involved in photosynthesis under regulation after aphid feeding. Underlined 
genes are down-regulated, non-underlined genes are mostly up-regulated. 
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PFIs achieve these benefits, at some cost to their host by inducing genes, involved in carbon 
assimilation and mobilization, so as to increase their own sugar uptake, whilst at the same 
time depleting sugars and creating localized metabolic sinks (Moran & Thompson, 2001; 
Zhu-Salzman et al., 2004). PFIs also modify nitrogen allocation in their hosts by up-
regulating genes involved in nitrogen assimilation. In particular, genes encoding enzymes 

required for the synthesis of tryptophan and other essential amino acids are up-regulated to 
fulfil to the dietary requirements of the PFI (Heidel & Baldwin, 2004; Zhu-Salzman et al., 
2004; Botha et al., 2010). 

2.2 Linking photosynthesis and plant defence 
The linkage between photosynthesis and host defence was recently demonstrated by 
silencing two central photosynthetic proteins, i.e., ribulose-1,5-bisphosphate 
carboxylase/oxygenase (Rubisco) and Rubisco activase in Nicotiana attenuata using virus-
induced gene silencing (VIGS) (Mitra & Baldwin, 2008). Silencing of these genes improved 
the performance of a native generalist (Spodoptera littoralis) and specialist (Manduca sexta) 
herbivorous larvae on transformed host plants (Mitra & Baldwin, 2008). Similarly, it was 
shown that independent silencing of the TMP 14 kDa thylakoid membrane phosphoprotein, 
PSI P700 apoprotein, and Fructose-1,6-bisphosphatase in near-isogenic (NILs) Triticum 
aestivum lines using VIGS, also affected host resistance to Diuraphis noxia in varying degrees 
(Jackson, 2010). In the latter study, no significant decrease in aphid fecundity was observed 
in the susceptible Tugela plants after silencing with any of the genes when compared with 
the uninfested Tugela plants (Table 2). Silencing with BSMV:TMP14 caused a significant 
increase in aphid fecundity when aphids were fed on the resistant Tugela-Dn1 plants, while 
silencing with BSMV:FBPase caused an increase in aphid fecundity in resistant Tugela-Dn2 
plants. A significant increased aphid fecundity was also observed upon silencing of Tugela-
Dn2 plants with BSMV:P700, but in Tugela-Dn1 plants no significant increase in aphid 
fecundity was observed (Table 2). 
 

Treatment Susceptible NIL Resistant NILs 

Tugela Tugela-Dn1a Tugela-Dn2b 

Control 31.0 ± 1.82 14.3 ± 2.08 21.0 ± 2.64 

BSMV:00 30.25± 2.62 15.0 ± 1.00 20.3 ± 2.08 

BSMV:TMP14 34.4 ± 3.58 21.8 ± 2.63* 23.6 ± 2.06 

BSMV:FBPase 33.8 ± 2.93 17.1 ± 2.04 26.2 ± 2.78* 

BSMV:P700 34.0 ± 1.54 12.2 ± 1.17 24.8 ± 2.31* 

*Significantly different from control (P< 0.05) 
aSA1684/6* ‘Tugela’ (Dn1+) – confers antibiosis to Diuraphis noxia (Wang et al., 2004) 
bSA2199/6* ’Tugela’ (Dn2+) – confers tolerance to Diuraphis noxia (Wang et al., 2004) 

Table 2. Summary of Diuraphis noxia fecundities when feeding on three near isogenic wheat 
lines before and after gene silencing. Aphid fecundity is indicated as number of aphids per 
plant 10 d.p.i. (n=3)(From Jackson, 2010). 
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Table 1. Genes involved in photosynthesis under regulation after aphid feeding. Underlined 
genes are down-regulated, non-underlined genes are mostly up-regulated. 
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herbivorous larvae on transformed host plants (Mitra & Baldwin, 2008). Similarly, it was 
shown that independent silencing of the TMP 14 kDa thylakoid membrane phosphoprotein, 
PSI P700 apoprotein, and Fructose-1,6-bisphosphatase in near-isogenic (NILs) Triticum 
aestivum lines using VIGS, also affected host resistance to Diuraphis noxia in varying degrees 
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in the susceptible Tugela plants after silencing with any of the genes when compared with 
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Dn2 plants with BSMV:P700, but in Tugela-Dn1 plants no significant increase in aphid 
fecundity was observed (Table 2). 
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aSA1684/6* ‘Tugela’ (Dn1+) – confers antibiosis to Diuraphis noxia (Wang et al., 2004) 
bSA2199/6* ’Tugela’ (Dn2+) – confers tolerance to Diuraphis noxia (Wang et al., 2004) 

Table 2. Summary of Diuraphis noxia fecundities when feeding on three near isogenic wheat 
lines before and after gene silencing. Aphid fecundity is indicated as number of aphids per 
plant 10 d.p.i. (n=3)(From Jackson, 2010). 
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2.3 Does the photosynthetic compensation of the wheat host form part of Diuraphis 
noxia’s defence strategy?  
Diuraphis noxia feeding on susceptible wheat causes chlorosis (i.e., longitudinal chlorotic 
streaking) and leaf rolling in the leaves of susceptible wheat (Figure 2). Leaf chlorophyll 
content is reduced by D. noxia infestation (Heng-Moss et al., 2003; Botha et al., 2006). This 
results in decreased photosynthetic potential and the eventual collapse of the plant (Burd & 
Burton, 1992).  
 
 

 
 

Fig. 2. Wheat expressing the longitudinal chlorotic streaking phenotype associated with 
Diuraphis noxia susceptibility. 

Aphid damage has historically been ascribed to a phytotoxin injected during feeding, which 
is responsible for chloroplast disintegration (Fouché et al., 1984). Although, such a 
phytotoxin has never been described or isolated, ultrastructural studies revealed limited 
chloroplast breakdown in the leaves of resistant cultivars after aphid feeding (Van der 
Westhuizen et al., 1998). Since cell fluorescence data has shown that D. noxia feeding causes 
reduced photosynthetic capacity even in intact chloroplasts (Haile et al., 1999), this 
chloroplast rupture mechanism seems unlikely. D. noxia feeding probably induces 
malfunctioning of the photosynthetic apparatus in the stacked region of the thylakoid 
membrane, but the exact site of interference has not been determined (Burd & Elliott, 1996; 
Heng-Moss et al., 2003). Chlorosis induced by D. noxia differs significantly from normal 
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chlorophyll degradation during leaf senescence (Ni et al., 2001). D. noxia feeding stimulates 
an increase in the activity of Mg-dechelatase, a catabolic enzyme that converts 
chlorophyllide a to pheophorbide a as the final step in the chlorophyllase pathway (Ni et al., 
2001; Wang et al., 2004)  
Total chlorophyll concentration assays indicate that D. noxia feeding causes a marked 
decrease in chlorophyll levels in Tugela, but that the reduction in the antibiotic near-isogenic 
line (NIL) Tugela-Dn1 is much less severe (Botha et al., 2006). Since the phenotypes afforded 
by different Dn genes vary  Dn1 confers antibiosis, Dn2 tolerance and Dn5 a combination 
of antibiosis and antixenosis (Wang et al., 2004)  it appears that the presence of these 
genes activate transcription of defence-related genes differently (Botha et al., 2008). 
Antibiotic Betta-Dn1 plants are also unable to compensate for chlorophyll loss, which has 
been attributed to an increase in defence compound production. Tolerant Betta-Dn2 plants 
have very stable chlorophyll content during D. noxia feeding, suggesting that they can 
compensate for chlorophyll loss in some way (Heng-Moss et al., 2003).  
Chlorosis due to D. noxia infestation is thought to originate from interference with electron 
transport (Burd & Elliott, 1996; Haile et al., 1999; Heng-Moss et al., 2003; Botha et al., 2006). 
Susceptible wheat shows decreased levels of chlorophyll a upon infestation by D. noxia 
(Burd & Elliott, 1996; Ni et al., 2001; Wang et al., 2004) which indicates damage to PSI (Botha 
et al., 2006). If this is indeed the case, it has serious implications for susceptible wheat under 
aphid attack. PSI catalyzes the electron transport from plastocyanin to ferredoxin (Haldrup 
et al., 2003). This reduced ferredoxin pool is mostly employed in generating NADPH for 
CO2 assimilation, but is also used in regulating the activity of, among others, CF1-ATPase 
and several enzymes in the Calvin cycle (Ruelland & Miginiac-Maslow, 1999). Under-
reduced ferredoxin directly diminishes the plant’s ability to synthesize ATP and 
carbohydrates. Studies by Van Eck (2007) using qRT-PCR analysis of the CF1-ATPase 
response to aphid feeding indicated an increased demand for ATPase transcripts as 
infestation progressed (Figure 3).  
Since damaged PSI can no longer act as electron acceptor from PSII via the cytochrome b6-f 
complex, inefficient reoxidation of the reduced plastoquinone occurs, halting state 
transitions and resulting in an over-reduction of PSII (Burd & Elliott, 1996). This leads to 
photoinactivation of PSII, and thus the irreversible decline in functional PSII complexes, 
because the absorbed light energy exceeds the amount that can be employed in electron 
transport (Kornyeyev et al., 2006). An acute induction of a TMP 14 kDa thylakoid membrane 
phosphoprotein, a putative component of PSI, was observed in Tugela-Dn2 after infestation 
with RWA (Table 1, Figure 3) which indicates transcriptionally regulated photosynthetic 
compensation (Van Eck, 2007). 
An induction of TMP14 could be a strategy to overcome pest attack in order to keep PSI 
stable and energy production going, while  a reduction of TMP14 might force energy to flow 
in a different direction. Thus, up-regulation of PSI complexes would ensure the integrity of 
electron transport from PSII during state 2 as well as increased levels of NADPH and 
possibly increased CO2 assimilation. In growth tolerance experiments, the tolerant PI 262660 
line containing the Dn2 gene maintained vigorous growth during aphid infestation when 
compared to the susceptible Arapahoe and antibiotic PI 137739 line (Haile et al., 1999). It is 
suggested that increased photosynthetic capacity via up-regulation of photosystem 
components may provide a mechanism for passive resistance against D. noxia feeding 
(Botha et al., 2006). 
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chlorophyll degradation during leaf senescence (Ni et al., 2001). D. noxia feeding stimulates 
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Total chlorophyll concentration assays indicate that D. noxia feeding causes a marked 
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of antibiosis and antixenosis (Wang et al., 2004)  it appears that the presence of these 
genes activate transcription of defence-related genes differently (Botha et al., 2008). 
Antibiotic Betta-Dn1 plants are also unable to compensate for chlorophyll loss, which has 
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have very stable chlorophyll content during D. noxia feeding, suggesting that they can 
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CO2 assimilation, but is also used in regulating the activity of, among others, CF1-ATPase 
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2.4 Regulating plant homeostasis 
The production of ROIs is a by-product of normal cellular processes, such as photosynthesis 
and respiration, but can also be produced in response to a variety of environmental 
conditions, i.e., light, cold, drought, as well as pathogen and pest attack. The latter event is 
known as the hypersensitive response and has proven to be effective against sedentary 
insects, such as PFIs that target a specific tissue. However, for an effective hypersensitive 
response-based programmed cell death to occur, a cascade of events have to occur, 
including production of ROIs and associated downstream defensive responses. Indeed, 
increases in the activity of oxidative enzymes such as peroxidases, polyphenol oxidases and 
lipoxygenases were observed after Diuraphis noxia feeding (Van der Westhuizen et al., 1998; 
Ni et al., 2000, 2001; Ni & Quisenberry, 2003). This increase occurs not only at the site of 
feeding, but it also spreads systemically (Van der Westhuizen et al. 1998). Thus, if this 
spreading is not kept at bay, it can be lethal to the host. ROIs are partially reduced forms of 
atmospheric oxygen (O2), and typically result from the excitation of O2 to form singlet 
oxygen O21 or from the transfer of one, two or three electrons to O2 to form, respectively, a 
superoxide radical (O2-), hydrogen peroxide (H2O2) or a hydroxyl radical (HO-). Unlike 
atmospheric oxygen, ROIs are capable of unrestricted oxidation of various cellular 
components and can lead to the oxidative destruction of the cell (Asada, 1999). A variety of 
mechanisms exist for the dissipation of excess excitation that may give rise to the generation 
of reductants and the production of ROIs, act as signalling agents, or to serve as alternative  
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electron acceptors to avoid over-reduction and potentially the generation of toxic 
intermediates (Avenson et al., 2005; Mullineaux & Karpinski, 2002; Foyer & Noctor, 2005). It 
is thus suggested that cellular homeostasis will be maintained as long as the mechanisms for 
redox poising are in place, otherwise uncontrolled cellular damage will follow leading to 
death of the host (Schelbe et al., 2005). 
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known as the hypersensitive response and has proven to be effective against sedentary 
insects, such as PFIs that target a specific tissue. However, for an effective hypersensitive 
response-based programmed cell death to occur, a cascade of events have to occur, 
including production of ROIs and associated downstream defensive responses. Indeed, 
increases in the activity of oxidative enzymes such as peroxidases, polyphenol oxidases and 
lipoxygenases were observed after Diuraphis noxia feeding (Van der Westhuizen et al., 1998; 
Ni et al., 2000, 2001; Ni & Quisenberry, 2003). This increase occurs not only at the site of 
feeding, but it also spreads systemically (Van der Westhuizen et al. 1998). Thus, if this 
spreading is not kept at bay, it can be lethal to the host. ROIs are partially reduced forms of 
atmospheric oxygen (O2), and typically result from the excitation of O2 to form singlet 
oxygen O21 or from the transfer of one, two or three electrons to O2 to form, respectively, a 
superoxide radical (O2-), hydrogen peroxide (H2O2) or a hydroxyl radical (HO-). Unlike 
atmospheric oxygen, ROIs are capable of unrestricted oxidation of various cellular 
components and can lead to the oxidative destruction of the cell (Asada, 1999). A variety of 
mechanisms exist for the dissipation of excess excitation that may give rise to the generation 
of reductants and the production of ROIs, act as signalling agents, or to serve as alternative  
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electron acceptors to avoid over-reduction and potentially the generation of toxic 
intermediates (Avenson et al., 2005; Mullineaux & Karpinski, 2002; Foyer & Noctor, 2005). It 
is thus suggested that cellular homeostasis will be maintained as long as the mechanisms for 
redox poising are in place, otherwise uncontrolled cellular damage will follow leading to 
death of the host (Schelbe et al., 2005). 
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1. Introduction 
The Environment and Ecosystem of tropical and subtropical coastal zone is marked with 
unique geophysical characters like sea surges with tidal waves, upland discharges, rapid 
sedimentation, substrate erosion and episodic cyclones. Mangroves are representing a 
genetic adaptation of a large variety of plant community of different families to a typical 
saline environment and are best developed on shorelines of tropical world particularly in 
vast areas of tidal influence. The mangroves are specially suited for the inhospitable 
environmental condition and thus pose a lot of challenging problems to the biologists. The 
main feature of mangroves is in their ability to successful colonization under constant 
physiological stress (Chaudhuri 1996). These plants grow by developing some 
morphological, physiological and reproductive adaptation (Zimmermann 1983; Das 1999). 
This vegetation provides a multidimensional beneficial impact on coastal ecosystem in the 
form of production and protection. This vast greenery nurses several estuarine habitats 
and mitigate the violence of cyclonic effect (Hogarth, 1999). Recently, these economic and 
ecologically utility plant communities are under severe threats world-wide. Hence, 
conservation and management of such ecosystem is a front-line issue to the scientific 
world. It is well established that biodiversity of the mangrove vegetation is getting 
degraded to a large extent all over the world due to human interference and tectonic 
activities. Mangrove ecosystems currently cover 146,530 km² of the tropical shorelines of 
the world (FAO 2003). This represents a decline from 198,000 km² of mangroves in 1980, 
and 157,630 km² in 1990 (FAO 2003). These losses represent about 2.0% per year since 
1980–1990, and 0.7% per year within 1990–2000. These figures show the magnitude of 
mangrove loss, and hence the potentiality of mangrove restoration programme. 
In the Indian subcontinent (extends between 21º31' - 22°30' N and 88°10′ - 89°51′ E), two 
important river systems, namely the Ganga and Brahmaputra, constitute the largest delta 
formation where the vast mangrove vegetation thrives with highest species diversity. 
Given the marked uniformity of zonation pattern, mangrove communities may be useful 
in interpreting minor changes in coastal conditions and serving as biological indicators. In 
the Sundarbans delta, there has been a very slow tilting of the coast due to tectonic uplift 
in the northwestern part (India) and subsidence in the east (Bangladesh). This has a major 
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impact on mangrove species distribution as increased salinity prevails in the western part 
(India). This forest area (Indian territory) covers approximately 2195 km2 (Sanyal, 1996) 
excluding the anastomosing network of creeks and backwaters. Presently the soil salinity 
ranges between 15 – 27 PPT and maximum available irradiance was reported as 
approximately 2000 µmol m-2s-1 (Nandy (Datta) et al., 2007). The flora comprises 36 true 
mangroves, 28 associates and seven obligatory mangrove species representing 29 families 
and 49 genera (Naskar and Guha Bakshi, 1983). Unfortunately, excessive demographic 
pressure, over-harvesting for timber and fuel-wood, poaching, reclamation for 
aquaculture and industrial pollution are being detrimental for these coastal resources. The 
soil of the Sundarbans is saline due to regular tidal interactions, although the salinity is 
low compared to soil salinity in other mangrove forests of the world (Karim, 1988). Soil 
salinity, however, is regulated by a number of other factors including surface runoff and 
groundwater seepage from adjacent areas, amount and seasonality of rainfall, 
evaporation, groundwater recharge and depth of impervious subsoil, soil type and 
topography etc. It is found that, conductivity of subsurface soil is much higher than that 
of surface soil (Chaffey et al., 1985). Using the salinity scale established by Walter (1971), 
the forest areas have been divided into three zones based on soil salinity (Karim, 1994). 
These are:  
i. Oligohaline (ormiohaline) Zone: The zone is characterised by the soil containing less 

than 5 ppt of NaCl salt. The oligohaline zone occupies a small area of the north-eastern 
part of the forest;  

ii. Mesohaline Zone: The zone is characterized by NaCl content within the concentration 
range of 5 to 10 ppt in soil. This zone covers the north-central to south-central part of 
the forest; and  

iii. Polyhaline Zone: The NaCl content of the soil in this zone is higher than 10 ppt. This 
zone covers the western portion of the forest (Figure 1). 

These manual and environmental adversities proved disastrous for some important plant 
species like Heritiera fomes, Nypa fruticans, Xylocarpus granatum and X. mekongensis 
(Banerjee, 1999; Upadhyay et al., 2002). These species predominate in between the 
Raimangal and Matla rivers, where fresh water influx from the Ichamati river towards 
Raimangal is much better (in Bangladesh part). Especially H. fomes prefers slightly and/or 
moderately saline zone and the ridges of higher elevation that are inundated only during 
spring tide (Alim, 1979). Previously in West Bengal, these trees used to be 2m in girth, but 
over 1 m girth are no longer common and top dying of H. fomes is very frequent in the 
Sundarbans forest. 
High irradiance and elevated salinity of intertidal swamps impose at least two potential 
restrictions on the photosynthetic rate of mangroves; water deficiency and low stomatal 
conductance enforce these plants to thrive under considerable stress. Generation of Reactive 
oxygen species (ROS) such as superoxide, hydroxyl and peroxyl radicals are inevitable 
under oxidative stress as does the level of ROS-induced oxidative damage to lipids, 
proteins, and nucleic acids (Meloni et al., 2003). Current strategies for improving salt 
tolerance rely primarily on the production of low-molecular weight solutes e.g. Flavonoids 
and polyphenols and radical-scavenging enzyme systems (Tarczynski et al., 1993; Kishor et 
al., 1995) in order to defend alteration in the cytosolic osmotic potential. Mangroves, being 
the well recognized halophytes have high ability of salt tolerance and these plants can be 
used as a potential source of several salt resistant genes and proteins. 
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Fig. 1. Map of the study area. Differential salinity zone of undevided Sundarbans (in 
Bangladesh and India) area (After Karim, 1988). 

To mitigate the extent of destruction of cellular components by ROS, a front line defense 
mechanism is developed in plants with complex antioxidant enzyme mechanisms like 
peroxidase (PRX), superoxide dismutase (SOD), catalase (CAT) and glutathione reductase 
(GR). Salinity resistance is improved by elevated regulation of antioxidant enzymes leading 
to ROS scavenging (Alscher et al. 2002). Salinity imposed up regulation of cellular ROS 
accumulation leading to destruction of membrane lipids, proteins and nuclic acids have 
been reported by earlier works (Hernandez et al. 1999, 2000; Mansour et al. 2005; Ben-Amor 
et al. 2007; Eyidogan and Oz, 2007).  
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Due to regular tidal inundation, increased saline water makes the substrate physiologically 
dry and hence, mangroves have to combat with the problem of maintaining turgour 
pressure and protecting their metabolic activity from high NaCl concentration (Greenway 
and Munns, 1980). The cumulative effects of extreme microclimate (irradiance and 
temperature) and high salinity affect the rate of photosynthesis (Ball, 1988). To prevent 
photoinhibition, mangroves have to maintain considerably low assimilation rate throughout 
the day (Cowan, 1982; Nandy and Ghose, 2001). From a recent comprehensive study it was 
revealed that both salt and drought stress led to down-regulation of some photosynthetic 
genes, with most of the changes being small (ratio threshold lower than 1) possibly reflecting 
the mild stress imposed and compared with drought, salt stress affected more genes and 
more intensely, possibly reflecting the combined effects of dehydration and osmotic stress in 
salt-imposed habitats (Chaves et al., 2009). Desingh and Kanagaraj (2007) pointed out that 
photosynthetic rate and RuBP carboxylase activity decreased with increasing salinity but 
significantly increased for some antioxidative enzymes. An important consequence of salt 
stress is the excessive generation of reactive oxygen species (ROS) such as superoxide anion 
(O2

 hydrogen peroxide (H2O2) and the hydroxyl radicals (OH•) particularly in chloroplast ,(־
and mitochondria (Asada, 1994; Prochazkova and Wilhelmova, 2007). 
Unlike morphological markers, molecular markers are not prone to environmental influences 
and provide some vital information towards the priority areas for conservation strategies. 
Therefore, the use of molecular markers (enzymes, DNA) might enhance the understanding of 
such situation. Enzyme analysis is an added tool for detecting this diversity (Zeidler, 2000). 
The International Union for Protection of New Varieties of Plants (UPOV) have harmonized 
and adopted test guidelines and procedures for the use of isozyme electrophoresis as a 
characteristic for establishing uniqueness of plants (UPOV, 1997). 
Scientific knowledge on the structural and functional characteristics of mangroves and the 
natural processes operating in these vulnerable fragile ecosystems is rather poor (Upadhay et 
al., 2002). Mangroves have to cope with considerably high soil salinity and consequently, a 
physiologically dry substrate. As such they are confronted with the problem of maintaining 
adequate turgour pressure within the cell sap because of high salt concentrations in the growth 
medium and thus protecting their metabolic activity (Flowers et al., 1977). This leads to 
accumulation and /or synthesis of organic substances in the form of compatible solutes within 
the vacuole (Hasegawa et al., 2000). Cheesman et al. (1997) experimentally showed that 
ascorbate peroxidase and SOD synthesis are much higher in field grown mangroves. 
Superoxide dismutase (SOD) and several antioxidant enzymes are potentially involved in 
H2O2 metabolism leading to photoprotection. Parida et al. (2002) reported that sugar, proline 
and some polyphenolic compounds accumulate in the cell sap of Bruguiera parviflora to restore 
the water potential more negative. Experimental works reported that in mangroves, the 
synthesis of these osmolytes, specic proteins and translatable mRNA induced and increased 
by salt stress (Hurkman et al., 1989; Bray, 1993; Xu et al., 1996; Swire-Clark and Marcotte, 1999; 
Xu et al., 2001). A Positive linear relationship between peroxidase activity and leaf tissue metal 
concentrations were reported in Avicennia marina (Macfarlane and Burchett, 2001). In-vitro 
experiment on B. parviflora resulted the differential changes of the isoforms of antioxidative 
enzymes in the levels due to NaCl treatment which may be useful as markers for recognizing 
salt tolerance in mangroves and suggested that the elevated levels of the antioxidant enzymes 
protect the plants against the reactive oxygen species (ROS) thus avoiding lipid peroxidation 
during salt stress (Parida et al. 2004a, b). Amirjani (2010) opined that the major ROS 
scavenging mechanism of plants involve over expression of antioxidant enzymes such as 
superoxide dismutase, catalase and glutathion peroxidase. The primary scavenger is SOD 
which convert singlet oxygen (O2•¯) to H2O2, which is finally scavenged by peroxidase. If this 
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antioxidative defense mechanism against ROS is somehow disrupted, the cellular homeostasis 
will be lost (Li, 2009). An increased level of peroxidase and SOD accumulation was reported in 
water logging stress in Kandelia candel and Bruguiera gymnorrhiza (Ye et al., 2003).  
In obligate halophytes, reverse adaptation often provoke significant metabolic shifts that can 
be partially characterized by isozyme study. Peroxidase (in different isoforms) is widely 
distributed throughout the growing phase and has great biological importance. In plants, 
peroxidase is either bound to cell wall or located in the protoplast (Mader, 1976). Cell wall 
bound peroxidases are probably involved in lignifications while other isoenzymes have the 
regulatory role in plant senescence or in the destruction of auxins (Frenkel, 1972; Stonier and 
Yang, 1973). Beside the morphological adaptation, certain biochemical changes occur in 
halophytes. Depending on the efficient salt management strategies, mangroves show their 
differential suitability in elevated salinity level of the present day’s Sundarbans forest. Much 
works on carbon assimilation and its attributes were done in in vitro condition under 
different salinity grdient (Cheeseman, 1994; Cheeseman et al., 1991; Kathiresan and 
Moorthy, 1993, 1994; Parida et al., 2004).  
The literature review reveals that hardly any information is available on the physiological 
responses of 15-17 years old mangroves grown in fresh water conditions. The present study 
points to the reverse adaptation in five Indian ‘true mangrove’ species (Bruguiera 
gymnorrhiza, Excoecaria agallocha, Heritiera fomes, Phoenix paludosa and Xylocarpus granatum) 
with respect to their photosynthetic response in relation to their sustainable existence in 
Indian Sundarbans. Due to changed ecology, isoforms of these stress related enzymes were 
differentially expressed. There are hardly any report dealt with a comparative account of 
quantitative and qualitative analysis of antioxidant and hydrolyzing enzymes in Indian 
context. In view of above, this work aim to understand the extent of changes of isoforms of 
two antioxidant enzymes (peroxidase and superoxide dismutase) and two important 
hydrolyzing enzymes (esterase and acid phosphates) in five true mangrove species grown in 
the natural field condition (in Sundarbans) and their counterparts grown in the fresh water 
condition in the garden of ISI Kolkata. The comparative assessment of some physiological 
response (efficiency of PAR acquisition, Carbon assimilation and stomatal conductance) and 
biochemical characterization (enzimes and proteins) through both gel electrophoretic study 
and quantitative estimation of total leaf protein and enzyme, would provide some 
important clues towards their reverse adaptability to mesophytic condition for postulating 
proper conservation technique in ex-situ condition. 

2. Methodology 
Five species of true mangroves (viz. Bruguiera gymnorrhiza, Excoecaria agallocha, Heritiera 
fomes, Phoenix paludosa and Xylocarpus granatum) were selected for this experiment among 
which Heritiera and Xylocarpus are in very much stressed and rest three are profusely grown 
in western Sundarbans. The youngest leaf buds were collected in ice from properly 
identified and well matured in-situ (from Sundarbans forest, where salinity ranges between 
15 – 27 PPT) plants (about 10-12 years old) and their counter parts from ex-situ (grown in 
fresh water condition – in the premises of Indian Statistical Institute, of all most same age, 
salinity ranges between 2 – 2.5PPT) conditions.  

2.1 Measurement of photosynthesis and stomatal conductance 
The rate of net photosynthesis and stomatal conductance in different PAR were measured 
with an infrared CO2 gas analyzer (PS 301 CID, USA) that uses an electronic mass flow meter 
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Due to regular tidal inundation, increased saline water makes the substrate physiologically 
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and Munns, 1980). The cumulative effects of extreme microclimate (irradiance and 
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(O2
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Xu et al., 2001). A Positive linear relationship between peroxidase activity and leaf tissue metal 
concentrations were reported in Avicennia marina (Macfarlane and Burchett, 2001). In-vitro 
experiment on B. parviflora resulted the differential changes of the isoforms of antioxidative 
enzymes in the levels due to NaCl treatment which may be useful as markers for recognizing 
salt tolerance in mangroves and suggested that the elevated levels of the antioxidant enzymes 
protect the plants against the reactive oxygen species (ROS) thus avoiding lipid peroxidation 
during salt stress (Parida et al. 2004a, b). Amirjani (2010) opined that the major ROS 
scavenging mechanism of plants involve over expression of antioxidant enzymes such as 
superoxide dismutase, catalase and glutathion peroxidase. The primary scavenger is SOD 
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antioxidative defense mechanism against ROS is somehow disrupted, the cellular homeostasis 
will be lost (Li, 2009). An increased level of peroxidase and SOD accumulation was reported in 
water logging stress in Kandelia candel and Bruguiera gymnorrhiza (Ye et al., 2003).  
In obligate halophytes, reverse adaptation often provoke significant metabolic shifts that can 
be partially characterized by isozyme study. Peroxidase (in different isoforms) is widely 
distributed throughout the growing phase and has great biological importance. In plants, 
peroxidase is either bound to cell wall or located in the protoplast (Mader, 1976). Cell wall 
bound peroxidases are probably involved in lignifications while other isoenzymes have the 
regulatory role in plant senescence or in the destruction of auxins (Frenkel, 1972; Stonier and 
Yang, 1973). Beside the morphological adaptation, certain biochemical changes occur in 
halophytes. Depending on the efficient salt management strategies, mangroves show their 
differential suitability in elevated salinity level of the present day’s Sundarbans forest. Much 
works on carbon assimilation and its attributes were done in in vitro condition under 
different salinity grdient (Cheeseman, 1994; Cheeseman et al., 1991; Kathiresan and 
Moorthy, 1993, 1994; Parida et al., 2004).  
The literature review reveals that hardly any information is available on the physiological 
responses of 15-17 years old mangroves grown in fresh water conditions. The present study 
points to the reverse adaptation in five Indian ‘true mangrove’ species (Bruguiera 
gymnorrhiza, Excoecaria agallocha, Heritiera fomes, Phoenix paludosa and Xylocarpus granatum) 
with respect to their photosynthetic response in relation to their sustainable existence in 
Indian Sundarbans. Due to changed ecology, isoforms of these stress related enzymes were 
differentially expressed. There are hardly any report dealt with a comparative account of 
quantitative and qualitative analysis of antioxidant and hydrolyzing enzymes in Indian 
context. In view of above, this work aim to understand the extent of changes of isoforms of 
two antioxidant enzymes (peroxidase and superoxide dismutase) and two important 
hydrolyzing enzymes (esterase and acid phosphates) in five true mangrove species grown in 
the natural field condition (in Sundarbans) and their counterparts grown in the fresh water 
condition in the garden of ISI Kolkata. The comparative assessment of some physiological 
response (efficiency of PAR acquisition, Carbon assimilation and stomatal conductance) and 
biochemical characterization (enzimes and proteins) through both gel electrophoretic study 
and quantitative estimation of total leaf protein and enzyme, would provide some 
important clues towards their reverse adaptability to mesophytic condition for postulating 
proper conservation technique in ex-situ condition. 

2. Methodology 
Five species of true mangroves (viz. Bruguiera gymnorrhiza, Excoecaria agallocha, Heritiera 
fomes, Phoenix paludosa and Xylocarpus granatum) were selected for this experiment among 
which Heritiera and Xylocarpus are in very much stressed and rest three are profusely grown 
in western Sundarbans. The youngest leaf buds were collected in ice from properly 
identified and well matured in-situ (from Sundarbans forest, where salinity ranges between 
15 – 27 PPT) plants (about 10-12 years old) and their counter parts from ex-situ (grown in 
fresh water condition – in the premises of Indian Statistical Institute, of all most same age, 
salinity ranges between 2 – 2.5PPT) conditions.  

2.1 Measurement of photosynthesis and stomatal conductance 
The rate of net photosynthesis and stomatal conductance in different PAR were measured 
with an infrared CO2 gas analyzer (PS 301 CID, USA) that uses an electronic mass flow meter 
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to monitor airflow rate. Measurements were taken from the exposed surface of leaves from 
top, middle and bottom of each plant. The rate of net photosynthesis (Pn) was determined 
measuring the rate, at which a known leaf area assimilated CO2 concentration at a given time. 
The data were taken from randomly 20 plants of almost same age in full sunshine condition. 
The average data and their standard error bars were presented in the graphs. 
Pn = -W  (Co - CI) = -2005.39  {(V  P) / (Ta  A)}  (Co - CI) ……… [W = mass flow rate per 
leaf area (mmol m-2s-1); Co (CI) = outlet (inlet) CO2 conc. (mol m-2s-1); P = atm. pressure 
(bar); and Ta = air temp. (K)]. 
Stomatal conductance (Cleaf) was calculated from the rate of water efflux and leaf surface 
temperature (0C). 
Cleaf = W / [{eleaf - eo) / (eo - eI)}  {(P - eo) / P} - RbW ]  1000………[eleaf = saturated water vapour 
at leaf temperature (bar); Rb = leaf boundary layer resistance (m2s / mol); P = atm. pressure 
(bar) and W = mass flow rate per leaf area (mmol m-2s-1)]. 
The data were downloaded and computed through RS 232 Port. 

2.2 Protein estimation and SDS-PAGE analysis 
Total protein estimation was carried out for five mangrove taxa from the both habitat 
following Lawrey et al. (1951). Extraction of proteins for gel electrophoresis was done from 
2g of fresh leaf. Leaf samples were macerated in a mortar-pestle, add 5ml of extraction 
buffer (containing 10% (w/v) SDS, 10mM β- Marcaptoethanol, 20% (v/v) glycerol, 0.2 M 
Tris/HCl (pH 6.8) and 0.05% Bromophenol blue). Centrifuge at 10000 rpm for 20 min. 
Supernatants were used as samples. Protein samples were resolved in 12.5% SDS–PAGE 
gels following the procedure of Laemmli (1970) and stained with Coomassie Brilliant Blue 
R-250 (Sigma). Molecular weights of different protein bands were determined with respect 
to standard protein marker (Bioline Hyper Page pre-stained protein marker, 10kDa – 
200kDa) with the Kodak MI software after documentation the gel slab with Gel-Doc system 
(Biostep GmbH – Germany). 

2.3 Extraction of enzymes for native gel electrophoresis 
Two grams of young leaf buds were macerated to powder with liquid Nitrogen with a 
mortar- pestle, then 0.1 g PVP and 5 ml of extraction buffer (consists of 1 M Sucrose, 0.2 M 
Tris-HCL and 0.056 M  - Marcaptoethanol; pH is adjusted at 8.5) was added to it and 
homogenized. The extractants were centrifuged at 10000 rpm for 20 minutes at 4°C; 
supernatants were used as samples for gel electrophoresis. Isozyme analysis of four 
enzymes viz. Peroxidase, Superoxide dismutase, Esterase and Acid phosphatase was done 
for the investigated five taxa. Equimolar amount of enzymes were loaded in each well. 
Samples from saline and non-saline environment were loaded side by side for precision of 
polymorphic band expression. Slab gels were stained for definite enzymes following Das 
and Mukherjee (1997). Gels were documented with a Gel-Doc System (Biostep GmbH – 
Germany) and analysis for band intensity and Relative Mobility Factor (Rmf) were estimated 
with Kodak-MI software.  

2.4 Enzyme assay 
Peroxidase (PRX, E.C.1.11.1.7): 200 mg fresh leaf sample was extracted in 1-1.5 ml 0.9% KCl 
and centrifuged at 12,000 rpm for 15 min at 4°C; supernatant used as enzyme sample. 
Absorbances were taken by Helios γ spectrophotometer (Thermo electron Corporation, 
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USA) at 460 nm in respect to the standard curve prepared following Shannon et al. (1966) 
with minute modification.  
Superoxide dismutase (SOD, E.C.1.15.1.1): Cell sap was extracted from 200mg of leaf and 1-1.5 
ml 50 mM Phosphate buffer, ph adjusted to 7.0; centrifuged at 12,000 rpm for 15 min at 4°C. 
Supernatants were used for enzyme samples. Different aliquots (50, 100, 150, 200, 250 
µg/ml) of the standard enzyme samples were also used for preparing the standard curve 
and absorbance were measured at 550 nm following the protocol described by Keith et al. 
(1983) with minute modification. 
Esterase (EST, E.C.3.1.1.1): Enzyme sample was prepared from 200 mg fresh leaf sample 
extracted with 1-1.5 ml ice cold 0.1 M Tris/HCl buffer adjusted pH 8.0. Extractants were 
centrifuged at 12,000 rpm for 15 min at 4°C. The supernatant used as sample. Absorbances 
were noted at 322 nm with respect to the prepared standard curve following the procedure 
described by Balen et al. (2004). 
Acid Phosphatse (ACP, E.C.3.1.3.2): 200 mg fresh leaf sample was extracted in 1-1.5 ml 40 mM 
succinic acid /NaOH buffer, pH adjusted to 4.0; centrifuged at 12,000 rpm for 15 min at 4°C. 
Supernatant was taken for enzyme assay. Prepared a standard curve with the known 
enzyme samples and absorbances were taken at 322 nm following Huttová et al. (2002). 
The data presented was the average of 20 readings for each plant and standard errors were 
also depicted in the figures. SPSS 12.0 version was used for statistical analysis towards 
estimating the correlation value, if any, between the total protein amount and quantitatively 
assayed enzymes. For each enzyme, the pure samples (Sigma chemicals) were used for 
preparing the standard curves. 

3. Results 
The salinity ranged between 15-27 ppt throughout the year in Sundarbans, but in garden 
(mesophytic) soil it never exceeds beyond 2 ppt. The irradiances (PAR) were measured in 
two ecosystems and range obtained between 428 - 2110 µmol m-2s-1 in the saline habitat 
(Sundarbans) and 600 – 1880 µmol m-2s-1 in the mesophytic (ISI garden) environment. 

3.1 Photosynthesis and stomatal conductance 
The average net photosynthesis was generally higher in mangroves of non-saline habitat 
than that of the native ones (Fig. 2A), but the PAR acquisition for maximum photosynthesis 
were greater in most of the Sundarbans species except H. fomes and X. granatum (Fig. 2A). In 
B. gymnorrhiza, the maximum photosynthesis (10.47µmol m-2s-1) was achieved only at 
873µmol m-2s-1 PAR when grown in non-saline soil, but as high as 1078.5µmol m-2s-1 PAR 
was utilized to obtain the highest assimilation rate (9.19µmol m-2s-1) under saline condition 
(Fig. 2A). In E. agallocha the optimum PAR required for maximum photosynthesis was 
1445.8 µmol m-2s-1 in Sundarbans and 1402.6 µmol m-2s-1 in the garden, whereas the highest 
assimilation rates were 12.27 µmol m-2s-1 and 14.69 µmol m-2s-1 respectively (Fig.2A). 
Similarly, in P. paludosa, the optimum PAR value was 1662.3 µmol m-2s-1 in Sundarbans 
forest beyond which photosynthesis started declining, whereas in the garden, the highest 
rate of net photosynthesis (6.92 µmol m-2s-1) was recorded at a much lower PAR value 
(1012.6 µmol m-2s-1) (Fig. 2A). On the contrary, under salt stress, the rate of assimilation in X. 
granatum dropped just beyond 827.7 µmol m-2s-1 PAR, whereas in non-saline condition, the 
optimum PAR was as high as 1557.6 µmol m-2s-1 (Fig. 2A). Among the studied species, 
photosynthesis rate was maximal in H. fomes under both the environmental conditions 
(10.63 µmol m-2s-1 in Sundarbans and 12.63 µmol m-2s-1 in garden) (Fig. 2A).  
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to monitor airflow rate. Measurements were taken from the exposed surface of leaves from 
top, middle and bottom of each plant. The rate of net photosynthesis (Pn) was determined 
measuring the rate, at which a known leaf area assimilated CO2 concentration at a given time. 
The data were taken from randomly 20 plants of almost same age in full sunshine condition. 
The average data and their standard error bars were presented in the graphs. 
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USA) at 460 nm in respect to the standard curve prepared following Shannon et al. (1966) 
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Supernatants were used for enzyme samples. Different aliquots (50, 100, 150, 200, 250 
µg/ml) of the standard enzyme samples were also used for preparing the standard curve 
and absorbance were measured at 550 nm following the protocol described by Keith et al. 
(1983) with minute modification. 
Esterase (EST, E.C.3.1.1.1): Enzyme sample was prepared from 200 mg fresh leaf sample 
extracted with 1-1.5 ml ice cold 0.1 M Tris/HCl buffer adjusted pH 8.0. Extractants were 
centrifuged at 12,000 rpm for 15 min at 4°C. The supernatant used as sample. Absorbances 
were noted at 322 nm with respect to the prepared standard curve following the procedure 
described by Balen et al. (2004). 
Acid Phosphatse (ACP, E.C.3.1.3.2): 200 mg fresh leaf sample was extracted in 1-1.5 ml 40 mM 
succinic acid /NaOH buffer, pH adjusted to 4.0; centrifuged at 12,000 rpm for 15 min at 4°C. 
Supernatant was taken for enzyme assay. Prepared a standard curve with the known 
enzyme samples and absorbances were taken at 322 nm following Huttová et al. (2002). 
The data presented was the average of 20 readings for each plant and standard errors were 
also depicted in the figures. SPSS 12.0 version was used for statistical analysis towards 
estimating the correlation value, if any, between the total protein amount and quantitatively 
assayed enzymes. For each enzyme, the pure samples (Sigma chemicals) were used for 
preparing the standard curves. 

3. Results 
The salinity ranged between 15-27 ppt throughout the year in Sundarbans, but in garden 
(mesophytic) soil it never exceeds beyond 2 ppt. The irradiances (PAR) were measured in 
two ecosystems and range obtained between 428 - 2110 µmol m-2s-1 in the saline habitat 
(Sundarbans) and 600 – 1880 µmol m-2s-1 in the mesophytic (ISI garden) environment. 

3.1 Photosynthesis and stomatal conductance 
The average net photosynthesis was generally higher in mangroves of non-saline habitat 
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rate of net photosynthesis (6.92 µmol m-2s-1) was recorded at a much lower PAR value 
(1012.6 µmol m-2s-1) (Fig. 2A). On the contrary, under salt stress, the rate of assimilation in X. 
granatum dropped just beyond 827.7 µmol m-2s-1 PAR, whereas in non-saline condition, the 
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photosynthesis rate was maximal in H. fomes under both the environmental conditions 
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Fig. 2. A. Comparative account of net photosynthesis and PAR acquisition of the 
investigated mangroves in two different salinity zones. B. Graphical representation of 
stomatal conductance of five mangroves from two different environments. C. Total leaf 
protein content along with standard errors. D. Documentation of SDS-PAGE analysis of 
proteins along with standard marker (M - marker, 1. – B. gymnorrhiza, 2. – E. agallocha,  
3. – H. fomes, 4. – P. paludosa and 5. – X. granatum). Each consecutive two lanes representing 
one species; in left – non-saline and in right – saline environment grown plant species. 
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Stomatal conductance was remarkably decreased under salinity stressed habitats as 
compared to those of the sweet-water counterparts (Fig. 2B). In B. gymnorrhiza and E. 
agallocha the salinity-imposed restriction of stomatal conductance was about 44%, in P. 
paludosa and X. granatum it was nearly 52% and in H. fomes 25%.  

3.2 Total protein 
Total leaf protein was estimated from the five enough mature taxa, grown in both saline and 
fresh water environment. In all five species, the total protein content showed higher amount 
in fresh water grown plants than that of their Sundarban counterpart (salt stress 
environment). The highest amount was estimated in B. gymnorrhiza (125.82 mg/g fr. wt.) 
and E. agallocha (123.2 mg/g fr. wt.) and minimum was in X. granatum (73.96 mg/g fr. wt.) 
grown in ex-situ condition. The increment of total protein was estimated at highest in P. 
paludosa (156%) and lowest in X. granatum (5.7%). In H. fomes, fresh water habitat showed 
57% more protein content than that of the in-situ habitat (Fig. 2C).  
SDS – PAGE analysis: This analysis revealed that the numbers of protein bands were 
expressed differentially in the same species from two different habitats. The molecular 
weights of these bands were calculated with respect to standard marker, run in the same gel. 
The result revealed that in Bruguiera, the saline habitat individual showed one extra band 
than its non-saline replica and molecular weight ranged between 169.1 – 66.67kDa (non-
saline) and 210.7 – 66.11kDa (saline). Excoecaria showed the same number of bands in both 
habitats having molecular weight ranged between 205.8 – 65.55kDa (non-saline) and 213.2 – 
77.72kDa (saline). The highest number of protein bands appeared in Heritiera from both the 
environments, nine bands in each having molecular weight 211.2 – 26.71kDa in non-saline 
and 212.2 – 37.0kDa in saline taxa. One extra band appeared in non-saline Phoenix than it 
saline pair and the molecular weight ranged between 201.3 – 46.43kDa and 213.2 – 46.0kDa 
respectively. In Xylocarpus, one more band was expressed in saline plant, having 202.8 – 
50.57kDa (non-saline) and 197.3 – 58.27kDa (saline) (Fig. 2D).  

3.3 Native gel electrophoresis: Peroxidase (PRX) 
Band expression obtained from gel electrophoresis revealed that in H. fomes and X. granatum 
showed the same number of isoforms in two different habitats, where as in B. gymnorrhiza, P. 
paludosa and E. agallocha the number of isoforms were higher in Sundarbans species than that 
of their replica from fresh water condition (Table 1). But the Rmf and band intensity were 
different to a large extent in all the five species. In Bruguiera, the saline plant showed eight 
isoforms with highest OD 163.5 (0.07 Rmf) where as the fresh water individual showed five 
isoforms with highest OD was 51.37 (0.68 Rmf). In Heritiera and Xylocarpus, the numbers of 
isoforms were same but highest OD obtained 206.0 (0.18 Rmf) and 180.0 (0.68 Rmf) from saline 
individual and from fresh water habitats highest OD values were 166.0 (0.07 Rmf) and 89.9 (0.07 
Rmf) respectively. Non-saline Phoenix and Excoecaria showed three and two isoforms of PRX 
and saline partners expressed four and three isoforms respectively (Table 1; Fig. 3A). 
Superoxide dismutase (SOD) 
The experimental data showed that in all five species, isoforms of SOD expressed in less 
number from the fresh water grown individuals than that of their saline replica. All four 
species expressed three isoforms in non-saline environment, except Phoenix, where it was 
two. The plants from saline habitat, Heritiera, Phoenix and Xylocarpus showed five isoforms, 
Bruguiera and Excoecaria have two. The Densitometric scanning resulted that the band 
intensity of each isoforms were much higher in saline habitats. In Heritiera, highest intensity 
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Fig. 2. A. Comparative account of net photosynthesis and PAR acquisition of the 
investigated mangroves in two different salinity zones. B. Graphical representation of 
stomatal conductance of five mangroves from two different environments. C. Total leaf 
protein content along with standard errors. D. Documentation of SDS-PAGE analysis of 
proteins along with standard marker (M - marker, 1. – B. gymnorrhiza, 2. – E. agallocha,  
3. – H. fomes, 4. – P. paludosa and 5. – X. granatum). Each consecutive two lanes representing 
one species; in left – non-saline and in right – saline environment grown plant species. 
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Stomatal conductance was remarkably decreased under salinity stressed habitats as 
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respectively. In Xylocarpus, one more band was expressed in saline plant, having 202.8 – 
50.57kDa (non-saline) and 197.3 – 58.27kDa (saline) (Fig. 2D).  
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showed the same number of isoforms in two different habitats, where as in B. gymnorrhiza, P. 
paludosa and E. agallocha the number of isoforms were higher in Sundarbans species than that 
of their replica from fresh water condition (Table 1). But the Rmf and band intensity were 
different to a large extent in all the five species. In Bruguiera, the saline plant showed eight 
isoforms with highest OD 163.5 (0.07 Rmf) where as the fresh water individual showed five 
isoforms with highest OD was 51.37 (0.68 Rmf). In Heritiera and Xylocarpus, the numbers of 
isoforms were same but highest OD obtained 206.0 (0.18 Rmf) and 180.0 (0.68 Rmf) from saline 
individual and from fresh water habitats highest OD values were 166.0 (0.07 Rmf) and 89.9 (0.07 
Rmf) respectively. Non-saline Phoenix and Excoecaria showed three and two isoforms of PRX 
and saline partners expressed four and three isoforms respectively (Table 1; Fig. 3A). 
Superoxide dismutase (SOD) 
The experimental data showed that in all five species, isoforms of SOD expressed in less 
number from the fresh water grown individuals than that of their saline replica. All four 
species expressed three isoforms in non-saline environment, except Phoenix, where it was 
two. The plants from saline habitat, Heritiera, Phoenix and Xylocarpus showed five isoforms, 
Bruguiera and Excoecaria have two. The Densitometric scanning resulted that the band 
intensity of each isoforms were much higher in saline habitats. In Heritiera, highest intensity 
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Table 1. Band intensity (OD) and Relative Mobility Fraction (Rmf) of isozymes from 
mangroves in two environments. 
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Fig. 3. A – D, Documentation of different enzymes; A – Peroxidase, B – Superoxide 
dismutase, C – Esterase and D – Acid phosphatase (1 – B. gymnorrhiza, 2 – E. agallocha, 3 – H. 
fomes, 4 – P. paludosa and 5 – X. granatum). Each consecutive two lanes representing one 
species; in left – non-saline and in right – saline environment grown plant species. E – H, 
Graphical representation of quantitative estimation of studied enzymes. Standard error bars 
were showed on each bar diagram. 
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(138.7 OD) occurred with Rmf value 0.78 in saline individual, where in reverse habitat it was 
much less (6.48 OD and 0.63 Rmf). Similarly, in Bruguiera, it was 142.0 OD with 0.73 Rmf in 
saline and 41. 53 OD at 0.18 Rmf in non-saline habitat. In Xylocarpus and Phoenix, saline and 
fresh water condition showed the highest peak as 147.0 OD (0.87 Rmf) and 12.0 OD (0.49 Rmf) 
and 184.0 OD (0.78 Rmf) and 42.0 OD (0.26 Rmf) respectively. In Excoecaria highest peak of 
intensity were observed in saline and non-saline habitats as 170.07 OD (0.31 Rmf) and 163.0 
OD (0.33 Rmf) (Table 1; Fig.3B). 
Esterase (EST) 
From the gel staining it revealed that EST expression in all species from fresh water 
habitats were two isoforms, except Xylocarpus (single band) and Excoecaria (three bands). 
The comparative band intensity was also remarkably high from all saline habitat taxa 
except in Phoenix, where it was slightly higher (222.0 OD at 0.48 Rmf in saline plants and 
177.0 OD at 0.3 Rmf in non-saline habitat). In Heritiera, among the four expressed bands in 
saline habitat, the highest band intensity occurred at 226.0 OD (0.48 Rmf) and it was 53.6 
OD (0.36 Rmf) in reverse habitat. Bruguiera showed as high as 221.0 OD (0.53 Rmf) in saline 
(expressed number of isoforms was three) and 20.0 OD (0.48 Rmf). In Xylocarpus, out of 
five isoforms in saline condition, the highest OD was 223.0 (0.37 Rmf) in saline and the 
other side it was 59.5 OD (0.3 Rmf). Out of three isoforms, in saline species of Excoecaria, 
highest OD obtained 214.0 (0.17 Rmf) and in non-saline it was 102.27 OD (0.24 Rmf) (Table 
1; Fig3C). 
Acid phosphatase (ACP) 
Among the five investigated taxa all four species showed excess number isoforms of ACP in 
saline individual except in Excoecaria, where it was single band in both the environment, 
though the band intensity was higher in saline plants (196.0 OD, 0.4 Rmf) than non-saline 
partner (26.15 OD, 0.53 Rmf). In Bruguiera the saline habitat expressed two isoforms of ACP 
with higher intensity of 157.0 (0.49 Rmf) and 148.6 OD (0.32 Rmf) but the freshwater plant 
have only one band with 124.0 OD (0.53 Rmf). In both Xylocarpus and Phoenix, saline 
environment expressed one more isoforms than that of their reverse habitat (three isoforms 
were expressed in fresh water habitat in each). The highest band intensity in in-situ 
Xylocarpus occurred with 247.0 OD (0.49 Rmf) and in reverse condition the highest band 
intensity and Rmf value were almost same (248.0 OD and 0.46). In ex-situ plant of Phoenix 
the highest intensity observed at 96.03 OD (0.17 Rmf) and in counterpart it was 227.0 at 0.12 
Rmf. Among the three expressed bands, highest OD value occurred as 168.4 (0.49 Rmf) in 
Heritiera (saline) and 145.0 OD (0.37 Rmf) in non-saline plant (Table 1; Fig. 3D). 

3.4 Quantitative assay of enzymes 
The plant species from saline environment showed the all four (PRX, SOD, EST and ACP) 
investigated enzymes were in higher quantities than that of their fresh water grown 
individual. Increase in PRX quantity (µg/g) was highest in Bruguiera (257%), then Xylocarpus 
(209%), Phoenix (181%) and Heritiera (176%) while the increment was 139% in Excoecaria (Fig. 
3E). In case of SOD, the highest increment occurred in Heritiera (241%), then Bruguiera and 
Phoenix (229 and 224% respectively) and lowest in Excoecaria (147%) (Fig. 3F). Similarly, EST 
was highest increased in Phoenix (287%), Bruguiera (257%) and Heritiera (241%), lowest in 
Excoecaria (154%) (Fig. 3G). ACP reached its maximum increment in Bruguiera (293%) and 
Xylocarpus (267%) and lower in Excoecaria (139%) (Fig. 3H).  
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3.5 Statistical analysis 
Estimated total protein and four enzymes from two habitats were taken in account. A two-
tailed bivariate correlation coefficient (Pearson coefficient) was calculated among the each 
parameter (Table 2). The analysis showed that in case of the relationship between Protein 
and SOD, all species in saline environment have inverse relationship (at 0.01% level) except 
of Bruguiera, wherein it was significant at 0.05% level. In PRO vs. PRX significant inverse 
relationship was observed only in Bruguiera (0.05%) and Phoenix (0.01%) whereas the other 
three plants (Excoecaria, Heritiera and Xylocarpus) showed no statistically significant 
relationship. Correlation between PRO and EST obtained a significant positive relationship 
at 0.01% level only in Bruguiera and Excoecaria in saline inhabitants and others did not show 
any relationship. The only inversely correlation was obtained in Excoecaria (saline plant) at 
0.01% level, where as in case of other plants it showed no relationship.  
 

Species 

 
Treatment 

B. gymnorrhiza E. agallocha H. fomes P. paludosa X. granatum 
Treat-
ment Ns S Ns S Ns S Ns S Ns S 

PRO 

0.186 -0.571** 0.380 -0.754* 0.045 -0.529* -0.383 -0.731* 0.145 -0.705* SOD 
0.110 0.301 0.308 -0.442 0.795** -0.348 0.698* 0.187 0.555 -0.013 POX 
0.213 0.667* 0.603 -0.66* 0.468 0.099 0.554 -0.517 0.518 -0.363 EST 
-0.206 0.430 -0.510 -0.65* 0.192 -0.9** -0.254 0.495 -0.407 -0.403 ACP 

* Significant at 0.01%; ** Significant at 0.05%; Ns – non saline, S – saline. 

Table 2. Correlations among the different enzymes and total proteins in the plants of two 
habitats. 

4. Discussion 
Five typical mangroves (Bruguiera gymnorrhiza, Excoecaria agallocha, Heritiera fomes, Phoenix 
paludosa and Xylocarpus granatum) from in situ grown where salinity level of the substrate 
was quiet high (15 - 27 ppt) and ex situ (mesophytic) habitat (salinity level was 1.8 - 2 ppt) 
were investigated with respect to their comparative rates of net photosynthesis, stomatal 
conductance, and expression of two antioxidative enzymes, both qualitative and 
quantitative estimation. 
Among the five investigated taxa B. gymnorrhiza, E. agallocha and P. paludosa had optimum 
PAR requirements for maximum photosynthesis that were higher in Sundarbans than those 
in the mesophytic taxa, whereas, the peak photosynthetic rates were higher in the 
mesophytic soil. But H. fomes and X. granatum showed the reverse phenomenon, where at 
comparatively low PAR the highest net photosynthetic rate occurred. Krauss and Allen 
(2003) pointed out that B. sexangula prefers low salinity combined with low light intensity. 
Cheesman and Lovelock (2004) experimentally showed that in Rhizophora mangle under low 
salinity conditions, net CO2 exchange and photosynthetic electron transport becomes light 
saturated at less than 500 µmol m-2s-1. In Sundarbans however, despite tidal influence, high 
salinity makes the substrate physiologically dry. In order to check desiccation and xylem 
embolism, mangrove leaves reduce the rate of water efflux (Nandy and Ghose, 2001) that 
may enhance the tendency to elevate the leaf temperature with subsequent decline in 
photosynthesis. The present observation revealed that in all five species, stomatal 
conductance was reduced ranged by 25% to 52% under salinity stress that effectively limited 
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(138.7 OD) occurred with Rmf value 0.78 in saline individual, where in reverse habitat it was 
much less (6.48 OD and 0.63 Rmf). Similarly, in Bruguiera, it was 142.0 OD with 0.73 Rmf in 
saline and 41. 53 OD at 0.18 Rmf in non-saline habitat. In Xylocarpus and Phoenix, saline and 
fresh water condition showed the highest peak as 147.0 OD (0.87 Rmf) and 12.0 OD (0.49 Rmf) 
and 184.0 OD (0.78 Rmf) and 42.0 OD (0.26 Rmf) respectively. In Excoecaria highest peak of 
intensity were observed in saline and non-saline habitats as 170.07 OD (0.31 Rmf) and 163.0 
OD (0.33 Rmf) (Table 1; Fig.3B). 
Esterase (EST) 
From the gel staining it revealed that EST expression in all species from fresh water 
habitats were two isoforms, except Xylocarpus (single band) and Excoecaria (three bands). 
The comparative band intensity was also remarkably high from all saline habitat taxa 
except in Phoenix, where it was slightly higher (222.0 OD at 0.48 Rmf in saline plants and 
177.0 OD at 0.3 Rmf in non-saline habitat). In Heritiera, among the four expressed bands in 
saline habitat, the highest band intensity occurred at 226.0 OD (0.48 Rmf) and it was 53.6 
OD (0.36 Rmf) in reverse habitat. Bruguiera showed as high as 221.0 OD (0.53 Rmf) in saline 
(expressed number of isoforms was three) and 20.0 OD (0.48 Rmf). In Xylocarpus, out of 
five isoforms in saline condition, the highest OD was 223.0 (0.37 Rmf) in saline and the 
other side it was 59.5 OD (0.3 Rmf). Out of three isoforms, in saline species of Excoecaria, 
highest OD obtained 214.0 (0.17 Rmf) and in non-saline it was 102.27 OD (0.24 Rmf) (Table 
1; Fig3C). 
Acid phosphatase (ACP) 
Among the five investigated taxa all four species showed excess number isoforms of ACP in 
saline individual except in Excoecaria, where it was single band in both the environment, 
though the band intensity was higher in saline plants (196.0 OD, 0.4 Rmf) than non-saline 
partner (26.15 OD, 0.53 Rmf). In Bruguiera the saline habitat expressed two isoforms of ACP 
with higher intensity of 157.0 (0.49 Rmf) and 148.6 OD (0.32 Rmf) but the freshwater plant 
have only one band with 124.0 OD (0.53 Rmf). In both Xylocarpus and Phoenix, saline 
environment expressed one more isoforms than that of their reverse habitat (three isoforms 
were expressed in fresh water habitat in each). The highest band intensity in in-situ 
Xylocarpus occurred with 247.0 OD (0.49 Rmf) and in reverse condition the highest band 
intensity and Rmf value were almost same (248.0 OD and 0.46). In ex-situ plant of Phoenix 
the highest intensity observed at 96.03 OD (0.17 Rmf) and in counterpart it was 227.0 at 0.12 
Rmf. Among the three expressed bands, highest OD value occurred as 168.4 (0.49 Rmf) in 
Heritiera (saline) and 145.0 OD (0.37 Rmf) in non-saline plant (Table 1; Fig. 3D). 

3.4 Quantitative assay of enzymes 
The plant species from saline environment showed the all four (PRX, SOD, EST and ACP) 
investigated enzymes were in higher quantities than that of their fresh water grown 
individual. Increase in PRX quantity (µg/g) was highest in Bruguiera (257%), then Xylocarpus 
(209%), Phoenix (181%) and Heritiera (176%) while the increment was 139% in Excoecaria (Fig. 
3E). In case of SOD, the highest increment occurred in Heritiera (241%), then Bruguiera and 
Phoenix (229 and 224% respectively) and lowest in Excoecaria (147%) (Fig. 3F). Similarly, EST 
was highest increased in Phoenix (287%), Bruguiera (257%) and Heritiera (241%), lowest in 
Excoecaria (154%) (Fig. 3G). ACP reached its maximum increment in Bruguiera (293%) and 
Xylocarpus (267%) and lower in Excoecaria (139%) (Fig. 3H).  
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3.5 Statistical analysis 
Estimated total protein and four enzymes from two habitats were taken in account. A two-
tailed bivariate correlation coefficient (Pearson coefficient) was calculated among the each 
parameter (Table 2). The analysis showed that in case of the relationship between Protein 
and SOD, all species in saline environment have inverse relationship (at 0.01% level) except 
of Bruguiera, wherein it was significant at 0.05% level. In PRO vs. PRX significant inverse 
relationship was observed only in Bruguiera (0.05%) and Phoenix (0.01%) whereas the other 
three plants (Excoecaria, Heritiera and Xylocarpus) showed no statistically significant 
relationship. Correlation between PRO and EST obtained a significant positive relationship 
at 0.01% level only in Bruguiera and Excoecaria in saline inhabitants and others did not show 
any relationship. The only inversely correlation was obtained in Excoecaria (saline plant) at 
0.01% level, where as in case of other plants it showed no relationship.  
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habitats. 

4. Discussion 
Five typical mangroves (Bruguiera gymnorrhiza, Excoecaria agallocha, Heritiera fomes, Phoenix 
paludosa and Xylocarpus granatum) from in situ grown where salinity level of the substrate 
was quiet high (15 - 27 ppt) and ex situ (mesophytic) habitat (salinity level was 1.8 - 2 ppt) 
were investigated with respect to their comparative rates of net photosynthesis, stomatal 
conductance, and expression of two antioxidative enzymes, both qualitative and 
quantitative estimation. 
Among the five investigated taxa B. gymnorrhiza, E. agallocha and P. paludosa had optimum 
PAR requirements for maximum photosynthesis that were higher in Sundarbans than those 
in the mesophytic taxa, whereas, the peak photosynthetic rates were higher in the 
mesophytic soil. But H. fomes and X. granatum showed the reverse phenomenon, where at 
comparatively low PAR the highest net photosynthetic rate occurred. Krauss and Allen 
(2003) pointed out that B. sexangula prefers low salinity combined with low light intensity. 
Cheesman and Lovelock (2004) experimentally showed that in Rhizophora mangle under low 
salinity conditions, net CO2 exchange and photosynthetic electron transport becomes light 
saturated at less than 500 µmol m-2s-1. In Sundarbans however, despite tidal influence, high 
salinity makes the substrate physiologically dry. In order to check desiccation and xylem 
embolism, mangrove leaves reduce the rate of water efflux (Nandy and Ghose, 2001) that 
may enhance the tendency to elevate the leaf temperature with subsequent decline in 
photosynthesis. The present observation revealed that in all five species, stomatal 
conductance was reduced ranged by 25% to 52% under salinity stress that effectively limited 
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CO2 influx. Although reduced stomatal conductance imposed by high salinity restricts CO2 
diffusion, it may elevate the CO2 partial pressure across the stomata that are utilized by 
mangrove leaves to maintain a consistently moderate rate of photosynthesis throughout the 
day, thus avoiding CO2 starvation and photoinhibition. This result is in accordance with 
Cowan (1982) and Nandy and Ghose (2001). Naidoo et al. (2002) also measured the 
optimum PAR for highest photosynthesis in B. gymnorrhiza at Durban Bay site that is similar 
(around 1000 µmol m-2s-1) to the present data. The opposite phenomenon occurred in H. 
fomes and X. granatum can be explained as less affinity of these species towards high salinity, 
irradiance and temperature of the Sundarbans forest. Theoretically, high photosynthetic 
efficiency can increase water use efficiency as more carbon is assimilated per unit water 
transpired. In mangroves, a positive correlation was reported between photosynthesis and 
stomatal conductance – an important determinant of water use efficiency (Nandy et al., 
2005, Dasgupta et al., 2011). The effect of salinity stress on the photosynthetic enzyme 
activities is postulated to be a secondary effect mediated by the reduced CO2 partial pressure 
in the leaves caused by the stomatal closure (Lowler and Cornic, 2002; Meloni et al., 2003; 
DeRidder et al., 2007). Salt stress depletes the water potential of soil which in turns causes 
water stress in plants. This phenomenon triggers the signal for stomatal closure and 
consequently makes CO2 deficit in the leaf cells. Tausz et al. (2004) reported that a breakage of 
proper coordination between CO2 assimilation and chloroplast photo function electron 
transport chains ultimately leads to the transfer of electrons in an alternating electron acceptor 
like O2.. The excess electron reduces molecular oxygen to produce ROS. During normal growth 
and development this pathway monitors the level of ROS, produced by aerobic metabolism, 
and controls the expression and activity of ROS-scavenging pathways. The basic ROS cycle 
may also perform fine metabolic tuning, e.g., suppression of photosynthesis, for reducing the 
production rate of ROS. There are many potential sources of ROS in plants. Some are reactions 
of normal aerobic metabolism, such as photosynthesis and respiration, while others belong to 
pathways enhanced during abiotic stresses, such as photorespiration. In the present work, 
though H. fomes and X. granatum showed relatively higher rate of net photosynthesis using 
less PAR in saline environment than those of the other three species, production of PRX and 
SOD were relatively low. Hence from the present work it can be postulated that these two 
species probably less ability to successful management of salt-stress than those of other 
three species investigated in the present day salinity level at Sundarbans. This study also 
reveals that in all the mangroves grown in non-saline soil, an increased rate of assimilation 
is coupled with increased stomatal conductance. 
All the five investigated mangrove taxa from fresh water habitat showed an increase 
amount of total leaf protein than that of their saline habitat replicas. It was noted that the 
percent of increment varied in a wide range from 5% to 36%, in which the highest increment 
occurred in Excoecaria and Phoenix while lowest in Heritiera and Xylocarpus (6.05 and 5.7% 
respectively). This occurred probably as salinity imposed plants are adversely affected in 
their growth and metabolism due to osmotic effect of salt, nutritional imbalance, 
accumulation of incompatible toxic ions. The decreased protein content in saline 
environment might be due to enhance activity of protease (Parida et al., 2002). The present 
result was well accord to Rajesh et al. (1999), where they experimentally reported that in 
Ceriops, the total leaf protein decreased under higher concentration of saline treatment. 
Raymond et al. (1994) opined that stress induced protein degradation may be essential 
which provide amino acids for synthesis of new proteins suited for growth or survival 
under the modified condition. Mansour (2000) reported that protein biosynthesis decline 
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under alt stress condition, while cells preferentially synthesis some specific stress proteins. 
Stress induced proteins accumulated in the cell which might be synthesized de novo in 
response to salt or might be present constitutively at low level (Pareek et al., 1997). Reports 
from earlier works also confirm that enhanced cellular accumulation of ROS due to salinity 
stress can expedite the destruction of membrane lipids, proteins and nucleic acids 
(Hernandez et al., 1999, 2000; Mansour et al., 2005; Ben-Amor et al., 2007; Eyidogan and Oz, 
2007). In the present investigation, it was evident that the degradation of proteins in 
Heritiera and Xylocarpus from saline habitat was lower amount than the other three taxa 
investigated might be pointed to the synthesis of lesser amount of compatible amino acids in 
salt habitat. Parida et al. (2002) reported that the total soluble leaf proteins decreased in 
Bruguiera parviflora under NaCl treatment. This decrease might have the outcome of adverse 
effect of NaCl treatment resulted synthesis of certain low molecular weight proteins which 
are yet to be elucidated.  
Among the various antioxidant enzymes, qualitative and quantitative estimation of two 
antioxidant enzymes (PRX and SOD) and two other important (hydrolyzing) enzymes (EST 
and ACP) from saline and fresh water grown plants were made. The results revealed that in 
most of the cases number of isoforms, band intensity and enzyme expression were higher in 
salt stressed plants than those of their mesophytic counterparts. It has been proved that 
during electron transport in the mitochondria and chloroplasts some leakage of electrons 
occurs and these leaked electrons react with O2 during aerobic metabolism to produce 
Reactive Oxygen Species (ROS) such as superoxide (O2

 hydrogen peroxide (H2O2) and the ,(־
hydroxyl radical (־OH) (Halliwell and Gutteridge, 1985). These cytotoxic ROS may seriously 
affect the normal metabolism through oxidative damage of lipids, proteins and nuclic acids 
(Fridivich, 1989). During photosynthesis, the internal O2 level become high and chloroplast 
are prone to generate ROS at that time (Foyer and Mullineaux, 1994). Plants synthesize a 
number of antioxidative enzymes to counteract these ROS, especially SOD converts O2

 into ־
H2O2 and PRX catalyze H2O2 (Asada, 1994). In salinity imposed plants the balance between 
the production of ROS and the scavenging activity of the antioxidants becomes disrupted 
which ultimately results in oxidative damage. Plants with high levels of antioxidants, either 
constitutive or induced, have been reported to provide sufficient resistance against oxidative 
damage (Parida et al., 2004; Jithesh et al., 2006). The present work resulted that both PRX 
and SOD expressions were high in saline plants and the increment were ranged between 139 
– 257% in case of PRX and 147 – 241 in SOD. The present result was substantiated with the 
earlier works (Cheeseman, 1997; Takemura et al., 2000). In both the cases the increments 
were lower in Heritiera (139% in PRX, 147% in SOD) and Xylocarpus (142% in PRX, 166% in 
SOD) than that of the other three species of saline habitat. Parida et al. (2004) opined that 
high salt concentration enhanced the accumulation of free amino acids and polyphenols. 
Thus, NaCl stress not only imposes alterations in antioxidative metabolism, but also 
accumulation of osmolytes as adaptive measures. The numbers of isoforms were also 
increased in case of PRX and SOD in saline habitat plants. In Bruguiera (saline) the highest 
numbers of isoforms were expressed in case of PRX, but it was unchanged in case of 
Heritiera and Xylocarous (three isoforms in each habitat). This might be due to the relatively 
less suitability of those plants in the saline environment. SOD showed the excess isoforms in 
all saline plants than their fresh water counterpart. Therefore, it is evident that the salt 
imposed production of toxic ROS is mostly regulated by up regulation of antioxidative 
enzymes like PRX and SOD. Sahu & Mishra (1987) reported changes in enzymatic activity of 
peroxidase during senescence of rice leaves when submitted to salt stress. They observed 



 
Applied Photosynthesis 

 

314 

CO2 influx. Although reduced stomatal conductance imposed by high salinity restricts CO2 
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less PAR in saline environment than those of the other three species, production of PRX and 
SOD were relatively low. Hence from the present work it can be postulated that these two 
species probably less ability to successful management of salt-stress than those of other 
three species investigated in the present day salinity level at Sundarbans. This study also 
reveals that in all the mangroves grown in non-saline soil, an increased rate of assimilation 
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result was well accord to Rajesh et al. (1999), where they experimentally reported that in 
Ceriops, the total leaf protein decreased under higher concentration of saline treatment. 
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that NaCl increased peroxidase activity which could be related to regulation of membrane 
permeability, cell wall formation and oxidation of accumulated substances due to salt stress. 
It was also proved that peroxidases are enzymes related to polymer synthesis in cell wall 
(Bowles, 1990), as well as with prevention of oxidation of membrane lipids (Kalir et al., 
1984).  
Biosynthesis of Esterase (EST) revealed that in all five species it is in higher amount in the 
in-situ taxa investigated. The fresh water grown plants synthesized esterase enzyme with 
less number of isoforms except Excoecaria, where the numbers of isoforms were same (3), 
but band intensity was more in saline plants. Highest number of isoforms occurred in 
Heritiera (saline – 4; in non-saline – 2) and Xylocarpus (saline – 5; in non-saline – 1). Still the 
percentage of increment was lower in the above two taxa than the other three from saline 
habitat (123 and 156% respectively), the other three species ranged between 241 – 287% of 
esterase increment. This result supplemented by Hassanein (1999), where he experimentally 
proved that nine different esterase isoenzymes were detected in embryos of seeds 
germinated in 105 mM NaCl, whereas only five of them were detected in the embryos of 
untreated seeds. Pectins are major components of the primary plant cell wall. They can be 
both methylesterified and acetylesterified and de-esterification occurs by specific esterases 
(Cécile et al., 2006). Al-Hakimi and Hamada (2001) reported that the contents of cellulose, 
lignin of either shoots or roots, pectin of root and soluble sugars of shoots were lowered 
with the rise of NaCl concentration. Hence, esterases play a major role to counteract the salt 
induced imbalance in cell wall formation. 
Acid Phosphatases (ACP) are a group of enzymes that catalyze the hydrolysis of a variety of 
phosphate esters. These enzymes are widely distributed in plants and are related to phosphate 
supply and metabolism from a vast array of phosphate esters which are essential for normal 
growth and development of plant organs (Olczak et al., 2000). The present work revealed 
that amount of increment in saline grown plant occurred ranging from 139 – 293%. It may be 
due to fact that under conditions of stress, growth is restricted and delivery of phosphate is 
impaired, thus resulting in the activation of the cellular phosphatases that release soluble 
phosphate from its insoluble compounds inside or outside of the cells thereby modulates 
osmotic adjustment by free phosphate uptake mechanism (Fincher, 1989). Jain et al. (2004) also 
demonstrated that the endosperm acid and alkaline phosphatase activities were significantly 
higher after salt treatment, than that of the control in pearl millet. Olmos and Hellin (1997) 
observed that acid phosphatases are known to act under salt and water stress by maintaining 
a certain level of inorganic phosphate which can be co-transported with H+ along a gradient 
of proton motive force. Hence, the plants in which the ACP increments were observed lower 
might be less suited in higher salt environment. 
The present investigation revealed that a significant inverse correlation obtained between 
the concentration of the antioxidative enzymes, peroxidase and SOD with total protein in 
the case of Bruguiera gymnorrhiza, Excoecaria agallocha and phoenix paludosa in saline habitat. 
This elevation in the antioxidant enzyme concentration level may have taken place to 
scavenge more number of free radicals that are produced during stress (Davies, 2000, 
Dasgupta et al., 2010) and the decrease in protein concentration might be the result of 
formation of more compatible osmolytes to restore more negative water potential in cell sap. 
Both these phenomenon might provide some combat force to the plants against salinity 
stress. On the other hand no such statistical significant relationship between antioxidant 
enzymes and total protein concentration was found in case of Heritiera fomes and Xylocarpus 
granatum. This relationship, as discussed above may provide some important clue towards 
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the proper salt management mechanism for sustainable existence in the hostile 
environment. Therefore, the absence of it might be one of the reasons towards less 
adaptibility for the plants in present situation. Though there are scopes yet to elucidate in 
detail regarding the significance of increment of these enzymes in salt imposed plants, the 
present work might provide the base-line information and a system necessary to conduct 
future research in relation to the genetic basis of salt tolerance.  
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1. Introduction 
Recently, awareness for food safety and environmental issues due to climate change is 
increasing. The plant factory is effective in the issues and food self-sufficiency. The pick-
time and the production of the food (for example vegetable, rice and fruits) can be 
controlled artificially by controlling the growing environment, for example light, 
temperature and amount of carbon dioxide. Agricultural chemical is unnecessary in a fully-
closed factory. Secure and safe production is also possible in the factory. However, high 
efficiency-production method is not still established and the growing control for 
environmental factors is based on the experience of researcher and practical farmer. 
Meanwhile, plant (vegetation) transmits various kinds of information with their growing 
and environmental variation. One of them is bioelectric potential and it is very complex. The 
plant-potential characteristic includes the physiological and environmental information and 
the growing factors can be controlled using the characteristic. It will make important 
contributions for the growing and ingathering control. Light (frequency and intensity) plays 
important roles for the growing of leafy and fruit vegetables. Growing part of plant and the 
picking season can be controlled by light frequency and intensity in detail. Namely, 
production control of the vegetation becomes possible. The control which is adjusted for 
social situation (consumer needs and food self-sufficiency) is possible.  The study aims to 
construct the production control system for improving food self-sufficiency ratio. The 
system should give due consideration to the nature social environments. Plant bioelectric 
potential is a kind of internally-occurred electric signal depending on the environmental 
factors. The potential changes due to variety of factors, namely light, temperature, humidity 
and atmospheric pressure. If the relationship among the potential characteristic, 
environmental factors and plant growth can become obvious, the growth could be 
controlled using the self-generating potential. The relationship between the potential and 
light frequency is investigated as a preliminary step in this study. And purification 
capability for an airborne chemical (ethyl alcohol) under LED is also investigated. Plant can 
intake the chemical as nutrition. The capability is depend on environmental factors, 
especially light frequency. 
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plant-potential characteristic includes the physiological and environmental information and 
the growing factors can be controlled using the characteristic. It will make important 
contributions for the growing and ingathering control. Light (frequency and intensity) plays 
important roles for the growing of leafy and fruit vegetables. Growing part of plant and the 
picking season can be controlled by light frequency and intensity in detail. Namely, 
production control of the vegetation becomes possible. The control which is adjusted for 
social situation (consumer needs and food self-sufficiency) is possible.  The study aims to 
construct the production control system for improving food self-sufficiency ratio. The 
system should give due consideration to the nature social environments. Plant bioelectric 
potential is a kind of internally-occurred electric signal depending on the environmental 
factors. The potential changes due to variety of factors, namely light, temperature, humidity 
and atmospheric pressure. If the relationship among the potential characteristic, 
environmental factors and plant growth can become obvious, the growth could be 
controlled using the self-generating potential. The relationship between the potential and 
light frequency is investigated as a preliminary step in this study. And purification 
capability for an airborne chemical (ethyl alcohol) under LED is also investigated. Plant can 
intake the chemical as nutrition. The capability is depend on environmental factors, 
especially light frequency. 
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2. Experoment 
A pothos (Epipremnum aureum) was adopted as the plant in this study. The plant is 
familiar to humans and it is easy to control to grow in this plant. The pothos is suitable for 
experiment because environmental factor to grow easily. It was kept in a pot with an 
internal diameter of 10 cm and a height of 14 cm. the plant height from the bottom of the pot 
was about 55 cm. The plant was installed in an experimental chamber (Inner volume: 
575×510×1000mm: 300litters) and the experiment was carried out about characteristics of 
plant bioelectric potential and purification function under LED Light. The photograph of 
experimental and diagram of the system is shown in Fig.1. The experimental system was 
composed with environmental sensor, LED panel (CCS: ISL-150×150), LED units (CCS: ISC-
201-2), bioelectric code, A-D converter, and portable computer. There were four types of 
LED panel, namely, Blue, Green, Red, and White. The Specification of these LED panels is 
shown in table.1. Bioelectrical sensor, tin oxide gas sensor (Figaro: TGS#800, Oska) for 
sensing air purification , temperature･humidity･atmospheric pressure (T&D: TR-73U, 
Nagano), illuminance (T&D: PHR-51, Nagano) were adopted. And the chamber was set up 
to protect from light outside. The bioelectric potential’s sampling interval is 0.1 s and the 
others are 1 m. Two electrodes (material: aluminum) are attached to two leaves of plant, 
which are near the surface of the pot soil and are adjacent. The difference of potential among 
the electrodes is amplified 100-fold because the original potential of the plant is the order of 
millivolts. And the signal inputs into a portable computer through an A-D converter and 
data logger (KEYENCE: NR-350, Osaka). The ground is connected to the soil of pots in this 
system. A measured characteristic of original data for 1m (600 data) is indicated in Fig.2. The 
bioelectric potential changes rapidly. It is difficult to derive from relevant to environmental 
factors. In this study, summation values of the absolute in original data (vh1) were adopted. 
The equation is shown in Eq. (1). 
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A Si means that the sampled bioelectric potential input every 0.1 s. The study used 
summation per 1 h, namely, i = 36,000. This summation can observe a trend in the 
bioelectrical potential responses to environmental factors. In this study, two types of 
experiment were examined. 
1. Characteristics for bioelectric potential under LED 
2. Characteristics for purification function under LED 
This experience was set at the same time each from 15:00 to 09:00, and measured bioelectric 
potential to observe relation to environmental factors. Each measurement item was 
examined in the same condition more three times. In experiment of air purification, Ethyl 
alcohol was used as a sample of pollution material. The purification experiment was set up 
as 8ppm in the chamber and the characteristics for decrease in concentration by purification 
capability of plants were measured. The chemical (Ethyl alcohol) was injected into the 
chamber using a micro syringe after setting the plant 3h (Offset level). And the purification 
characteristics were developed. If the plants would largely have a purification capability 
and be used as food, this study could lead to a high added value. In the feature, these 
added-value vegetables would be made in plant factory and home garden. It could 
contribute to more human society. Also it will be considered that a amount of production 
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increases. It is thought that our findings contribute to growth environment and control of 
production in plant factory. 
 

 
(a) Photograph of experimental system 

 
(b) Schematic diagram of the system 

Fig. 1. Experimental system 
 

 uE lux w/m2 nm 
White 100 2835 23 --- 
Blue 100 929 18 475 
Green 100 4755 21 525 
Red 100 394 25 660 

Table 1. Specification of LED panels 
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Fig. 2. Original characteristic of bioelectric potential for pothos 
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Fig. 3. Bioelectric characteristic (vh1) in Red LED and under darkness 

3. Experoment result 
3.1 Characteristics for bioelectric potential under LED 
3.1.1 Radiation bioelectric potential under lights 
LED panels can shed light on the plant with four types of light, namely, Blue, Green, Red, 
and White. By photosynthesis, all plants including fruit vegetable and leaf vegetable grow 
with various parts formed. It is expected that the circadian rhythm of plants is disturbed by 
difference time and fluctuation and times are slightly different about physiological effect. 
Day length time is also largely related to photosynthesis rate. It is considered that time 
dilation differs due to frequency of irradiating light. 
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In this study, first, a bioelectric potential under dark as control was measured in a row. And 
then those under LED lights were measured. Measured characteristic under red light and 
dark is shown in Fig.3. This figure shows similar trends. In these characteristics, the 
characteristic under the LED lights are given by the 1 h than one in darkness and the 
correlation coefficient (Rxy: Cross Correlation Function) between shifted characteristic and 
control is introduced. It is used to express the similarity and the time lag between two 
signals (x(n), y(n)). The equation is indicated in Eq.2. The similarity becomes the highest in 
Rxy = |1|and the more lower under the condition that the value becomes close to 0. 
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     {n = 0, 1, 2,…, N–1} (2) 

(n: the number of data, k: shifted time)         

The scatter graph is indicated in Fig.4. It was recognized that the Rxy has a maximum value 
between control vh1Dark and vh1Redshifted3 at the shifted period of 3 h under red light. The 
characteristic has time lag for 3 h.  Equally, characteristics under Blue and Green lights and 
these results are shown in Fig.5. A horizontal axis means wave length, and a vertical axis 
means maximum correlation coefficient to vh1LED. The experimental results denoted the 
tendency of disturbing a circadian rhythm in plants. In fact, a wave length is longer light, a 
control characteristic more significantly delay, according to Fig.5. 
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Fig. 4. Scattering Diagram (vh1Dark-vh1Redshifted3) for the shifted characteristic for 3 hours in red 
light and the control characteristic 

3.1.2 Relation in between bioelectric potential and light frequency 
The fluctuation of bioelectric potential was examined by light frequency. Histograms of 
these bioelectric potential for control (Dark), Blue, Green, and Red was examined. By 
comparison, the average of control (vh1Dark) is the highest among that of vh1LED. It is thought 
that the plants have effect to substantial stress under dark. This characteristic was indicated 
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3.1.1 Radiation bioelectric potential under lights 
LED panels can shed light on the plant with four types of light, namely, Blue, Green, Red, 
and White. By photosynthesis, all plants including fruit vegetable and leaf vegetable grow 
with various parts formed. It is expected that the circadian rhythm of plants is disturbed by 
difference time and fluctuation and times are slightly different about physiological effect. 
Day length time is also largely related to photosynthesis rate. It is considered that time 
dilation differs due to frequency of irradiating light. 
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characteristic under the LED lights are given by the 1 h than one in darkness and the 
correlation coefficient (Rxy: Cross Correlation Function) between shifted characteristic and 
control is introduced. It is used to express the similarity and the time lag between two 
signals (x(n), y(n)). The equation is indicated in Eq.2. The similarity becomes the highest in 
Rxy = |1|and the more lower under the condition that the value becomes close to 0. 
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these results are shown in Fig.5. A horizontal axis means wave length, and a vertical axis 
means maximum correlation coefficient to vh1LED. The experimental results denoted the 
tendency of disturbing a circadian rhythm in plants. In fact, a wave length is longer light, a 
control characteristic more significantly delay, according to Fig.5. 
 

4.5 4.6 4.7 4.8

4.2

4.3

4.4

4.5
 

 

v h
1-
D
ar
k

vh1-Redshifted3

(   103)×

(   103)×

γ= - 0.84

 
Fig. 4. Scattering Diagram (vh1Dark-vh1Redshifted3) for the shifted characteristic for 3 hours in red 
light and the control characteristic 

3.1.2 Relation in between bioelectric potential and light frequency 
The fluctuation of bioelectric potential was examined by light frequency. Histograms of 
these bioelectric potential for control (Dark), Blue, Green, and Red was examined. By 
comparison, the average of control (vh1Dark) is the highest among that of vh1LED. It is thought 
that the plants have effect to substantial stress under dark. This characteristic was indicated 
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in Fig.6 (a). A lot of data in dark was measured for comparison. The average of the 
bioelectric potential (Ave) is the most largely value under Green light and followed by one 
under Blue light. And one under Red light means the smallest. It is not clear yet that the 
large or small bioelectric potential stress associate with plant’s stress. By investigating these 
functions, it is thought that the relationship between the bioelectric potential and the stress 
become clear. In general, the sunlight includes various kinds of frequency light. In this 
experiment, the panel of White light is close to the sunlight. The data under white, Blue, 
Green, and Red light are marshaled and these histograms are shown in Fig.6 (b). The 
average (Ave, unit: 103[V]) of 4.27 under White light and the ones of 4.25 among Blue, 
Green, and Res light is derived. This result becomes pretty much the same. In the Fig6 (a), 
the control (Dark) was considered as a standard of comparison. The averages of the 
bioelectric potential (difvh1) were derived and plotted as Fig.7. The difvh1 is indicated in Eq. 
(3). As is clear from the figure, difference value is higher under red light and bioelectric 
potential becomes small as compared with that under dark. The red light also the most 
important contributes to the photonic synthesis It is said that the photonic synthesis is the 
most effective to the photosynthesis rate in the case of rate ten to one between red light and 
blue light. Namely, as indicated in Fig.6 (a), the bioelectric potential becomes high under 
dark and green light. 

 difvh1 = ave (vh1-control) – ave (vh1) (3) 
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Fig. 7. Relationship of light frequency and difvh1 

3.2 Characteristics for purification function under 
3.2.1 Relation between purification function Pa and light frequency 
A foliage plants as photos process a capability to absorb air-polluting substance and break 
down it in physiological tissue. Especially, in indoor environment, the plants have a 
capability to purify Volatile organic compound (VOCs: Volatile Organic Compound), 
which is a causative substance for sick-building syndrome. And it is common knowledge 
that the plants fix carbon dioxide from the atmosphere as factor contributing to global 
warming. Light frequency causes these functions to ability difference. The irradiated 
plants are affected a differences in these functions per frequency. Additionally, it is 
thought that the plants are consuming air-pollutant substances as nitroxide and sulfur 
oxide. For this reason, the plants growth rate is high in area where car-exhaust pollution 
partway becomes advanced. It remains possible that these functions can be ready applied 
to plant factories. At all, the plants are food and system of environmental purification. In 
this study, a relationship between a characteristic air-purification and wavelength was 
examined. After subjective plant was placed in the experimental chamber, a pollutant was 
injected into the chamber using microsyringe and a change in concentration was 
investigated. The pollutant concentration was estimated by an output from tin gas sensor. 
Change in concentration was used as the baseline, namely, it means offset level before 
injecting the pollutant into the chamber. The pollutant disperse into the chamber and a 
sensor detected the increase in the concentration of the pollutant in the chamber when the 
chemical when the pollutant was injected. Then the sensor output [V] increases in 
response to the concentration. After the sensor output reached a peak-level (maximum 
concentration), it gradually became lower because the polluting chemical was purified by 
capability of the plant. Eventually, the concentration drop to a lower value by offset level 
at the time of injection. Then, the h [V] means peak-value from the offset level and the tw 
means the half-value width, namely, the time in which the h becomes half value. The 
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purification function (Pa) was detected with the use of these values. So, the Pa is indicated 
as Eq. (4). A schematic diagram is shown n Fig.8. In this study, ethyl alcohol was adopted 
as the pollution substance. 

 Pa = h / tw × 100 (4) 

An effect to purification capability of the plant by light frequency was examined. Under 
four types of frequency, these Pa values were indicated in Fig.9. From this figure, white 
light including any wave length means the most effective and the average of Pa is 15.8. 
While on the other hand, the capability under Dark means the lowest value and the 
average of Pa is 9.9. It is considered that the purification capability would be lower due to 
the photosynthesis. That is, it is thought that the carbon constituent in the pollution 
substance decreases at the same time various kinds of functions of the plants also 
decreases. The values of Pa under Red, Blue lights are higher following the one under 
White. The value of Pa under Green light was indicated the lowest among three of 
monochromatic light. The Pa under Blue, Green, and Red was located during Dark and 
White. This result in purification capability agreed with the effectual wave length to the 
photosynthesis. The characteristic graph shown in Fig.7 is remarkably similar to that 
Fig.9. That is, a characteristic of V configuration was indicated. Scatter diagram of the 
relationship between Fig.7 and Fig.9 was shown in Fig.10. The more effectual wave length 
for photosynthesis becomes higher purification capability of the Pa. The difference in 
bioelectric potential of the difvh1 becomes larger as the purification capability of the Pa 
becomes smaller. This result deeply relates to the photosynthesis function. Because the 
plant grows by photosynthesis, this growth relates to the purification capability, which is 
one of the plant functions. A characteristic of purification under Red light advance 14% 
compared to Green light. 
 
 
 

 
 
 

Fig. 8. Conceptual diagram for air purification capability Pa of plant 
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Change in concentration was used as the baseline, namely, it means offset level before 
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sensor detected the increase in the concentration of the pollutant in the chamber when the 
chemical when the pollutant was injected. Then the sensor output [V] increases in 
response to the concentration. After the sensor output reached a peak-level (maximum 
concentration), it gradually became lower because the polluting chemical was purified by 
capability of the plant. Eventually, the concentration drop to a lower value by offset level 
at the time of injection. Then, the h [V] means peak-value from the offset level and the tw 
means the half-value width, namely, the time in which the h becomes half value. The 
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purification function (Pa) was detected with the use of these values. So, the Pa is indicated 
as Eq. (4). A schematic diagram is shown n Fig.8. In this study, ethyl alcohol was adopted 
as the pollution substance. 

 Pa = h / tw × 100 (4) 

An effect to purification capability of the plant by light frequency was examined. Under 
four types of frequency, these Pa values were indicated in Fig.9. From this figure, white 
light including any wave length means the most effective and the average of Pa is 15.8. 
While on the other hand, the capability under Dark means the lowest value and the 
average of Pa is 9.9. It is considered that the purification capability would be lower due to 
the photosynthesis. That is, it is thought that the carbon constituent in the pollution 
substance decreases at the same time various kinds of functions of the plants also 
decreases. The values of Pa under Red, Blue lights are higher following the one under 
White. The value of Pa under Green light was indicated the lowest among three of 
monochromatic light. The Pa under Blue, Green, and Red was located during Dark and 
White. This result in purification capability agreed with the effectual wave length to the 
photosynthesis. The characteristic graph shown in Fig.7 is remarkably similar to that 
Fig.9. That is, a characteristic of V configuration was indicated. Scatter diagram of the 
relationship between Fig.7 and Fig.9 was shown in Fig.10. The more effectual wave length 
for photosynthesis becomes higher purification capability of the Pa. The difference in 
bioelectric potential of the difvh1 becomes larger as the purification capability of the Pa 
becomes smaller. This result deeply relates to the photosynthesis function. Because the 
plant grows by photosynthesis, this growth relates to the purification capability, which is 
one of the plant functions. A characteristic of purification under Red light advance 14% 
compared to Green light. 
 
 
 

 
 
 

Fig. 8. Conceptual diagram for air purification capability Pa of plant 
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3.2.2 Derivation to Pa by multiple liner regression analysis 
In the plant factories, it is necessary to control the growth, picking season, and yield amount 
of the plants. Factors of light, temperature, carbon dioxide, and nutrition (for example, 
carbon, air-pollutant, etc) effect the plant growth. It is also important to effect the plant 
growth by the three major nutrients as nitrogen, phosphorus, and potassium. By using this 
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experimental result, a multiple regression equation was derived from the environmental 
factors as explanatory variable. Especially, a degree to affect Pa was introduced by statistical 
validation. A kind of LED lights, average of the temperature, humidity, and atmosphere 
were used as explanatory variable. The equation is indicated in Eq. (5).  

y = 4.769 White + 2.960 Blue + 2.164 Red + 0.783 Green + 

  0.242 Temp – 0.022 Humid + 0.002 Atoms+ 4.446 (5) 

A value of the White is the largely compared to the coefficient about the explanatory 
variable. Next, the values of Blue and Red are large in a row. This three were tested by 
variable hypothesis test. White was dismissed as the level of 1% and Blue, Red was as one of 
5%. Namely, these coefficients have largely effect to purification capability of the Pa. From 
this result, it is thought that the Pa required can be configured by controlling the 
environmental condition for example kinds of lights, temperature, humidity, and 
atmosphere. But, in this study the environmental conditions were not controlled and the 
coefficient to temperature was very small. After this, it is necessary to analysis with 
changing all environmental factors. Deriving from Eq. (4), Scatter diagram between 
measured value Pa and estimated value Pa’ is shown in Fig.11. The correlation coefficient 
was the acceptable value of 0.89. By the category for types of the plant, it is easy to manage a 
production line deriving these equations. Also it is able to apply to production simulation as 
yield amount and picking season. 
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4. Conclusion 
In Japan, the environmental problem and the food problem are urgent issue. It is obvious 
that the plants assume important role to solve these problems. Meanwhile, it is necessary to 
reduce the effects on the environment in transportation as food mileage by local production 
for local consumption. From these social environments, the plant factories of energy saving 
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this result, it is thought that the Pa required can be configured by controlling the 
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atmosphere. But, in this study the environmental conditions were not controlled and the 
coefficient to temperature was very small. After this, it is necessary to analysis with 
changing all environmental factors. Deriving from Eq. (4), Scatter diagram between 
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was the acceptable value of 0.89. By the category for types of the plant, it is easy to manage a 
production line deriving these equations. Also it is able to apply to production simulation as 
yield amount and picking season. 
 

10

12

14

16

8 10 12 14 16 18

 

Measured Value

Es
tim

at
ed

 V
al

ue

γ= 0.89

 
Fig. 11. Scattering diagram for Pa and Pa’ 

4. Conclusion 
In Japan, the environmental problem and the food problem are urgent issue. It is obvious 
that the plants assume important role to solve these problems. Meanwhile, it is necessary to 
reduce the effects on the environment in transportation as food mileage by local production 
for local consumption. From these social environments, the plant factories of energy saving 
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type using solar panel are proposed and close to practical use. These factories are being 
controlled based on the practical farmer’s hunch and experience. In the future, the 
maximum cost benefit performance will be achieved if these plants could be controlled by 
the information that the plants send by itself, for example the bioelectric potential. In this 
study, as the part of the basic data, the characteristic for the bioelectric potential and 
purification capability under LED were examined. As the results, it was obvious that the 
characteristics under Blue and Red lights, which are photosynthetically active wave length, 
became significantly high. Especially, the Red light’s effect has a significant impact on the 
characteristics. The characteristic for air purification was examined due to carry out as one 
element of a carbon fix in growing plants. As a consequence, it is thought that effects on 
light frequency are need to be utilized. For the future, the experiment as temperature, 
humidity, intermittent light will be examined and give a thorough report about establish a 
system of the full-control to the plant factories. 
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1. Introduction 
Plants express different stages of development to complete their life cycle, where in each 
phase have different demands on nutrition and the distribution of photosynthates among 
the structures. Thus, during growth, the plant accumulates and allocates different 
proportions of dry matter to their structures and root. 
In the seed is the embryo formed by the radicle and plumule, and cotyledons. They have 
stored nutrient reserves that proportion to the embryo that originate the root and plumule 
forms the stem and leaves of the seedling. The seeds can contain one cotyledon as 
monocotyledons such as maize, two in dicotyledonous plants such as beans and many 
cotyledons in gymnosperms. The seedling formed the hypocotyl located between the root 
and cotyledons and the epicotyl which includes the stem and plumule formed above the 
cotyledons. 
In a bean seedling formed are defined the root system which consists of the main root, 
adventitious roots, primary roots, secondary and tertiary roots and stem consists of the 
hypocotyl, cotyledons, epicotyl, simple leaves, first trifoliate leaf and second trifoliate leaf. 
Each structure complies with specific functions to maintain growth and seedling 
development. The roots absorb water and minerals and the vegetative part absorbs the solar 
radiation to produce the photosynthate that nourish the seedling. 
In the germination of the seed resumes growth by activating the metabolism of the embryo, 
which occurs when the seed absorbs water available around them and ends when 
specifically embryonic radicle elongates (Bidwell, 1990; Mayer and Poljakoff, 1989). From a 
practical standpoint, it is considered that germination is complete when the radicle has 
emerged from the shell and from this moment is considered the growth of the seedling. 
During germination different biochemical and morphological processes perform and it 
marks the beginning of the decline in reserves in the cotyledons and their exportation, 
which is accompanied by an increase in respiration (Bathellier et al., 2008). The first 
structure that appears in the seed is the radicle, which grows down, then hook plumule 
emerges as part of the hypocotyl and first structure that comes into contact with the light so 
soon chlorophyll actives and triggers photosynthesis. 
After the germination, growth begins, which leads to establish the seedling ranging from 
when the seedling emerges from the ground until it becomes autotrophic (Holman and 
Robbins, 1982). In light, the seedlings quickly initiate the synthesis of photosynthates and 
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type using solar panel are proposed and close to practical use. These factories are being 
controlled based on the practical farmer’s hunch and experience. In the future, the 
maximum cost benefit performance will be achieved if these plants could be controlled by 
the information that the plants send by itself, for example the bioelectric potential. In this 
study, as the part of the basic data, the characteristic for the bioelectric potential and 
purification capability under LED were examined. As the results, it was obvious that the 
characteristics under Blue and Red lights, which are photosynthetically active wave length, 
became significantly high. Especially, the Red light’s effect has a significant impact on the 
characteristics. The characteristic for air purification was examined due to carry out as one 
element of a carbon fix in growing plants. As a consequence, it is thought that effects on 
light frequency are need to be utilized. For the future, the experiment as temperature, 
humidity, intermittent light will be examined and give a thorough report about establish a 
system of the full-control to the plant factories. 
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1. Introduction 
Plants express different stages of development to complete their life cycle, where in each 
phase have different demands on nutrition and the distribution of photosynthates among 
the structures. Thus, during growth, the plant accumulates and allocates different 
proportions of dry matter to their structures and root. 
In the seed is the embryo formed by the radicle and plumule, and cotyledons. They have 
stored nutrient reserves that proportion to the embryo that originate the root and plumule 
forms the stem and leaves of the seedling. The seeds can contain one cotyledon as 
monocotyledons such as maize, two in dicotyledonous plants such as beans and many 
cotyledons in gymnosperms. The seedling formed the hypocotyl located between the root 
and cotyledons and the epicotyl which includes the stem and plumule formed above the 
cotyledons. 
In a bean seedling formed are defined the root system which consists of the main root, 
adventitious roots, primary roots, secondary and tertiary roots and stem consists of the 
hypocotyl, cotyledons, epicotyl, simple leaves, first trifoliate leaf and second trifoliate leaf. 
Each structure complies with specific functions to maintain growth and seedling 
development. The roots absorb water and minerals and the vegetative part absorbs the solar 
radiation to produce the photosynthate that nourish the seedling. 
In the germination of the seed resumes growth by activating the metabolism of the embryo, 
which occurs when the seed absorbs water available around them and ends when 
specifically embryonic radicle elongates (Bidwell, 1990; Mayer and Poljakoff, 1989). From a 
practical standpoint, it is considered that germination is complete when the radicle has 
emerged from the shell and from this moment is considered the growth of the seedling. 
During germination different biochemical and morphological processes perform and it 
marks the beginning of the decline in reserves in the cotyledons and their exportation, 
which is accompanied by an increase in respiration (Bathellier et al., 2008). The first 
structure that appears in the seed is the radicle, which grows down, then hook plumule 
emerges as part of the hypocotyl and first structure that comes into contact with the light so 
soon chlorophyll actives and triggers photosynthesis. 
After the germination, growth begins, which leads to establish the seedling ranging from 
when the seedling emerges from the ground until it becomes autotrophic (Holman and 
Robbins, 1982). In light, the seedlings quickly initiate the synthesis of photosynthates and 
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ensure their establishment (Mayer and Poljakoff, 1989). Seedlings emerge in darkness, they 
continue to grow until senescence and die without being autotrophic (Bidwell, 1990). 
The nutrition of the seedling is done by the translocation of photosynthates and nutrients 
from germination and in all development. There are two concepts that explain the 
translocation of nutrients called "source" conceived as the regions of nutrient export and 
"demand" that are the places of import (Wolswinkel, 1992). Thus establishing a nutrient 
concentration gradient between the two regions, which move through the vascular system 
(Ho et al., 1989). During the germination process is initiated the mobilization of seed 
reserves from the cotyledons to the embryonic axis. This process continues until the seedling 
stage, in which the primary sources are exhausted and the seedling becomes autotrophic to 
form leaves that carry out photosynthesis, which are the most important source of 
photosynthate of the plant (Bewley and Black, 1985; Ho et al., 1989). The first regions of 
demand are the apical meristems of the plumule and radicle. Later, during the plant 
development, the diverse meristems of stem and root apical meristems are the sites of most 
intense demand (Eschrich, 1989). 
The accumulation of dry matter in seedlings developed in light and darkness is different 
because in each condition, the amount of nutrients available to the seedling is different. 
Seedlings show marked differences in morphology and proportions of distribution and 
allocation of dry matter in the structures and root that are formed. Therefore, this chapter 
describes the dynamic allocation of dry matter in bean seedlings developed in conditions of 
light and darkness. 

2. Materials and methods 
2.1 Establishment of experiments 
Two experiments were installed in light conditions, one in greenhouse and the other in a 
growth chamber at constant temperature of 25oC. In darkness, the seeds were sown in a 
dark room and in a growth chamber at 25oC. 
The planting of bean cultivar Cacahuet-72 habit type I (Debouck and Hidalgo, 1985) was 
realized in transparent polyethylene cylindrical tubes of 14 cm of diameter and 70 cm of 
length. The tubes were filled with sand washed with water. The seed was placed at 2.5 cm 
depth after irrigation to field capacity. The seed was placed with the micropyle toward up 
and the lens down, in order to facilitate the growth of the radicle. Seeds sown weighed 
between 290 and 300 mg per seed. 

2.2 Management of seedlings 
In the light experiment there were five samples at 8, 13, 18, 21 and 25 days after sowing. The 
sample size was of two seedlings in the first and second sampling, and three in the 
remaining. In dark conditions some samples were obtained at 2, 5, 8, 11, 13, 18, 21, 25, 29, 32 
days. 
Seedlings in dark were observed with green light by a flashlight covered with three layers of 
green cellophane paper. The light is commonly used as a security light in physiology 
experiments mainly where phytochrome is involved because it keeps the photostationary 
state between Pr and Pfr forms because these pigments are not effective at absorbing green 
light. In addition, our eyes are sensitive to this light and allows us to visual perception 
(Smith, 1975; Salisbury and Ross, 1994). 
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Seedlings were removed from the tubes getting the whole root tubes cut longitudinally and 
the roots were freed from the sand with water. To avoid desiccation of the seedlings they 
were placed on paper newspaper. Each seedling was dissected into its various structures, 
which were analyzed for fresh weight and then dried to constant weight (80oC) for 48 hours 
to obtain dry weight. Both the dry and fresh weight were obtained in an analytical balance. 
The roots are separated by category, taproot, adventitious, secondary and tertiary. 

2.3 Shoot structures 
Structure was called to each of the parts of the stem, which include cotyledons, epicotyl, 
hypocotyl and radicle. The last three structures form the embryonic axis. The plumule are all 
parts located above the cotyledons that including apical meristems. Epicotyl was named to 
the portion of the stem between the cotyledons and the first simple leaves, hypocotyl to the 
structure located between the cotyledons and the neck of the root differentiated by a 
concave line in the root observed between these two parties. The simple leaves are formed in 
the second node in the opposite way. 

2.4 Classification of roots 
The bean root system is characterized by a taproot. Roots arising from it are called 
secondary roots, those formed from them is called tertiary roots. Adventitious roots were 
formed at the base of hypocotyl. 

2.5 Use of reserves 
In order to know the initial distribution of dry matter in the seed, 20 of them were used from 
290-300 mg in weight, which were soaked. They were then separated the shell, cotyledons 
and embryonic axis were placed in petri dishes and dried to a constant weight at 
temperature of 80oC for 48 hours to get weight on analytical balance. 
The dry matter contained in the cotyledons is metabolizable dry matter (which is the reserve 
material) and non metabolizable (which is what constitutes the cell walls). The amount of 
reserves of the cotyledons was considered its initial dry weight minus the dry weight when 
they reach their constant weight after drying representing the structural matter of the 
cotyledons (non-metabolizable dry matter). 

2.6 Determinación of the root/shoot 
In each sample were estimated the root/shoot dry weight relation by dividing the dry 
weigh of root and the dry weight of shoot. 

3. Results and discussion  
The embryonic axis consists of the plumule and radicle, which demands nutrients from the 
seed when germination begins, which are provided by the cotyledons. The nutrients are 
sufficient until the hook plumule emerges and makes contact with sunlight to start 
photosynthesis. As the cotyledons have nutrient reserves, the seedling can live without 
performing photosynthesis. However, when the seedling is not exposed to sunlight show 
etiolation and dies soon at the time that deplete nutrients in the cotyledons. This establishes 
the relationships between growth of the shoot, root and provides nutrients from the 
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ensure their establishment (Mayer and Poljakoff, 1989). Seedlings emerge in darkness, they 
continue to grow until senescence and die without being autotrophic (Bidwell, 1990). 
The nutrition of the seedling is done by the translocation of photosynthates and nutrients 
from germination and in all development. There are two concepts that explain the 
translocation of nutrients called "source" conceived as the regions of nutrient export and 
"demand" that are the places of import (Wolswinkel, 1992). Thus establishing a nutrient 
concentration gradient between the two regions, which move through the vascular system 
(Ho et al., 1989). During the germination process is initiated the mobilization of seed 
reserves from the cotyledons to the embryonic axis. This process continues until the seedling 
stage, in which the primary sources are exhausted and the seedling becomes autotrophic to 
form leaves that carry out photosynthesis, which are the most important source of 
photosynthate of the plant (Bewley and Black, 1985; Ho et al., 1989). The first regions of 
demand are the apical meristems of the plumule and radicle. Later, during the plant 
development, the diverse meristems of stem and root apical meristems are the sites of most 
intense demand (Eschrich, 1989). 
The accumulation of dry matter in seedlings developed in light and darkness is different 
because in each condition, the amount of nutrients available to the seedling is different. 
Seedlings show marked differences in morphology and proportions of distribution and 
allocation of dry matter in the structures and root that are formed. Therefore, this chapter 
describes the dynamic allocation of dry matter in bean seedlings developed in conditions of 
light and darkness. 

2. Materials and methods 
2.1 Establishment of experiments 
Two experiments were installed in light conditions, one in greenhouse and the other in a 
growth chamber at constant temperature of 25oC. In darkness, the seeds were sown in a 
dark room and in a growth chamber at 25oC. 
The planting of bean cultivar Cacahuet-72 habit type I (Debouck and Hidalgo, 1985) was 
realized in transparent polyethylene cylindrical tubes of 14 cm of diameter and 70 cm of 
length. The tubes were filled with sand washed with water. The seed was placed at 2.5 cm 
depth after irrigation to field capacity. The seed was placed with the micropyle toward up 
and the lens down, in order to facilitate the growth of the radicle. Seeds sown weighed 
between 290 and 300 mg per seed. 

2.2 Management of seedlings 
In the light experiment there were five samples at 8, 13, 18, 21 and 25 days after sowing. The 
sample size was of two seedlings in the first and second sampling, and three in the 
remaining. In dark conditions some samples were obtained at 2, 5, 8, 11, 13, 18, 21, 25, 29, 32 
days. 
Seedlings in dark were observed with green light by a flashlight covered with three layers of 
green cellophane paper. The light is commonly used as a security light in physiology 
experiments mainly where phytochrome is involved because it keeps the photostationary 
state between Pr and Pfr forms because these pigments are not effective at absorbing green 
light. In addition, our eyes are sensitive to this light and allows us to visual perception 
(Smith, 1975; Salisbury and Ross, 1994). 
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which were analyzed for fresh weight and then dried to constant weight (80oC) for 48 hours 
to obtain dry weight. Both the dry and fresh weight were obtained in an analytical balance. 
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2.3 Shoot structures 
Structure was called to each of the parts of the stem, which include cotyledons, epicotyl, 
hypocotyl and radicle. The last three structures form the embryonic axis. The plumule are all 
parts located above the cotyledons that including apical meristems. Epicotyl was named to 
the portion of the stem between the cotyledons and the first simple leaves, hypocotyl to the 
structure located between the cotyledons and the neck of the root differentiated by a 
concave line in the root observed between these two parties. The simple leaves are formed in 
the second node in the opposite way. 

2.4 Classification of roots 
The bean root system is characterized by a taproot. Roots arising from it are called 
secondary roots, those formed from them is called tertiary roots. Adventitious roots were 
formed at the base of hypocotyl. 

2.5 Use of reserves 
In order to know the initial distribution of dry matter in the seed, 20 of them were used from 
290-300 mg in weight, which were soaked. They were then separated the shell, cotyledons 
and embryonic axis were placed in petri dishes and dried to a constant weight at 
temperature of 80oC for 48 hours to get weight on analytical balance. 
The dry matter contained in the cotyledons is metabolizable dry matter (which is the reserve 
material) and non metabolizable (which is what constitutes the cell walls). The amount of 
reserves of the cotyledons was considered its initial dry weight minus the dry weight when 
they reach their constant weight after drying representing the structural matter of the 
cotyledons (non-metabolizable dry matter). 

2.6 Determinación of the root/shoot 
In each sample were estimated the root/shoot dry weight relation by dividing the dry 
weigh of root and the dry weight of shoot. 

3. Results and discussion  
The embryonic axis consists of the plumule and radicle, which demands nutrients from the 
seed when germination begins, which are provided by the cotyledons. The nutrients are 
sufficient until the hook plumule emerges and makes contact with sunlight to start 
photosynthesis. As the cotyledons have nutrient reserves, the seedling can live without 
performing photosynthesis. However, when the seedling is not exposed to sunlight show 
etiolation and dies soon at the time that deplete nutrients in the cotyledons. This establishes 
the relationships between growth of the shoot, root and provides nutrients from the 
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cotyledons (McDonald, 1994), which can be expressed by dry matter accumulation in the 
stem and root and to lose dry matter of cotyledons. 

3.1 Accumulation of dry matter 
Bean seedlings planted under light conditions accumulate dry matter during their 
development (Figure 1). The same occurs with the shoot and root. However, the cotyledons 
decreased dry weight. This is because these structures provide nutrients to the shoot and 
root. The dry matter accumulation in the seedling and the different structures forming are 
the product of the translocation of nutrients from the cotyledons and the photosynthesis 
performed. For this reason the cotyledons tend to lose dry weight during the seedling 
growth and become shoot structures dying first (Díaz-Ruiz et al., 1999). According to 
Bathellier et al. (2008), during imbibition of the seed, cotyledons mass decrease slowly but 
after three days it was found that accelerated markedly. Shoot accumulates more dry matter 
than the root which is possibly due to greater number of structures that require significant 
amounts of nutrients. This occurs from the beginning of germination, this tendency has been 
reported in cotton plants developed under light (De Souza and Da Silva, 1987). 
 

 
Fig. 1. Dry matter accumulation in bean seedlings developed in light. The bars represent the 
standard deviation. 

Seedlings grown in darkness tend to decrease their dry matter during development up to 
senescence (Figure 2). The dry matter in shoot and root increased from emergence to 13 days 
and then tend to decrease their dry weight. Cotyledons reduced its dry weight because they 
are the only structures that provide nutrients to the seedling. The shoot and root depends on 
the amount of nutrients stored in the cotyledons for their growth. Both in darkness and in 
light, the shoot accumulate greater quantity of dry matter than the root with the difference 
being greater the accumulation in darkness than in light. Under darkness the only source of 
nutrients are the cotyledons, when they run out the shoot and root dry weight decreased 
and die (Diaz-Ruiz et al., 1999). 
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By comparing the growth of bean seedlings in light and darkness conditions, it is clear that 
the dry matter accumulation in darkness depends exclusively on the reserves of the 
cotyledons which were reflected in the correlation between weight gain in shoot and root 
and dry weight loss of the cotyledons. Under light conditions, the cotyledons perform 
photosynthesis, but their contribution is minimal compared to the first leaf blade which was 
determined by Harris et al. (1986) in soybeans. This indicates that their main function is to 
provide photosynthates that have stored to the seedling. However, photosynthesis of 
cotyledons helps balance the energy loss through respiration until the first leaf performs full 
photosynthesis (Harris et al., 1986). Even if the seedlings grown in darkness were exposed to 
light, the content chlorophyll increases and activates. Maricle (2010) reported that etiolated 
seedlings by exposing to light for four days increased the chlorophyll. In general, beans and 
wheat are species when exposed to light rapidly develop chlorophyll and increase the 
activity of catalase (Maricle, 2010). The early declines in dry matter of the cotyledons of bean 
seedlings have been reported by Barthellier et al. (2008). 
 

 
Fig. 2. Dry matter accumulation in bean seedlings developed in darkness. The bars represent 
the standard deviation. 

3.2 Distribution of dry matter 
The dry matter in seedlings developed with light is distributed in different proportions to be 
tangible in the early days, in this case at 8 days after planting (Figure 3). When the 
cotyledons reach their maximum nutrients, shoot and root tend to stabilize the distribution 
of photosynthates, where the shoot becomes more dry matter than the root which is greater 
than 50%. Although the shoot is composed of more structures such as leaves and stem, the 
root is channeled a significant amount of dry matter. The cotyledons are the only structures 
of seedling that stabilize dry matter reaching around 3%. These structures serve the function 
of supplying photosynthate to the shoot and root and themselves. While performing 
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than 50%. Although the shoot is composed of more structures such as leaves and stem, the 
root is channeled a significant amount of dry matter. The cotyledons are the only structures 
of seedling that stabilize dry matter reaching around 3%. These structures serve the function 
of supplying photosynthate to the shoot and root and themselves. While performing 



 
Applied Photosynthesis 

 

340 

photosynthesis their life is short and so are the first structures to die and slough of the shoot. 
Dry matter detected in them to reach senescence is not metabolizable. The transfer of more 
dry matter to shoot was also recorded by Metivier and Paulilo (1980) in bean, they also 
found that storage proteins were transferred faster than dry matter. 
 

 
Fig. 3. Distribution of dry matter in bean seedlings developed in light. 

The distribution of dry matter in seedlings developed in darkness is different compared to 
seedlings in light. In this condition, the cotyledons have a similar trend with the decisive 
role of supplying nutrients to the shoot and root because it is the only source of reserves, in 
this case do not perform photosynthesis, so its depletion is faster. Thus, 8 days after sowing 
cotyledons in darkness contain 44.1% dry matter (Figure 4) and in light conditions have 
81.9% (Figure 3) which is twice the dry matter. The shoot is the structure which holds as 
much dry matter in relation to the root as happens in light conditions, the difference is the 
amount that accumulates in darkness is over 70% and around of 53% in light. In contrast, 
the accumulation of matter in the root is significantly lower, in the darkness is about 16% 
and around of 42% in light. Thus, in light of dry matter distribution is more equitable 
between the shoot and root compared with the distribution occurred in darkness. 

3.3 Water content 
The seedlings developed under light, mg of water presented an upward trend, the same 
happen in the stem and root (Table 1). The cotyledons expressed a slight ascent to 8 days 
and then tended to decline. The stem was the structure with more water content after 8 
days. The seedling was a maximum of 2390.2 mg. In mg of water showed a significant 
difference both in structures and in the seedling, but the differences in water content were 
not very different, indicating a trend towards a stable proportion of water in the range of 85 
to 90% mainly in the new tissue, which go forward age, the water decreases and the dry 
matter increases. 
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Fig. 4. Distribution of dry matter in bean seedlings developed in darkness. 

 
Age 
(day) 

Cotyledons Shoot Root Seedling 
mg % mg % mg % mg % 

2 279.0 
±3.6 

54.4 
±0.7 

20.6 
±2.7 

86.0 
±0.6 

2.3 
±0.5 

85.9 
±1.8 

301.9 
±2.2 

56.0 
±1.0 

8 289.3 
±45.3 

75.4 
±1.9 

728.7 
±132.6 

92.2 
±0.7 

207.9 
±61.4 

91.4 
±0.8 

1225.9 
±79.7 

87.4 
±1.1 

13 120.7 
±20.6 

85.8 
±1.7 

1288.3 
±93.0 

90.6 
±9.5 

581.2 
±158.2 

89.7 
±1.6 

1990.1 
±90.6 

90.1 
±4.2 

18 109.3 
±13.0 

87.4 
±1.0 

1593.0 
±82.0 

86.5 
±0.5 

687.9 
±159.1 

84.7 
±4.3 

2390.2 
±84.6 

89.3 
±1.9 

Table 1. Water content in bean seedlings developed in light. 

In dark conditions, the seedling, cotyledons, shoot and root showed upward trends and 
then down in water content (Table 2), which was more tangible in the cotyledons. Seedlings 
reached a maximum water content equal to 3379.7 mg (13 days). The seedling, shoot and 
root showed a water content greater than 90%. Cotyledons water accounted for more than 
80% but less than 90%. At roots, the water content tended to decrease (13 days) first than in 
the shoot (22 days). In the cotyledons, the increase in water content at the beginning is 
attributable to imbibition process and then the fact that the water content drops more slowly 
than dry weight, coupled with these, there is little loss of water by transpiration because the 
substrate in which plants were sown always remained wet. 
Seedlings more water stored in darkness than in light, however in both conditions the 
amount of water tended to decrease. In darkness is attributable to the decrease of dry matter 
which coincides with the senescence of seedlings, shoot and root, in the light, is attributable 
to the tissue becomes more fibrous and accumulation in higher dry matter, of thus the water 
becomes less retained. Both in light and in darkness, the cotyledons did not exceed more 
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photosynthesis their life is short and so are the first structures to die and slough of the shoot. 
Dry matter detected in them to reach senescence is not metabolizable. The transfer of more 
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much dry matter in relation to the root as happens in light conditions, the difference is the 
amount that accumulates in darkness is over 70% and around of 53% in light. In contrast, 
the accumulation of matter in the root is significantly lower, in the darkness is about 16% 
and around of 42% in light. Thus, in light of dry matter distribution is more equitable 
between the shoot and root compared with the distribution occurred in darkness. 

3.3 Water content 
The seedlings developed under light, mg of water presented an upward trend, the same 
happen in the stem and root (Table 1). The cotyledons expressed a slight ascent to 8 days 
and then tended to decline. The stem was the structure with more water content after 8 
days. The seedling was a maximum of 2390.2 mg. In mg of water showed a significant 
difference both in structures and in the seedling, but the differences in water content were 
not very different, indicating a trend towards a stable proportion of water in the range of 85 
to 90% mainly in the new tissue, which go forward age, the water decreases and the dry 
matter increases. 
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Fig. 4. Distribution of dry matter in bean seedlings developed in darkness. 
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Table 1. Water content in bean seedlings developed in light. 

In dark conditions, the seedling, cotyledons, shoot and root showed upward trends and 
then down in water content (Table 2), which was more tangible in the cotyledons. Seedlings 
reached a maximum water content equal to 3379.7 mg (13 days). The seedling, shoot and 
root showed a water content greater than 90%. Cotyledons water accounted for more than 
80% but less than 90%. At roots, the water content tended to decrease (13 days) first than in 
the shoot (22 days). In the cotyledons, the increase in water content at the beginning is 
attributable to imbibition process and then the fact that the water content drops more slowly 
than dry weight, coupled with these, there is little loss of water by transpiration because the 
substrate in which plants were sown always remained wet. 
Seedlings more water stored in darkness than in light, however in both conditions the 
amount of water tended to decrease. In darkness is attributable to the decrease of dry matter 
which coincides with the senescence of seedlings, shoot and root, in the light, is attributable 
to the tissue becomes more fibrous and accumulation in higher dry matter, of thus the water 
becomes less retained. Both in light and in darkness, the cotyledons did not exceed more 
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than 90% water and was markedly decreased between 13 and 18 days in darkness in relation 
to the occurred in light 
 

Age 
(day) 

Cotyledons Shoot Root Seedling 
mg % mg % mg % mg % 

2 318.0 
±19.1 

57.5 
±1.4 

33.6 
±4.1 

88.5 
±0.7 

8.1 
±1.4 

89.6 
±1.7 

359.7 
±8.2 

59.9 
±1.3 

5 360.3 
±17.5 

70.0 
±0.8 

730.3 
±82.6 

94.1 
±0.4 

164.0 
±12.2 

94.6 
±0.5 

1254.6 
±37.4 

85.6 
±0.6 

8 212.0 
±8.0 

82.8 
±1.9 

2124.0 
±48.2 

95.6 
±0.2 

274.3 
±9.6 

95.0 
±0.2 

2610.3 
±21.9 

94.4 
±0.8 

13 97.7 
±8.3 

83.9 
±1.5 

2916.7 
±63.2 

96.3 
±0.2 

365.3 
±57.5 

94.6 
±1.7 

3379.7 
±43.0 

95.6 
±1.1 

18 29.6 
±12.4 

60.9 
±6.8 

2662.7 
±141.2 

96.1 
±0.3 

121.2 
±50.0 

85.4 
±4.7 

2813.5 
±67.9 

95.0 
±3.9 

22 3.0 
±1.0 

15.5 
±4.9 

1648.7 
±127.1 

95.0 
±0.3 

79.8 
±11.0 

79.8 
±3.3 

1731.5 
±46.4 

93.2 
±2.8 

Table 2. Water content in bean seedlings developed in darkness. 

3.4 Dry matter ratio root/shoot 
In light-grown seedlings, the ratio derived from the root/shoot tended to increase as was 
occurring seedling growth (Table 3). Up to 18 days, the ratio significantly increased from 
0.32 to 0.78, then remained in stable values. It is likely that the trend expressed is due to the 
lack of fertility in the substrate. Initially, the increase in rates due to the instability of the 
dynamics of dry matter allocation to shoot and root, then the proportions of dry matter were 
more defined, which was reflected in a disparity in rates. 
 

Age (day) Light Darkness 
8 0.32  ±0.04 0.16  ±0.01 
13 0.55  ±0.08 0.20  ±0.06 
18 0.78  ±0.16 0.22  ±0.06 
21 0.77  ±0.07 0.24  ±0.02 
25 0.82  ±0.06 0.23  ±0.02 
29 - 0.22  ±0.03 

Table 3. Ratio dry matter of root/shoot in bean seedlings developed in darkness and light. 

In dark conditions the root/shoot had its largest increase between 8 and 13 days, after the 
increases were minimal. The maximum value of root/shoot was 21 days. The indexes were 
having minimal increases from 13 days, when the stem presented slight increases of dry 
matter and the root remained more constant. Velazquez-Mendoza (1989) found in beans 
under drought increased root/stem indexes, which were attributed to greater distribution of 
nutrients to the root at the expense of stem and leaves. In our case, we observed a similar 
trend after the cotyledons contributed the most assimilated. 
In light conditions higher rates of root/shoot were obtained than in dark conditions at all 
ages sampled. This indicates that the root/shoot may increase with the supply of nutrients 
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to the seedlings, in light were supplied of photosynthates by the cotyledons and leaves and 
in darkness were consumed the reserves of the cotyledons only. 

3.5 Dry matter in shoot structures 
In the seedlings developed under light all the structures of both the shoot and the roots 
tended to increase dry matter accumulation (Figure 5). The leaves accumulated more dry 
matter in all samples except at 8 days. Adventitious and secondary roots had higher dry 
matter than the other structures of the stem and taproot after 18 days except for simple 
leaves. Similarly at 18 days dry weight was higher in the hypocotyl than the epicotyl and 
main root. In the seedling stage the leaves become the main source of photosynthates 
replacing the cotyledons reach senescence. This indicates that the flow of nutrients begins 
in the cotyledons and continues in simple leaves, so it takes the largest proportion of 
nutrients from the cotyledons during the early days, from germination until the leaves are 
coming almost half of growth in dry matter accumulation. The transition from simple 
leaves of source organ to of demand organ is associated with its ability to form 
photoassimilates and maintain a balance between their synthesis and use by itself 
(Loescher et al., 1982). Thus, after senescence of cotyledons, simple leaves senescence 
start, when this happens, the first compound leaf begins to provide photosynthate to the 
seedling. In this moment is important to apply fertilizer to the seedling to meet the 
demand for nutrients (Díaz-Ruiz et al., 2008). 
Adventitious and secondary roots are most important at this stage, obtain more dry weight 
which is marked at 18 days. Thus, the water absorption in the seedling depends on these 
two types of roots. In addition to the above, the increased demands for nutrients in the roots 
are the adventitious roots and secondary roots. For his part in the shoot are simple leaves 
and the hypocotyl. 
 

 
Fig. 5. Dry matter accumulation in the structures of shoot and root of bean seedlings 
developed in light. The bars represent the standard deviation. 
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than 90% water and was markedly decreased between 13 and 18 days in darkness in relation 
to the occurred in light 
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Table 2. Water content in bean seedlings developed in darkness. 
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occurring seedling growth (Table 3). Up to 18 days, the ratio significantly increased from 
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In dark conditions the root/shoot had its largest increase between 8 and 13 days, after the 
increases were minimal. The maximum value of root/shoot was 21 days. The indexes were 
having minimal increases from 13 days, when the stem presented slight increases of dry 
matter and the root remained more constant. Velazquez-Mendoza (1989) found in beans 
under drought increased root/stem indexes, which were attributed to greater distribution of 
nutrients to the root at the expense of stem and leaves. In our case, we observed a similar 
trend after the cotyledons contributed the most assimilated. 
In light conditions higher rates of root/shoot were obtained than in dark conditions at all 
ages sampled. This indicates that the root/shoot may increase with the supply of nutrients 
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to the seedlings, in light were supplied of photosynthates by the cotyledons and leaves and 
in darkness were consumed the reserves of the cotyledons only. 

3.5 Dry matter in shoot structures 
In the seedlings developed under light all the structures of both the shoot and the roots 
tended to increase dry matter accumulation (Figure 5). The leaves accumulated more dry 
matter in all samples except at 8 days. Adventitious and secondary roots had higher dry 
matter than the other structures of the stem and taproot after 18 days except for simple 
leaves. Similarly at 18 days dry weight was higher in the hypocotyl than the epicotyl and 
main root. In the seedling stage the leaves become the main source of photosynthates 
replacing the cotyledons reach senescence. This indicates that the flow of nutrients begins 
in the cotyledons and continues in simple leaves, so it takes the largest proportion of 
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Fig. 5. Dry matter accumulation in the structures of shoot and root of bean seedlings 
developed in light. The bars represent the standard deviation. 
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Fig. 6. Dry matter accumulation in the structures of shoot and roots of bean seedlings 
developed in darkness. The bars represent the standard deviation. 

In darkness conditions, dry matter accumulation was different to that observed in seedlings 
with light. Shoot structures and the different types of roots showed a sigmoid trend (Figure 
6), except in secondary roots was not observed clearly. Up to 13 days the dry matter 
accumulation in the root and structures was evident, after being stable and tended to 
decrease. The dry matter accumulation in the hypocotyl was significant compared to other 
structures and roots. In general stem structures accumulated more dry matter than roots. 
The order from highest to lowest accumulation was as follows: hypocotyl, epicotyl, leaves, 
adventitious roots, taproot and secondary roots. The decrease in dry matter was strongest in 
the hypocotyl, after the cotyledons exhausted most of its reserves. This could indicate the 
translocation of nutrients from other structures, as well, the hypocotyl was commissioned to 
provide nutrients to other structures to keep them alive, so the decrease in dry weight of 
roots and other structures is less pronounced, however, the nutrients provided are not 
sufficient to continue increasing in dry weight. 
Adventitious roots formed first secondary roots extract nutrients from the cotyledons first 
and then the base of the hypocotyl. 

3.6 Distribution of dry matter in shoot structures 
In the seedlings developed under light gives greater amount of dry matter to leaves, which 
occurred from 13 days (Figure 7). At 8 days, more dry matter was assigned to the hypocotyl, 
followed by the leaves. The formation of new organs influences the distribution of dry matter 
in the seedling, thus, after 13 days the dry matter distribution tends to be constant. Under 
these conditions, the dry matter production of seedlings is a function of the photosynthate 
produced in primary leaves, so if there is damage to them, the growth of the seedling is 
affected. Thus, Hodgkinson and Baas-Becking (1977) indicate that the defoliation causes death 
roots and decrease its ramifications. However, maintaining carbohydrate stores that allow 
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them to survive (Buwai and Trlica, 1977). In the shoot, the structures with greater allocation of 
dry matter are the leaves and the hypocotyl and in the roots are adventitious and secondary 
roots. It is likely that the roots, the taproot becomes less important and the role of nutrient 
uptake and soil water is realized by adventitious roots and secondary. 
 

 
Fig. 7. Distribution of dry matter in bean seedlings developed in light. 

In seedlings under darkness was allocated more dry matter to shoot structures (Figure 8), 
the hypocotyl had higher dry matter, followed the epicotyl and leaves. Unlike seedlings 
developed in the light, where the leaves accumulated more dry matter, in darkness, it was 
 

 
Fig. 8. Distribution of dry matter in bean seedlings developed in darkness. 
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the hypocotyl. This is evident from the 11 days where the growth is more stable because the 
8 days the hypocotyl and the leaves accumulate more dry matter. The distribution of dry 
matter in roots was more equitable in darkness than in light. However the taproot had less 
dry matter. 

3.7 Water content in shoot structure an roots 
The seedlings developed with light, the amount of water upward and downward trends 
presented in each structure. Hypocotyl water content increased to 8 days, decreased to 13 
and increased to 18 days (Table 4), however, the corresponding percentage of water 
decreased from 8 days. Probably due to their tissue became more fibrous. The epicotyl had a 
rise in mg of water but a decrease in the percentage of water corresponding. For their part, 
maintained a rise in leaf water content in both milligrams and percentage. These structures 
were the most water accumulated at 18 days was the last sampling. It is probably that exist a 
displacement of water to accumulate as much dry matter. 
 

Age 
(day) 

Hypocotyl Epicotyl Leaves 
mg % mg % mg % 

2 17.9 
±2.8 

86.4 
±0.6 - - 2.8 

±0.6 
83.2 
±3.0 

8 525.0 
±95.1 

94.9 
±0.9 

35.3 
±6.0 

77.9 
±1.3 

168.3 
±27.5 

87.8 
±0.5 

13 512.3 
±41.0 

92.9 
±0.1 

99.7 
±14.6 

92.3 
±0.4 

676.3 
±32.7 

88.7 
±0.3 

18 557.3 
±45.3 

89.0 
±0.8 

128.3 
±10.3 

90.6 
±0.5 

857.0 
±16.1 

93.4 
±0.6 

Table 4. Water content in shoot structures of bean seedling developed in light. 

In the case of roots, it showed a pattern similar to the structures of the stem with upward 
and downward trends in milligrams of water in each structure (Table 5). However, the 
corresponding percentage of water decreased. Adventitious and secondary roots tended to 
decrease in the percentage of water from 8 to 18 days, however the amount of water 
recorded in milligrams increased over the same interval. Just as in the structures of the stem, 
the conduct in the water content in the roots is attributable to tissues become more fibrous 
and less water. 
 

Age 
(day) 

Taproot Adventitious Secondary 
mg % mg % mg % 

2 2.3 
±0.5 

85.9 
±1.8 - - - - 

8 77.8 
±18.6 

91.0 
±1.6 

93.3 
±28.1 

90.4 
±0.9 

36.8 
±15.2 

95.0 
±2.2 

13 114.5 
±43.1 

90.5 
±2.5 

319.8 
±20.5 

90.9 
±0.6 

113.5 
±106.4 

84.5 
±5.9 

18 91.5 
±81.4 

84.3 
±7.5 

330.0 
±149.5 

84.9 
±4.8 

155.8 
±109.0 

81.9 
±4.4 

Table 5. Water content in the roots of bean seedlings developed in light. 
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In darkness conditions the upward and downward of water content in the shoot structures 
were more evident than in light. The hypocotyl was the structure that reached the highest 
water content (2124 mg) at 13 days (Table 6). The epicotyl was the structure with lower 
water content than the hypocotyl but higher than the leaves, the maximum amount was 
reached at 18 days. The leaves are structures with less water, it is likely to influence the 
development precarious that obtain. It is obvious that the seedlings in darkness have higher 
water content than seedlings developed in the light, but the corresponding percentage was 
similar, which reached a 90%. In herbaceous plants reported a water content of 80-90% 
(Kramer, 1983), however, Ehlers and Goss (2003) report between 75 and 95% in stem, leaf 
and root. Accordingly, the structures of bean seedlings did not affect the percentage of 
water in the darkness. It may be mentioned that there is a balance in the percentage 
distribution of water structures in both light and darkness. 
 

Age 
(day) 

Hypocotyl Epicotyl Leaves 
mg % mg % mg % 

2 30.0 
±2.8 

89.7 
±1.3 - - - - 

5 670.7 
±86.0 

94.9 
±0.3 

7.7 
±0.6 

88.4 
±0.8 

52.0 
±3.0 

87.1 
±0.4 

8 1981.7 
±59.0 

96.2 
±0.1 

50.0 
±7.0 

92.6 
±1.5 

92.3 
±11.0 

86.3 
±0.5 

13 2124.0 
±87.5 

96.7 
±0.3 

672.3 
±56.3 

96.2 
±0.4 

120.4 
±7.0 

88.1 
±0.6 

18 1817.0 
±201.9 

96.4 
±0.5 

683.7 
±29.7 

96.4 
±0.4 

162.0 
±22.8 

90.8 
±2.0 

22 1104.7 
±173.0 

94.8 
±0.3 

426.0 
±76.2 

95.7 
±0.8 

118.0 
±6.7 

91.7 
±1.5 

Table 6. Water content in structures bean seedlings developed in darkness. 

 
Age 
(day) 

Taproot Adventitious Secondary 
mg % mg % mg % 

2 8.1 
±2.4 

89.6 
±2.1 - - - - 

5 87.2 
±9.3 

94.4 
±0.3 

67.5 
±10.6 

94.6 
±0.7 

9.3 
±2.1 

95.7 
±1.1 

8 105.3 
±21.1 

94.8 
±0.9 

118.4 
±7.0 

95.0 
±0.9 

50.6 
±9.5 

95.4 
±1.0 

13 140.0 
±35.3 

94.8 
±1.6 

164.2 
±21.7 

95.0 
±1.1 

61.1 
±36.4 

91.4 
±6.3 

18 59.0 
±47.3 

86.2 
±7.8 

37.5 
±16.8 

79.1 
±3.5 

24.6 
±9.8 

83.9 
±0.4 

22 23.2 
±9.4 

81.2 
±2.5 

40.3 
±21.0 

78.7 
±5.6 

16.3 
±5.5 

78.7 
±3.9 

Table 7. Water content in the roots of bean seedlings developed in darkness. 
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the hypocotyl. This is evident from the 11 days where the growth is more stable because the 
8 days the hypocotyl and the leaves accumulate more dry matter. The distribution of dry 
matter in roots was more equitable in darkness than in light. However the taproot had less 
dry matter. 

3.7 Water content in shoot structure an roots 
The seedlings developed with light, the amount of water upward and downward trends 
presented in each structure. Hypocotyl water content increased to 8 days, decreased to 13 
and increased to 18 days (Table 4), however, the corresponding percentage of water 
decreased from 8 days. Probably due to their tissue became more fibrous. The epicotyl had a 
rise in mg of water but a decrease in the percentage of water corresponding. For their part, 
maintained a rise in leaf water content in both milligrams and percentage. These structures 
were the most water accumulated at 18 days was the last sampling. It is probably that exist a 
displacement of water to accumulate as much dry matter. 
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Hypocotyl Epicotyl Leaves 
mg % mg % mg % 

2 17.9 
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Table 4. Water content in shoot structures of bean seedling developed in light. 

In the case of roots, it showed a pattern similar to the structures of the stem with upward 
and downward trends in milligrams of water in each structure (Table 5). However, the 
corresponding percentage of water decreased. Adventitious and secondary roots tended to 
decrease in the percentage of water from 8 to 18 days, however the amount of water 
recorded in milligrams increased over the same interval. Just as in the structures of the stem, 
the conduct in the water content in the roots is attributable to tissues become more fibrous 
and less water. 
 

Age 
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Table 5. Water content in the roots of bean seedlings developed in light. 
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In darkness conditions the upward and downward of water content in the shoot structures 
were more evident than in light. The hypocotyl was the structure that reached the highest 
water content (2124 mg) at 13 days (Table 6). The epicotyl was the structure with lower 
water content than the hypocotyl but higher than the leaves, the maximum amount was 
reached at 18 days. The leaves are structures with less water, it is likely to influence the 
development precarious that obtain. It is obvious that the seedlings in darkness have higher 
water content than seedlings developed in the light, but the corresponding percentage was 
similar, which reached a 90%. In herbaceous plants reported a water content of 80-90% 
(Kramer, 1983), however, Ehlers and Goss (2003) report between 75 and 95% in stem, leaf 
and root. Accordingly, the structures of bean seedlings did not affect the percentage of 
water in the darkness. It may be mentioned that there is a balance in the percentage 
distribution of water structures in both light and darkness. 
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In the roots appeared similar trends in water content than in the structures of the shoot, with 
the difference that accumulated less milligrams of water. In all roots reached the highest 
amount of water at the same time (13 days). Adventitious roots were the more water 
accumulated (164.2 mg) followed by the taproot (140 mg) (Table 7). The decrease in water 
content was very dramatic in both milligrams and the percentage of water. This coincided 
with the decrease in stem dry weight and stability in the roots. 

3.8 Distribution and use of nutrients 
Considering the weight of the seed represents 100%, it is distributed as follows: 8.9% in shell 
and 91.15 in the embryo (Figure 9). Of 91.1%, 89.9% corresponds to the cotyledons and 1.2% 
to the embryonic axis. However, the cotyledons allocated 83.4% to metabolism (metabolic 
dry matter) and 6.4% as part of its structure (structural dry matter). The embryonic axis use 
metabolic dry matter available in the cotyledons to resume growth untapped 100% (83.4%), 
because it spends 32.6% on the respiration. The decrease in dry matter by respiration in 
darkness conditions has been tested, specifically in leaves (Bathellier et al., 2008). The 
allocation of dry matter in the seedling is uneven, most are distributed to the shoot than the 
root. This indicates that the shoot exerts more force on the extraction of nutrients and 
becomes part of the seedling more demanding but the depletion of reserves in the 
cotyledons are the first structures to resent the lack of nutrients and tend to lose dry matter. 
Instead, the roots extract nutrients from the stem to remain. According to Zhang et al. (2010) 
the seedling hypocotyl elongates significantly by the effect of sucrose stored in the 
cotyledons, which probably contributes to greater dry matter accumulation in this structure. 
 

 
Fig. 9. Allocation and flow of dry matter bean seedlings grown in darkness. 

In light conditions, the cotyledons export nutrients to the embryonic axis formed by the 
stem and root, the seedling until not realize photosynthesis depends on its reserves (Figure 
10). However, the cotyledons lose metabolic dry matter and conserved structural dry matter 
during the development of the seedling so that they become the only structures that die. The 
embryonic axis uses the nutrients for their development and originates the seedling, in this 
process is lost dry matter through respiration, which is recovered by the generation of 
photosynthate through the simple leaves photosynthesis and to a lesser proportion by the 
cotyledons. In addition to cotyledon, senescence occurs in adventitious roots and secondary 
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roots but do not die it continue to grow and generate more roots. This process culminates 
with the release of some individual roots or only in the degeneration of the epidermis and 
barking, the latter feature has been observed in grape (Mapfumo and Aspinall, 1994). After 
the death of the cotyledons, photosynthates demanding by the structures of the stem and 
roots are provided by simple leaves that realize photosynthesis. These structures become the 
main source of nutrients to reach senescence (Yin and Watson, 1990). Finally, establishing 
the flow of nutrients from leaves to the seedling, which distributes the nutrients in the stem 
and root, root turn supplies water to the seedling. 
 

 
Fig. 10. Flow of nutrients in bean seedlings developed in darkness. 

3.9 Relationship of dry matter and seedling senescence 
During the development of seedlings in the darkness all the structures of shoot and root dry 
matter accumulated except for cotyledons. These structures are stored nutrients which are 
used in the growth of seedlings. As a result, these organs show a decrease in dry weight as 
nutrients export, although some of the dry weight decrease is attributed to respiration. 
When the cotyledons die deplete its reserves, the event coincides with the maximum dry 
matter accumulation in the seedling. 
Seedling senescence starts at the tips of the simple leaves (not counting the cotyledons), 
five days after maximum dry matter accumulation, specifically in the shoot, when the 
roots reach their maximum dry weight (Díaz-Ruiz et al., 1999). Likewise, adventitious and 
secondary maintained a slight increase in dry matter. This indicates that at the beginning 
of senescence, the leaves provide nutrients as well as the epicotyl and hypocotyl to the 
roots (Figure 11). The decrease in dry matter in the adventitious roots was noted after the 
start of senescence at the tips of both of them as secondary root. Adventitious roots before 
the secondary present the senescence as a result of the death of the hypocotyl that 
becomes their main source of nutrients after the cotyledons die. The main or primary root 
decreased their dry weight for the following reasons: nutrient intake by respiration, the 
existence of detachment of the cortex in the apical region of the root that cause death 
secondary root located in that region and export nutrients to the secondary roots and their 
use for maintenance of herself. As the nutrient reserves were decreasing, seedling 
allocated less amount of nutrients to the roots to be zero allocation, so the secondary roots 
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are affected and die first than taproot (Figure 11). According to Klepper (1991), the way in 
which grows the stem is different from the root but the relationship between them is 
undeniable. 
Initially, the cotyledons exported nutrients to the shoot and root first, the root supplies to 
shoot the extracted soil water. At death the cotyledons, shoot sends nutrients to the root, 
thus kept alive longer than the shoot, which die for lack of nutrient supply. In the shoot, 
hypocotyl dies last and roots are the taproot. The allocation of more dry matter to the shoot 
is growing faster than the root and has increased demand for nutrients. Because they do not 
perform photosynthesis, shoot structures supplement for a short period of time the demand 
for nutrients that makes the root, this allows to extend the time of accumulation of dry 
matter. Thus, by failing to supply photosynthate to shoot dies first than the root. In general, 
all structures of the shoot and roots, senescence started after reaching its maximum dry 
matter accumulation 
 

 
Fig. 11. Nutrient flow (      ) and progress of senescence (       ) in bean seedlings developed in 
darkness. 

4. Conclusions 
The seedlings developed in light use nutrients from the cotyledons and the photosynthate 
formed by photosynthesis by the leaves. In darkness the seedlings grow with nutrients from 
the cotyledons only. Thus, seedlings become autotrophic light and dark heterotrophic only 
because they do not perform photosynthesis. 
The dry matter accumulation in bean seedlings developed in darkness and under light is 
different because in each condition, the amount of nutrients available to seedlings is 
different. Seedlings show marked differences in morphology and proportions of distribution 
and allocation of dry matter in the structures shoot and root formed. 
The dry matter decreases in the cotyledons because provide nutrients to the shoot and root, 
which increases its content of dry matter. Shoot accumulates more dry matter than the root. 
The senescence of the cotyledons is shown in light and darkness conditions. In light 
conditions the leaves are the structures that accumulate more dry matter and in darkness is 
the hypocotyl. 
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1. Introduction  
Oryza glaberrima, an African monocarpic annual rice derived from Oryza barthii, is grown in 
traditional rice producing wetland areas of West Africa. Oryza sativa, an Asian rice that varies 
from annual to perennial, is derived from Oryza rufipogon (Sakagami et al., 1999). Genotypes of 
O. glaberrima are inherently lower yielding than those of O. sativa and are therefore cultivated 
in fewer areas (Linares, 2002). However, because they grow adequately in unstable 
environments such as those with water stress, they appear to tolerate severe environmental 
stress. Flooding imposes severe selection pressure on plants, principally because excess water 
in the plant surroundings can deprive them of certain basic needs, notably of oxygen and of 
carbon dioxide and light for photosynthesis. It is a major abiotic influence on species’ 
distribution and agricultural productivity world-wide. Strong submergence-induced 
elongation is a widespread escape mechanism that helps submerged plants regain or retain 
contact with the aerial environment on which they depend (Arber, 1920). This mechanism 
enables plants to resume anaerobic metabolism and photosynthetic fixation of CO2 by raising 
their shoots above water. Escape strategies based on elongation by stem or leaves are 
prominent characteristics of deep-water and floating rice. However, rapid elongation by leaves 
of young plants in response to short-term submergence flash flood (for up to 2 weeks) 
adversely affects tolerance by depleting carbohydrates that would otherwise support survival 
during and after submergence (Chaturvedi et al., 1995; Setter & Laureles, 1996; Kawano et al., 
2002; Ram et al., 2002: Jackson & Ram, 2003; Joho et al., 2008). The submergence tolerance gene, 
Sub-1A, depresses shoot elongation under short-term submergence to ensure survival. 
Submergence-tolerant rice varieties tend to accumulate more starch in their stem section than 
susceptible varieties do. They experience less carbohydrate depletion after submergence (Karin 
et al., 1982; Emes et al., 1988). To improve the circumstances of tolerant plants to survive under 
flooding conditions is a major constraint for sustainable agriculture in unstable environments 
undergoing climate change. Consequently, in this chapter, we describe physiological 
mechanisms related to photosynthesis on submergence tolerance for rice species that are 
widely cultivated in West Africa. 

2. Physiological mechanism on flooding tolerance in rice species 
Kawano (2009) showed that suppression of underwater elongation brought about by the 
mutated form of Sub-1A in O. sativa is beneficial for the endurance of complete 
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of young plants in response to short-term submergence flash flood (for up to 2 weeks) 
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et al., 1982; Emes et al., 1988). To improve the circumstances of tolerant plants to survive under 
flooding conditions is a major constraint for sustainable agriculture in unstable environments 
undergoing climate change. Consequently, in this chapter, we describe physiological 
mechanisms related to photosynthesis on submergence tolerance for rice species that are 
widely cultivated in West Africa. 

2. Physiological mechanism on flooding tolerance in rice species 
Kawano (2009) showed that suppression of underwater elongation brought about by the 
mutated form of Sub-1A in O. sativa is beneficial for the endurance of complete 
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submergence. Consequently, non-shoot-elongation-cultivars during submergence show 
tolerance to short-term submergence, so-called flash flooding, for a few days or weeks. 
Sakagami et al. (2009) emphasized that this trait is inappropriate when selecting and 
breeding cultivars of O. sativa or O. glaberrima in cultivated rice for resilience to longer term 
submergence. Under these circumstances, a vigorous ethylene-mediated underwater 
elongation response by leaves is necessary to return leaves to air contact and full 
photosynthetic activity for long-term complete submergence. 

2.1 Anaerobic metabolism in submerged rice plants 
The rate of gas exchange is very slow in water because of small diffusion coefficients for 
gases (oxygen, 0.201 cm-2 s-1 in air; 2.1×10-5 cm-2 s-1 in water) (Armstrong, 1979). When water 
becomes stagnant, the oxygen concentration becomes especially low at night because of the 
nighttime respiration of algae. Rice plants increase the rate of alcoholic fermentation under 
low oxygen environments. However, alcoholic fermentation produces only two molecules of 
ATP per glucose molecule, which is not efficient when compared with aerobic respiration, 
through which 32 molecules of ATP are produced per glucose molecule. Therefore, rice 
cannot survive in a low oxygen environment for a long period because of the shortage of 
carbohydrates in the rice plants for use in energy production. Furthermore, photosynthesis 
is limited by low irradiance when the plant is submerged. It is necessary to improve 
photosynthetic capacity and the effective use of photosynthetic products as well as to 
survive under water. 
 
Strategy Quiscence

Submergence
tolerance

Slowing of ethylen-
promoted leaf elongation
to conserve energy

Rapid leaf elongation

Rapid internodal or
stem elongation to
resume anaerobic
metabolism and
photosynthesis

Ecological adaptation
Flash floods less than two
weeks

Short-term
submergence (Shallow-
water)

Long-term
submergence (Deep-
water)

Gene expression(e.g) SUB1A SUB1B SNORKEL1, 2

Carbohydrate
consumption

Low (limited by Sub1A ) High High

Escape

 
Table 1. Strategy by submergence tolerance of rice 

Rice has adapted to submergence-prone environments through the use of two strategies 
(Table 1): submergence tolerance to flash floods where a rapid increase in water level causes 
partial to complete submergence for up to 2 weeks, and shoot elongation to short to long 
term submergence. Sub1A gene in O. sativa reportedly confers submergence tolerance to 
flash foods through a quiescence strategy in which cell elongation and carbohydrate 
metabolism in young seedlings is repressed during submergence (Fukao et al., 2006). This 
strategy is a predominant tolerance mechanism that is driven by adjustment of metabolism. 
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A strategy with shoot elongation shows two different mechanisms: rapid shoot elongation 
in shallow floods in a short-term submergence and internodal or stem elongation in deep 
water in long-term submergence. Based on our analysis, most O. glaberrima varieties adapt 
well when floods are deeper and when they entail long-term submergence (Fig. 1). These 
mechanisms for plant survival under submergence are affected by the conservation of 
energy and carbohydrate accumulation (Perata et al., 2007).  
 

 
Fig. 1. Growing rice of O. glaberrima along the Niger River in Niger 

2.2 Submergence tolerance with elongation for deep water 
Rapid shoot elongation for young seedlings is usually disadvantageous in conditions of 
short-term submergence with deep water conditions because lodging usually occurs once 
floodwaters recede. This water regime adapts well, using submergence tolerance with a 
quiescence strategy. By tolerance, cell elongation and carbohydrate metabolism are 
repressed. Furthermore, fast shoot elongation can restore contact between the leaves and air, 
but it can also result in death if carbohydrate reserves are depleted before emergence in 
leaves above the water surface. Leaf elongation during submergence is controlled by the 
interaction of at least three plant hormones: ethylene, GA, and ABA (Kende et al., 1998). 
Accumulated ethylene is probably the primary signal which triggers the plant to start a 
cascade of reactions leading to enhanced cell elongation (Voesenek et al., 2006) because 
ethylene is accumulated in rice plants during submergence because of the fact that gas 
diffusion is 104-fold slower in solution than in air (Armstrong, 1979). The cascade model was 
proposed from the study of stem elongation in deepwater rice (Kende et al., 1998). 

2.2.1 Submergence escapes mechanism with shoot elongation 
Rapid elongation of the leaves and leaf sheath is advantageous for rainfed lowland varieties 
because it enables them to avoid submergence stress when moderate flooding occurs during 
the early vegetative stage. Deepwater rice is often characterized as floating rice. 
Nevertheless, the differences in characteristics of floating rice and deepwater rice remain 
unclear. In fact, the physiological mechanisms of growth differ between the two. Some rice 
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Table 1. Strategy by submergence tolerance of rice 

Rice has adapted to submergence-prone environments through the use of two strategies 
(Table 1): submergence tolerance to flash floods where a rapid increase in water level causes 
partial to complete submergence for up to 2 weeks, and shoot elongation to short to long 
term submergence. Sub1A gene in O. sativa reportedly confers submergence tolerance to 
flash foods through a quiescence strategy in which cell elongation and carbohydrate 
metabolism in young seedlings is repressed during submergence (Fukao et al., 2006). This 
strategy is a predominant tolerance mechanism that is driven by adjustment of metabolism. 
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A strategy with shoot elongation shows two different mechanisms: rapid shoot elongation 
in shallow floods in a short-term submergence and internodal or stem elongation in deep 
water in long-term submergence. Based on our analysis, most O. glaberrima varieties adapt 
well when floods are deeper and when they entail long-term submergence (Fig. 1). These 
mechanisms for plant survival under submergence are affected by the conservation of 
energy and carbohydrate accumulation (Perata et al., 2007).  
 

 
Fig. 1. Growing rice of O. glaberrima along the Niger River in Niger 

2.2 Submergence tolerance with elongation for deep water 
Rapid shoot elongation for young seedlings is usually disadvantageous in conditions of 
short-term submergence with deep water conditions because lodging usually occurs once 
floodwaters recede. This water regime adapts well, using submergence tolerance with a 
quiescence strategy. By tolerance, cell elongation and carbohydrate metabolism are 
repressed. Furthermore, fast shoot elongation can restore contact between the leaves and air, 
but it can also result in death if carbohydrate reserves are depleted before emergence in 
leaves above the water surface. Leaf elongation during submergence is controlled by the 
interaction of at least three plant hormones: ethylene, GA, and ABA (Kende et al., 1998). 
Accumulated ethylene is probably the primary signal which triggers the plant to start a 
cascade of reactions leading to enhanced cell elongation (Voesenek et al., 2006) because 
ethylene is accumulated in rice plants during submergence because of the fact that gas 
diffusion is 104-fold slower in solution than in air (Armstrong, 1979). The cascade model was 
proposed from the study of stem elongation in deepwater rice (Kende et al., 1998). 

2.2.1 Submergence escapes mechanism with shoot elongation 
Rapid elongation of the leaves and leaf sheath is advantageous for rainfed lowland varieties 
because it enables them to avoid submergence stress when moderate flooding occurs during 
the early vegetative stage. Deepwater rice is often characterized as floating rice. 
Nevertheless, the differences in characteristics of floating rice and deepwater rice remain 
unclear. In fact, the physiological mechanisms of growth differ between the two. Some rice 
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plants can survive and stand without floating in water at 1 m water depth. In this chapter, 
such rice plants that stand without floating in water are designated as deepwater rice to 
distinguish them from floating rice. In general, the plant height of deepwater rice reaches 
140–180 cm in the absence of submergence (Catling, 1992), but the abilities of deepwater rice 
shoots to extend are varied. Deepwater rice can maintain an aerobic metabolism during 
submergence via development of its canopy above water because of the elongation of its 
internodes and because of its long leaves. Deepwater rice’s ability to elongate in a single day 
is less than that of floating rice. However, deepwater rice can adapt to submergence under 
conditions in which the water level increases 5 cm per day (Catling, 1992). However, this 
type of tall plant architecture often causes lodging after the water recedes. 

2.2.2 Internode elongation 
Setter et al. (1988) demonstrated that the adverse effects are caused mainly by reduced 
photosynthesis capacity because of CO2 starvation in the shoot organs during submergence. 
Furthermore, they suggested a relation between ethylene concentration, leaf chlorosis and 
leaf elongation. Partial submergence treatment to deep water rice never affects carbohydrate 
and sugar contents in newly developed leaves under the water compared to the control 
(Setter et al., 1987). Elongation with floating ability is the most important morphological 
feature of deepwater rice. In particular, internode elongation is a more important 
mechanism for increasing shoot length. Internode elongation is related closely to plant 
hormones. Submergence lowers the O2 level in rice internodes. Then low O2 levels simulate 
ethylene synthesis. Ethylene accumulation occurs in the submerged internodes. Then high 
internodal ethylene concentration increases the sensitivity of tissues to gibberelic acid or 
increases the concentration of physiologically active gibberellins, thereby leading to 
commonly observed growth responses (Rose-John & Kende, 1985). Deepwater rice differs in 
its ability to accumulate carbohydrate contents within the cultivar’s carbohydrate content, 
which does not correlate with the total internode length or plant length (Vergara et al., 
1975).  

3. Flooding response of O. glaberrima 
O. glaberrima, a monocarpic annual derived from O. barthii (Sakagami et al., 1999), is grown 
in traditional rice production in the wetlands of West Africa. It is highly adapted to 
deepwater inundation in countries such as Gambia, Guinea, Mali, Niger, Senegal, and Sierra 
Leone in West Africa (Inouye et al., 1989). The first gene pool of O. glaberrima was inferred as 
an inland delta of the Niger River because of the high gene diversity among species. In 
Guinea, for example, coastal or lowland areas are heavily affected by submergence during 
the rainy season. Rice plants are often partially or completely submerged for more than a 
month. Such prolonged submergence often triggers crop failures. Guinea’s farmers prefer to 
cultivate O. glaberrima fields with prolonged submergence because of such advantageous 
traits as those explained above. Cultivars of O. glaberrima are roughly divisible into two 
ecotypes: upland and lowland. However, it might be that O. glaberrima is a valuable rice 
species for flooding conditions in all cases. Tolerance of other abiotic and biotic stress such 
as drought (Maji et al., 2010), rice yellow mottle virus (Thiemele et al., 2010), African rice gall 
midge (Nwilene et al., 2009), and iron toxicity (Majerus et al., 2007) has been found in some 
cultivars of O. glaberrima. However, it is vulnerable to NaCl salinity (Awala et al., 2010), 
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grain shattering (Koffi, 1980), and lodging (Dingkuhn, 1998). It is reasonable to presume that 
the indigenous cultivated species of African rice can provide useful genes for improvement 
of tolerance to major stress in Africa. 

3.1 Responses to short-term submergence “flash flood” 
The flooding response of O. glaberrima should be discussed thoroughly, but it is not clear 
from Futakuchi’s report (2001) whether shoot elongation contributes to flooding tolerance in 
different water regimes or not. To elucidate the physiological responses of young rice plants 
to short-term submergence stress, so-called flash flooding, under rainfed conditions for O. 
glaberrima by comparison with several genotypes for lowland adapted, deepwater adapted 
shoot elongated escape and Sub1 of O. sativa, 30-day-old seedlings were submerged 
completely for 10 d at 45 cm water depth at 13 d after transplantation in a lowland field 
(Joho et al., 2008). In fact, O. glaberrima showed higher shoot elongation ability during 
submergence than any genotype of O. sativa that we tested. However, O. glaberrima lodged 
easily after the end of submergence because of longer and more rapid shoot elongation 
during submergence. Therefore, it triggered a decrease in its survival rate (Fig. 2).  
 

 
Fig. 2. Effect of shoot elongation during submergence on survival rate after desubmergence. 
Survival rate is observed at 14 d after desubmergence. 

The submergence-tolerant genotype (Sub1) of O. sativa maintained the dry matter weight of the 
leaf blade during submergence through the inhibition of shoot elongation using the quiescence 
strategy, thereby attaining a survival rate of 93%. The escape strategy for O. glaberrima is 
therefore the effective usage of stored carbohydrates for shoot elongation in a severely 
photosynthesis-limited environment. However, failure to regain contact with air and the 
oxygen, carbon dioxide, and light it supplies invariably gives rise to severe carbohydrate 
depletion. Therefore, this escape strategy carries a high risk for young rice plants (Kawano et 
al., 2009). We reported that O. glaberrima is susceptible to short-term submergence, although it 
might adapt to prolonged flooding because of improved restoration of aerial 
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an inland delta of the Niger River because of the high gene diversity among species. In 
Guinea, for example, coastal or lowland areas are heavily affected by submergence during 
the rainy season. Rice plants are often partially or completely submerged for more than a 
month. Such prolonged submergence often triggers crop failures. Guinea’s farmers prefer to 
cultivate O. glaberrima fields with prolonged submergence because of such advantageous 
traits as those explained above. Cultivars of O. glaberrima are roughly divisible into two 
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grain shattering (Koffi, 1980), and lodging (Dingkuhn, 1998). It is reasonable to presume that 
the indigenous cultivated species of African rice can provide useful genes for improvement 
of tolerance to major stress in Africa. 

3.1 Responses to short-term submergence “flash flood” 
The flooding response of O. glaberrima should be discussed thoroughly, but it is not clear 
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Survival rate is observed at 14 d after desubmergence. 

The submergence-tolerant genotype (Sub1) of O. sativa maintained the dry matter weight of the 
leaf blade during submergence through the inhibition of shoot elongation using the quiescence 
strategy, thereby attaining a survival rate of 93%. The escape strategy for O. glaberrima is 
therefore the effective usage of stored carbohydrates for shoot elongation in a severely 
photosynthesis-limited environment. However, failure to regain contact with air and the 
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Shoot elongation
(cm d-1)

Shoot biomass
increase (g d-1)

Shoot elongation
(cm d-1)

Shoot biomass
increase (g d-1)

O. sativa L.
BA8A 1.38 0.41 1.78 0.04
Balante 0.94 0.34 1.17 0.02
Banjoulou 0.95 0.32 1.23 0.02
Cinquant-deux 1.25 0.55 2.12 0.16
CK20 1.45 0.37 1.58 0.03
CK211 1.32 0.40 1.82 0.04
CK4 1.31 0.33 1.49 0.03
CK41 1.52 0.41 1.71 0.04
Danta rouge 1.54 0.48 2.43 0.07
EH-IA-CHIU 1.16 0.42 1.39 0.02
FR13A* 1.19 0.38 Death Death
Gallale Blanc 0.65 0.24 1.89 0.12
Haïra koreye 1.43 0.45 2.15 0.05
IR49830-7-1-2-2 0.97 0.40 1.40 0.02
IR62293-2B-18-2-2-1-3-2-3 1.59 0.47 1.61 0.04
IR67520-B-14-1-3-2-2* 1.01 0.35 Death Death
IR70027-8-2-2-3-2* 1.50 0.46 Death Death
IR71700-247-1-1-2 1.19 0.42 1.65 0.02
IR73018-21-2-B-2-B* 0.95 0.35 Death Death
IR73020-19-2-B-3-2B* 1.32 0.29 Death Death
Kaolac 1.23 0.36 1.60 0.03
Kaorin 0.99 0.42 1.55 0.02
Köticondre 1.03 0.49 1.42 0.03
Marsal 1.09 0.45 1.72 0.05
N 22 1.26 0.43 1.69 0.05
N'ckrome 0.97 0.46 1.70 0.04
NIK 1A 1.17 0.53 1.30 0.02
Nylon 1.18 0.32 1.58 0.02
Protocolo 1.47 0.41 2.10 0.04
Reymont 1.03 0.22 1.21 0.01
ROK21 1.22 0.20 1.60 0.03
SHAI-KUH 1.08 0.38 1.29 0.03
Vandana 1.46 0.41 1.65 0.03
WAR1(ROK22) 1.26 0.32 1.58 0.03
Wonsongg orgle 0.88 0.26 1.53 0.02

O. glaberrima Steud.
Aawba 1.14 0.32 1.84 0.08
Bakin Iri 1.06 0.51 1.87 0.12
CG14 0.97 0.40 1.67 0.07
Dam Iri 1.25 0.57 2.02 0.16
Dembou bourawana blanc 0.75 0.18 1.99 0.09
Djéifata noir 0.96 0.36 2.25 0.11
Djingua noir 0.76 0.35 1.91 0.14
Douboutou II 0.91 0.36 1.89 0.07
Gbagaye 1.10 0.34 1.95 0.06
Gbobaye 1.13 0.46 1.87 0.06
Kossa barkaneye 1.26 0.44 1.96 0.11
Mala Noir II 0.99 0.31 2.08 0.13
Mala Noir III 0.89 0.32 2.24 0.16
Mogo 1.28 0.47 2.24 0.14
Mokori 1.05 0.36 2.25 0.10
Pegnesso 0.71 0.23 2.06 0.07
RAM23 0.70 0.44 2.13 0.14
Salifore 1.39 0.49 1.80 0.08
Saligbeli 1.23 0.38 2.00 0.10
Salikutaforé 1.14 0.30 1.68 0.04
Samandényi 1.08 0.20 1.62 0.07
Sukéré 1.42 0.42 1.90 0.15
Tierka banc 0.91 0.31 2.06 0.13
Tombobökéri II 1.25 0.30 1.95 0.11
W0492 1.87 0.49 1.87 0.06
Wana thireye 1.25 0.42 2.06 0.13
Yélé 1A 0.63 0.32 1.96 0.17

Average(±SE)
O. sativa L.(n=30) 1.20±0.04 0.39±0.02 1.63±0.05 0.04±0.01
O. glaberrima Steud.(n=27) 1.08±0.05 0.37±0.02 1.97±0.03 0.10±0.01

O. sativa x O. glaberrima NS NS ** **

Genotype
Non-submergence Complete-submergence

 
*Genotypes are charactatised by Sub1 

Table 2. Effect of submergence to shoot elongation and biomass in the field experiment 
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photosynthesis and survival rate through shoot elongation ability. Enhancement of shoot 
elongation during submergence in water that is too deep to permit re-emergence by small 
seedlings represents a futile escape strategy that is used at the expense of existing dry matter 
in circumstances where underwater photosynthetic carbon fixation is negligible. 
Consequently, it compromises survival or recovery growth once floodwater levels recede 
and plants are exposed again to the aerial environment. Consequently, shoot elongation 
capability to revert to anaerobic growth condition is vital for long-term flood survival. 

3.2 Responses to long-term submergence “deep water” 
Various lines of 35 O. sativa and 27 O. glaberrima, including some classified as short-term 
submergence tolerant, were compared for submergence tolerance in field and pot 
experiments to long-term submergence tolerant varieties in other words, deepwater 
varieties (Sakagami et al., 2009). Plants were submerged completely for 31 d in a field 
experiment, and partially or completely for 37 d in a pot experiment in a growth chamber. 
Leaf elongation and growth in shoot biomass during complete submergence in the field 
were significantly greater in O. glaberrima than in O. sativa (Table 2).  
Submergence-tolerant cultivars of O. sativa were unable to survive prolonged complete 
submergence for 31–37 d, which indicates that the mechanism of suppressed leaf elongation 
that confers increased survival of short-term submergence is inadequate for surviving long 
periods underwater. The O. sativa deepwater-adapted cultivar ‘Nylon’ and the ‘Yele1A’ 
cultivar of O. glaberrima succeeded in emerging above the floodwater. The photosynthetic 
rate was higher in deeply submerged plants than in non-submerged plants. The 
photosynthetic rate at 37 d after submergence in partial and complete submergence was 
closely related to the net assimilation rate during submergence (Fig. 3), which caused greatly 
increased shoot length, shoot biomass and leaf area, in association with an increased net 
assimilation rate compared with the lowland-adapted O. sativa ‘Banjoulou’.  
 

 
Fig. 3. Relathinship between net assimilation rate durig submergence and photosynthetic 
rate after 37 d submergence in a pot experiment. The number next each symbol indicate the 
cultivars: 1, Banjoulou; 2, IR71700; 3, IR73020; 4, Nylon; 5, Yele1A. Net assumilation rate 
indicates the increase of dry weight per unit area during 37 d submergence. 
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photosynthesis and survival rate through shoot elongation ability. Enhancement of shoot 
elongation during submergence in water that is too deep to permit re-emergence by small 
seedlings represents a futile escape strategy that is used at the expense of existing dry matter 
in circumstances where underwater photosynthetic carbon fixation is negligible. 
Consequently, it compromises survival or recovery growth once floodwater levels recede 
and plants are exposed again to the aerial environment. Consequently, shoot elongation 
capability to revert to anaerobic growth condition is vital for long-term flood survival. 

3.2 Responses to long-term submergence “deep water” 
Various lines of 35 O. sativa and 27 O. glaberrima, including some classified as short-term 
submergence tolerant, were compared for submergence tolerance in field and pot 
experiments to long-term submergence tolerant varieties in other words, deepwater 
varieties (Sakagami et al., 2009). Plants were submerged completely for 31 d in a field 
experiment, and partially or completely for 37 d in a pot experiment in a growth chamber. 
Leaf elongation and growth in shoot biomass during complete submergence in the field 
were significantly greater in O. glaberrima than in O. sativa (Table 2).  
Submergence-tolerant cultivars of O. sativa were unable to survive prolonged complete 
submergence for 31–37 d, which indicates that the mechanism of suppressed leaf elongation 
that confers increased survival of short-term submergence is inadequate for surviving long 
periods underwater. The O. sativa deepwater-adapted cultivar ‘Nylon’ and the ‘Yele1A’ 
cultivar of O. glaberrima succeeded in emerging above the floodwater. The photosynthetic 
rate was higher in deeply submerged plants than in non-submerged plants. The 
photosynthetic rate at 37 d after submergence in partial and complete submergence was 
closely related to the net assimilation rate during submergence (Fig. 3), which caused greatly 
increased shoot length, shoot biomass and leaf area, in association with an increased net 
assimilation rate compared with the lowland-adapted O. sativa ‘Banjoulou’.  
 

 
Fig. 3. Relathinship between net assimilation rate durig submergence and photosynthetic 
rate after 37 d submergence in a pot experiment. The number next each symbol indicate the 
cultivars: 1, Banjoulou; 2, IR71700; 3, IR73020; 4, Nylon; 5, Yele1A. Net assumilation rate 
indicates the increase of dry weight per unit area during 37 d submergence. 
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The superior tolerance of deepwater O. sativa and O. glaberrima genotypes to prolonged 
complete submergence appears to be attributable to their greater photosynthetic capacity 
developed by leaves that had newly emerged above the floodwater. Vigorous upward leaf 
elongation during prolonged submergence is therefore critical for ensuring shoot emergence 
from water, as are leaf area extension above the water surface and a subsequent strong 
increase in shoot biomass. 
Actually, ‘Yele1A’ had an especially large capacity for shoot elongation when submerged. 
Watarai and Inoue (1998) noted that high internodal elongation contributes to shoot 
elongation using O. glaberrima under flooding regimes. Faster shoot elongation of O. 
glaberrima genotypes underwater is mainly caused by leaf elongation, but not internodal 
elongation. Consequently, internode and leaf elongation underwater share certain 
similarities in O. glaberrima, both presumably being stimulated by ethylene. 

3.3 Unique physiological mechanism to complete submergence of “Saligbeli” 
Lodging, plant height, and dry matter accumulation for 99 cultivars in O. sativa, O. 
glaberrima, and interspecific hybridization progenies (IHP) were measured when 12-day-old 
seedlings were submerged for 7 days in pots and in fields. Upland rice (O. sativa) showed 
greater shoot elongation, greater reduction in dry matter accumulation during submergence, 
and higher lodging, which indicate low flash flood tolerance. The physiological traits of 
most O. glaberrima and upland rice (O. sativa) for resistance against flash flooding were 
opposite those of submergence-tolerant cultivars, as evidenced from the results of a 
principal component analysis (Fig. 4). Axis I is the first principal component. 

 Y=-0.403942x1 + 0.434866x2 + 0.329416x3 – 0.271996x4  (1) 

Axis II is the second principal component. 
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x1, x2, x3 and x4 in (1), (2) represent in dry matter accumulation after desubmergence, 
lodging score, shoot elongation and increase in dry matter accumulation during 
submergence respectively. It is accounted for 74.0% of the total number of genotypes with 
the first and second principal components.  
In Cluster I, III, and VIII, the main genotypes belonging to each cluster group were classified 
on the principal component analysis. Cluster I, including submergence tolerance genotype, 
and Cluster VIII, including O. glaberrima, were positioned in opposite regions. 
The physiological response of Saligbeli cultivar differed from those of other O. glaberrima 
genotypes in terms of submergence tolerance. Saligbeli was found by the author in coastal 
regions in Guinea. Saligbeli exhibited enhanced shoot elongation with increased dry matter 
accumulation after the end of submergence, as was found also for the submergence-tolerant 
cultivar in a pot experiment (Table 3). The difference between pot and field experiments 
might be attributable to different characteristics of the submergence environment, such as 
turbidity. These features of Saligbeli were apparently a unique means to cope with 
submergence. These experiments revealed that enhancement of shoot-elongation during 
submergence are accomplished using dry matter of leaves that had developed before 
submergence. 
 

During
submergence

(7d)

After
desubmergence

(14d)
O. glaberroma Aawba 16.6 -6.4 -18.2 0.18 3

Saligbeli 12.1 13 59.2 0.99 2
Samandenyi 15.1 -3.2 -4.0 0.34 6
Sedou Bayebeli 13.2 -2.0 -19.9 0.12 6
CG14 19.5 2.6 0 0.30 6
DouboutouII 34.6 -8.6 -21.4 0.07 6

O. sativa (Sub1 ) IR70027-8-2-2-3-2 3.1 4.0 31.0 0.99 1
IR73020-19-2-B-3-2B 1.2 6.0 23.2 0.98 1
IR49830-7-1-2-2 4.6 2.4 26.8 0.84 1

Species
Lodging
score3)

Increase of DMW (mg plant-1)Shoot
elongation

(cm)1)

Ratio of
DMA 2)Geniotype

 
1) Increase of plant height during submergence, 2) Ratio of dry matter accumulation (DMA) was 
determined by dividing the submergence in the control, and 3) Score 7 is the highest and 1 is the lowest 
in lodging degree after desubmergence. 

Table 3. Physiological traits linked to submergence tolerance in O. glaberrima and O. sativa of 
Sub1 

4. Conclusion  
Submerged rice is in an anaerobic environment because of the 104-fold slower gas diffusion 
underwater than in air. Furthermore, levels of oxygen, and carbon dioxide and light for 
photosynthesis drastically differ according to the floodwater period, depth, temperature, 
and turbidity. African rice, O. glaberrima can lodge readily under aerobic conditions after 
desubmergence because of weakening of the shoot base, which causes rapid leaf elongation 
and which increases plant mortality through photosynthetic products accumulated before 
submergence is exhausted under short-term submergence with the rapid increase of water 
level: so-called flash flooding. However, cultivars of O. glaberrima adapt to long-term 



 
Applied Photosynthesis 

 

360 
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glaberrima genotypes underwater is mainly caused by leaf elongation, but not internodal 
elongation. Consequently, internode and leaf elongation underwater share certain 
similarities in O. glaberrima, both presumably being stimulated by ethylene. 

3.3 Unique physiological mechanism to complete submergence of “Saligbeli” 
Lodging, plant height, and dry matter accumulation for 99 cultivars in O. sativa, O. 
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seedlings were submerged for 7 days in pots and in fields. Upland rice (O. sativa) showed 
greater shoot elongation, greater reduction in dry matter accumulation during submergence, 
and higher lodging, which indicate low flash flood tolerance. The physiological traits of 
most O. glaberrima and upland rice (O. sativa) for resistance against flash flooding were 
opposite those of submergence-tolerant cultivars, as evidenced from the results of a 
principal component analysis (Fig. 4). Axis I is the first principal component. 
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lodging score, shoot elongation and increase in dry matter accumulation during 
submergence respectively. It is accounted for 74.0% of the total number of genotypes with 
the first and second principal components.  
In Cluster I, III, and VIII, the main genotypes belonging to each cluster group were classified 
on the principal component analysis. Cluster I, including submergence tolerance genotype, 
and Cluster VIII, including O. glaberrima, were positioned in opposite regions. 
The physiological response of Saligbeli cultivar differed from those of other O. glaberrima 
genotypes in terms of submergence tolerance. Saligbeli was found by the author in coastal 
regions in Guinea. Saligbeli exhibited enhanced shoot elongation with increased dry matter 
accumulation after the end of submergence, as was found also for the submergence-tolerant 
cultivar in a pot experiment (Table 3). The difference between pot and field experiments 
might be attributable to different characteristics of the submergence environment, such as 
turbidity. These features of Saligbeli were apparently a unique means to cope with 
submergence. These experiments revealed that enhancement of shoot-elongation during 
submergence are accomplished using dry matter of leaves that had developed before 
submergence. 
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in lodging degree after desubmergence. 

Table 3. Physiological traits linked to submergence tolerance in O. glaberrima and O. sativa of 
Sub1 

4. Conclusion  
Submerged rice is in an anaerobic environment because of the 104-fold slower gas diffusion 
underwater than in air. Furthermore, levels of oxygen, and carbon dioxide and light for 
photosynthesis drastically differ according to the floodwater period, depth, temperature, 
and turbidity. African rice, O. glaberrima can lodge readily under aerobic conditions after 
desubmergence because of weakening of the shoot base, which causes rapid leaf elongation 
and which increases plant mortality through photosynthetic products accumulated before 
submergence is exhausted under short-term submergence with the rapid increase of water 
level: so-called flash flooding. However, cultivars of O. glaberrima adapt to long-term 
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complete submergence apparently because of their greater photosynthetic capacity 
developed by leaves that have newly emerged above floodwaters through rapid shoot 
elongation. The Saligbeli cultivar of O. glaberrima, with its unique physiological mechanisms, 
is apparently well-adapted to both conditions for short and prolonged submergence. It 
therefore holds promise as a selecting and breeding rice genotype for use in different flood-
prone regions in Africa. 
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is a major yield-limiting factor of common bean production worldwide. CBB can reduce 
seed quality through staining and browning, which render the bean seed unacceptable for 
the food processing industry (Yu et al., 2000a). Currently, CBB outbreaks are managed 
through the use of expensive pathogen free seeds reproduced in certain locations (Scott & 
Micheals, 1992) and seed treatment with antibiotics such as Streptomycin or via foliar 
spraying with copper-based compounds (e.g. Kocide™) that are not only costly, but 
partially effective, and have serious long-term consequences on human and animal health 
(Forbes & Bretag, 1991; Fininsa, 2003). The exploitation of natural resistance to CBB is the 
only effective and environmentally sound approach to control this disease in bean 
production. Sources of genetic resistance to CBB have been identified in common bean and 
its related species, tepary bean (P. aculifolius) and runner bean (P. coccineus), but most of 
them are inherited as quantitative trait loci (QTL) and vary in their levels of genetic effects  
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spraying with copper-based compounds (e.g. Kocide™) that are not only costly, but 
partially effective, and have serious long-term consequences on human and animal health 
(Forbes & Bretag, 1991; Fininsa, 2003). The exploitation of natural resistance to CBB is the 
only effective and environmentally sound approach to control this disease in bean 
production. Sources of genetic resistance to CBB have been identified in common bean and 
its related species, tepary bean (P. aculifolius) and runner bean (P. coccineus), but most of 
them are inherited as quantitative trait loci (QTL) and vary in their levels of genetic effects  
and their expressions are influenced by environmental conditions (Kelly et al.2003; Miklas et 
al. 2006).  However, dominant gene controlling CBB resistance in common bean was also 
reported (Zapata et al. 2010). Conventional breeding for resistance to CBB is further 
aggravated by the pathogen variability, linkage of resistance with undesirable traits (Liu et 
al. 2008), and different genes conditioning resistance in different plant organs, including 
leaves, pods, and seeds (Jung et al. 1997; Liu et al., 2009; Aggour et al., 1989; Mutlu et al., 
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molecular marker (MM) technology has provided an efficient selection tool to breeders in 
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of DNA that is located on a chromosome and can be used as a point of reference (Weber & 
Wricke, 1994). Since DNA-based MM is phenotypic and environmental neutral, and can be 
accurately and automatically analyzed with little quantity of DNA (nanogram)  in a 
laboratory at any time for any plant tissue, they can reduce the breeding cost and improve 
the selection efficiency.  Significant progresses on the development and application of MMs 
to breed bean for CBB resistance have been made in recent years. In this chapter, we will 
review the current status on the development and application of MMs for CBB breeding in 
common bean and discuss the future prospects of research in this area.  

2. Genetic resistance sources of the CBB resistance gene(s)/or QTL 
CBB resistance bean plants can somehow decrease or stop the movement of the Xap 
pathogen through vascular tissues, which can abate the accumulation of bacterial 
population in leaves or barricade internal seed infection (Goodwin et al., 1995; Aggour & 
Coyne,1989).  Genetic resistance to CBB is relatively low in common bean in comparison 
with its related species, scarlet runner bean and tepary bean (Singh & Munoz, 1999; Coyne 
and Schuster, 1973; Yoshii et al., 1978; Mohan, 1982).  
Although the genetics of CBB resistance in P. coccineus are largely unknown, low to 
moderate levels of resistance from P. coccineus were transferred to common bean (Table 1; 
Freytag et al., 1982; Park & Dhanvantari, 1987; Miklas et al., 1994; Miklas et al., 1999; Singh & 
Munoz, 1999). The CBB resistance source for the bean line XR-235-1-1 released by Freytag et 
al., (1982) was from scarlet runner (P. coccineus) bean line PI273667 (Ethiopia). Two minor 
CBB resistance QTL, derived from PI273667, were identified in the XR-235-1-1 bean line and 
together they explained about 27% of the phenotypic variation for CBB resistance (Yu et al., 
1998). Four CBB resistance lines, C1, C2, C3 and C4 were developed by inter-specific crosses 
between Common bean and P. coccineus (Park and Dhanvantari, 1987). The CBB resistance 
source for the multiple disease resistance line TARS VCI-4B released by Miklas et al. (1994) 
was from two P. coccineus PI lines, PI311950 and PI311977 (Mexico). Miklas et al. (1999) 
released four CBB resistant bean lines, ICB-3, ICB-6, ICB-8 and ICB-10, which derived their 
CBB resistance either from P. coccineus or from Great Northern varieties. Singh and Munoz 
(1999) screened 166 promising germplasm accessions of four Phaseolous species including 55 
Scarlet Runner beans and found that moderate resistance present in P. coccineus. Except the 
two CBB resistance QTL in XR-235-1-1 was mapped to linkage group A (chromosome 7) and 
F (chromosome 8) (Yu et al., 1998), the rest of the CBB resistance genes / or QTL from  
P. coccineus are unknown. 
Because tepary bean has the highest level of resistance to CBB (Arnaud-Santana et al., 1993; 
Coyne and Schuster, 1983; Mohan, 1982; Schuster et al., 1983; Singh and Munoz, 1999; 
Zapata et al., 1985), efforts have been made successfully to transfer the genetic factors 
controlling CBB resistance from tepary bean into common bean through inter-specific 
hybridizations (Thomas and Waines, 1984; McElroy, 1985; Parker, 1985; Scott & Michaels, 
1992; Singh & Munoz, 1999). The XAN lines, XAN-159, XAN-160 and XAN-161 were 
developed at CIAT (Centro International de Agricultura Tropical) through inter-specific 
crosses between P. vugaris and P. acutifolius accession PI319443 (Thomas and Waines, 1984; 
Jung et al., 1997). PI319443 showed quantitative inheritance, predominately additive effects, 
and partial dominance for CBB resistance (McElory, 1985). Based on the CBB resistance data, 
McElory (1985) hypothesized  that one prominent major gene and two other minor genes 
controlling CBB resistance in PI319443 (McElory, 1985), and the XAN-159, derived its CBB 
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resistance from PI319443, is likely to obtain most of the genes. Parker (1985) transferred CBB 
resistance from tepary bean into P. vulgaris by hybridizing PI440795 (P. acutifolius) to ‘ICA 
Pijao’ (P. vulgaris) and crossing the F1 progeny to ‘Ex Rico 23’ (P. vulgaris). CBB resistance in 
both OAC-88-1 line and OAC- Rex Cultivar are originated from PI 440795 (Scott & Michaels, 
1992; Michaels et al., 2006). The VAX lines, VAX1, VAX2, VAX3, VAX4, VAX5 and VAX6, 
were developed from inter-specific cross between the common bean cultivar ICA Pijao and 
the tepary bean accession G40001 in 1989 by embryo rescue (Mejia-Jimenez et al., 1994; 
Singh & Munoz, 1999). By far, tepary bean PI319443, PI44079, and G40001 (Table 1) are 
sources of the major CBB resistance gene(s) /or QTL that have been incorporated into 
common bean breeding programs (Yu et al., 2000a; Yu et al., 2004; Liu et al., 2008; Bai et al., 
1997; Tar’an et al., 2001; Jung et al., 1997; Miklas et al., 2000; Singh & Munoz, 1999; Pedraza 
et al., 1997).  
Miklas et al. 2003, however, revealed that the major CBB resistance gene(s)/or QTL present 
in the great northern cultivars GN# 1 and GN#1 Selection 27 (GN#1Sel 27) was actually 
derived from common bean cultivar, Montana No. 5 that was released as a cultivar in 1947 
from a selection out of the common great northern landrace (Sutton & Coyne, 2007). CBB 
resistance gene(s) / or QTL were also identified from the Mesoamerica bean line BAC 6 
(Jung et al., 1996). A dominant gene conferring resistance to CBB was recently found in the 
small white bean line PR0313-58 (Zapata et al. 2010). Four CBB resistance QTLs were also 
reported in the Middle American breeding line BAT93 (Nodari et al., 1993b). Table 1 
summarized the major CBB resistance sources commonly used by common bean breeders.  

3. Genomic mapping of bean with MMs  
A genetic map is a graphic representation of the arrangement of a gene or a MM on a 
chromosome, which can be used to locate and identify the gene or group of genes that 
determines a particular inherited trait. If a linkage between a MM and a trait is established, 
the MM can be used to carry out indirect selection of the trait in a plant breeding program. 
The first comprehensive genetic map of bean was developed in 1992 with a seed and flower 
color marker (P), nine seed protein, nine isozyme and 224 restriction fragment length 
polymorphism (RFLP) marker loci. Eleven linkage groups (LGs), corresponding to the P. 
vulgaris L. (n = 11), were established in the backcross population derived from the cross 
between the Mesoamerican breeding line XR-235-1-1 and the Andean cultivar, Calima. The 
11 linkage groups covered 960 centiMorgans (cM) of the bean genome (Vallejos et al., 1992). 
The second bean genetic map was constructed in an F2 population from the cross of 
BAT93/Jalo EEP 558 (BJ) with 152 MMs, and 143 of the 152 MMs were assigned to 15 LGs, 
which covered 827 cM of the bean genome (Nodari et al., 1993a). Adam-Blondon et al. (1994) 
developed the third bean genetic map with 51 RFLP, 100 random amplified polymorphic 
DNA (RAPD), and 2 sequence characterized amplified region (SCAR) loci in a backcross 
population derived from the Ms8EO2 x Corel cross. Twelve LGs were formed in this map 
that covered 567.5 cM of the bean genome.   
Because there are different breeding objectives in bean, which include crop quality, disease 
and pest resistance, tolerance to abiotic stresses, domestication syndrome, etc. (Gepts et al., 
1998, 1999), no single mapping population would segregate for all the economic traits of 
interest. Thus, genes for these traits have been mapped to different segregating populations. 
In addition, each map was constructed with most of markers that are not common among 
them. Therefore, there is a need to compare among these maps to determine the linkage 
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of DNA that is located on a chromosome and can be used as a point of reference (Weber & 
Wricke, 1994). Since DNA-based MM is phenotypic and environmental neutral, and can be 
accurately and automatically analyzed with little quantity of DNA (nanogram)  in a 
laboratory at any time for any plant tissue, they can reduce the breeding cost and improve 
the selection efficiency.  Significant progresses on the development and application of MMs 
to breed bean for CBB resistance have been made in recent years. In this chapter, we will 
review the current status on the development and application of MMs for CBB breeding in 
common bean and discuss the future prospects of research in this area.  

2. Genetic resistance sources of the CBB resistance gene(s)/or QTL 
CBB resistance bean plants can somehow decrease or stop the movement of the Xap 
pathogen through vascular tissues, which can abate the accumulation of bacterial 
population in leaves or barricade internal seed infection (Goodwin et al., 1995; Aggour & 
Coyne,1989).  Genetic resistance to CBB is relatively low in common bean in comparison 
with its related species, scarlet runner bean and tepary bean (Singh & Munoz, 1999; Coyne 
and Schuster, 1973; Yoshii et al., 1978; Mohan, 1982).  
Although the genetics of CBB resistance in P. coccineus are largely unknown, low to 
moderate levels of resistance from P. coccineus were transferred to common bean (Table 1; 
Freytag et al., 1982; Park & Dhanvantari, 1987; Miklas et al., 1994; Miklas et al., 1999; Singh & 
Munoz, 1999). The CBB resistance source for the bean line XR-235-1-1 released by Freytag et 
al., (1982) was from scarlet runner (P. coccineus) bean line PI273667 (Ethiopia). Two minor 
CBB resistance QTL, derived from PI273667, were identified in the XR-235-1-1 bean line and 
together they explained about 27% of the phenotypic variation for CBB resistance (Yu et al., 
1998). Four CBB resistance lines, C1, C2, C3 and C4 were developed by inter-specific crosses 
between Common bean and P. coccineus (Park and Dhanvantari, 1987). The CBB resistance 
source for the multiple disease resistance line TARS VCI-4B released by Miklas et al. (1994) 
was from two P. coccineus PI lines, PI311950 and PI311977 (Mexico). Miklas et al. (1999) 
released four CBB resistant bean lines, ICB-3, ICB-6, ICB-8 and ICB-10, which derived their 
CBB resistance either from P. coccineus or from Great Northern varieties. Singh and Munoz 
(1999) screened 166 promising germplasm accessions of four Phaseolous species including 55 
Scarlet Runner beans and found that moderate resistance present in P. coccineus. Except the 
two CBB resistance QTL in XR-235-1-1 was mapped to linkage group A (chromosome 7) and 
F (chromosome 8) (Yu et al., 1998), the rest of the CBB resistance genes / or QTL from  
P. coccineus are unknown. 
Because tepary bean has the highest level of resistance to CBB (Arnaud-Santana et al., 1993; 
Coyne and Schuster, 1983; Mohan, 1982; Schuster et al., 1983; Singh and Munoz, 1999; 
Zapata et al., 1985), efforts have been made successfully to transfer the genetic factors 
controlling CBB resistance from tepary bean into common bean through inter-specific 
hybridizations (Thomas and Waines, 1984; McElroy, 1985; Parker, 1985; Scott & Michaels, 
1992; Singh & Munoz, 1999). The XAN lines, XAN-159, XAN-160 and XAN-161 were 
developed at CIAT (Centro International de Agricultura Tropical) through inter-specific 
crosses between P. vugaris and P. acutifolius accession PI319443 (Thomas and Waines, 1984; 
Jung et al., 1997). PI319443 showed quantitative inheritance, predominately additive effects, 
and partial dominance for CBB resistance (McElory, 1985). Based on the CBB resistance data, 
McElory (1985) hypothesized  that one prominent major gene and two other minor genes 
controlling CBB resistance in PI319443 (McElory, 1985), and the XAN-159, derived its CBB 
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resistance from PI319443, is likely to obtain most of the genes. Parker (1985) transferred CBB 
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Pijao’ (P. vulgaris) and crossing the F1 progeny to ‘Ex Rico 23’ (P. vulgaris). CBB resistance in 
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were developed from inter-specific cross between the common bean cultivar ICA Pijao and 
the tepary bean accession G40001 in 1989 by embryo rescue (Mejia-Jimenez et al., 1994; 
Singh & Munoz, 1999). By far, tepary bean PI319443, PI44079, and G40001 (Table 1) are 
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1997; Tar’an et al., 2001; Jung et al., 1997; Miklas et al., 2000; Singh & Munoz, 1999; Pedraza 
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Miklas et al. 2003, however, revealed that the major CBB resistance gene(s)/or QTL present 
in the great northern cultivars GN# 1 and GN#1 Selection 27 (GN#1Sel 27) was actually 
derived from common bean cultivar, Montana No. 5 that was released as a cultivar in 1947 
from a selection out of the common great northern landrace (Sutton & Coyne, 2007). CBB 
resistance gene(s) / or QTL were also identified from the Mesoamerica bean line BAC 6 
(Jung et al., 1996). A dominant gene conferring resistance to CBB was recently found in the 
small white bean line PR0313-58 (Zapata et al. 2010). Four CBB resistance QTLs were also 
reported in the Middle American breeding line BAT93 (Nodari et al., 1993b). Table 1 
summarized the major CBB resistance sources commonly used by common bean breeders.  

3. Genomic mapping of bean with MMs  
A genetic map is a graphic representation of the arrangement of a gene or a MM on a 
chromosome, which can be used to locate and identify the gene or group of genes that 
determines a particular inherited trait. If a linkage between a MM and a trait is established, 
the MM can be used to carry out indirect selection of the trait in a plant breeding program. 
The first comprehensive genetic map of bean was developed in 1992 with a seed and flower 
color marker (P), nine seed protein, nine isozyme and 224 restriction fragment length 
polymorphism (RFLP) marker loci. Eleven linkage groups (LGs), corresponding to the P. 
vulgaris L. (n = 11), were established in the backcross population derived from the cross 
between the Mesoamerican breeding line XR-235-1-1 and the Andean cultivar, Calima. The 
11 linkage groups covered 960 centiMorgans (cM) of the bean genome (Vallejos et al., 1992). 
The second bean genetic map was constructed in an F2 population from the cross of 
BAT93/Jalo EEP 558 (BJ) with 152 MMs, and 143 of the 152 MMs were assigned to 15 LGs, 
which covered 827 cM of the bean genome (Nodari et al., 1993a). Adam-Blondon et al. (1994) 
developed the third bean genetic map with 51 RFLP, 100 random amplified polymorphic 
DNA (RAPD), and 2 sequence characterized amplified region (SCAR) loci in a backcross 
population derived from the Ms8EO2 x Corel cross. Twelve LGs were formed in this map 
that covered 567.5 cM of the bean genome.   
Because there are different breeding objectives in bean, which include crop quality, disease 
and pest resistance, tolerance to abiotic stresses, domestication syndrome, etc. (Gepts et al., 
1998, 1999), no single mapping population would segregate for all the economic traits of 
interest. Thus, genes for these traits have been mapped to different segregating populations. 
In addition, each map was constructed with most of markers that are not common among 
them. Therefore, there is a need to compare among these maps to determine the linkage 
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Origin cv. or lines Gene/QTL 
number MM Explained phenotypic 

variation (R2) Reference 

Resistance source from common bean (P. vulgaris)

Montana 
No. 5 

GN#1
 SAP6 35% 

Miklas et al. 2003 
GN#1Sel 

27

BAC6  3 
BC409 

12%(first trifoliate leaves);
13%(later-developed 
trifoliate leaves); 
17%(pods)

Jung et al. 1996, 1999 

K19
BAT 93  4 75% (all QTLs) Nodari et al. 1993b 

Belneb 
RR-1 

 4 W10 44% (first trifoliate 
leaves); 41% (pods)

Ariyarathne  
et al., 1999 

PR0313-58 1 SAP6 55% Zapata et al. 2010 
Resistance source from tepary bean (P. acutifollus)

PI 440795 
OAC-88-1 2 R7313 81% (all QTLs) Bai et al. 1996 
OAC-Rex 3 PV-ccct-001 42.2%(One QTL) Tar’an et al. 2001 

PI 319443 
XAN 159 4 BC420 

SU91 

28% (leaves); 11% (pods);
18% (seeds) 
17%

Jung et al. 1997 
Mutlu et al. 2005a 

HR 45 2 BC420 25-52% Liu et al. 2008 
HR 67 2 BC420 70% Yu et al. 2004 

G40001 

VAX 1

  

Singh & Munoz, 1999 
VAX 2
VAX 3
VAX 4
VAX 5
VAX 6

Resistance source from scarlet runner  bean (P. coocineus)
PI 273667 XR235-1-1 2 27% Yu et al. 1998 
PI 311950 
PI 311977 

TARS
VCI-4B   Miklas et al. 1994 

PI 165421 

C1

  

Park & Dhanvantari, 
1987 C2

C3
C4

Table 1. The genetic origins of the major CBB resistance gene(s) /or QTL of common bean 
(P. vulgaris) derived from the Phaseolus species. The major QTL and the associated MM 
present in the genotypes are also shown if they are available.  
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relations for the different genes and MMs located on the different maps. A deliberate effort 
was therefore initiated to make a consensus map by determining the segregation in a core 
mapping population of a few markers selected from each linkage group (LG) on the 
different maps (Freyre et al., 1998; Kelly et al., 2003). The recombinant inbred line (RIL) 
population of the cross between the Middle American genotype BAT93 and Andean 
genotype Jalo EEP558 (BJ) was chosen to develop the integrated core map because it 
displayed high level of polymorphisms for RFLP and other MMs (Nodari et al., 1992; 
McClean et al., 2002), and segregated for multiple host–microorganism interactions (Nodari 
et al., 1993b; Geffroy et al., 1999). Two or more markers from the Florida map (Vallejos et al., 
1992), the Paris map (Adam-Blondon et al., 1994), the Davis map (Nodari et al., 1993a) and 
the Nebraska–Wisconsin maps (Jung et al., 1996, 1997–1999) were mapped in the BJ 
population. This approach allowed researchers to correlate and align the different LGs of 
these maps and to establish the collinear relationships of the different LGs among the maps 
with more than two markers being mapped per LG (Freyre et al., 1998; Gepts, 1999). 
Although no detailed correlation (i.e., over short distances of the order of 10–15 cM or less) 
among the LGs of the different maps was provided, the information developed thus far 
allows at least a rough comparison of the location for genes or QTL placed on independent 
maps (Kelly et al., 2003). The total map length of the consensus or core map is 
approximately 1200 cM (Gepts, 1999) and the average relationship between genetic and 
physical distances is approximately 500 kb/cM, which was verified around the Phs 
(phaseolin) locus on LG B7 (Llaca and Gepts, 1996).  The core map is composed of some 550 
markers, including RFLP, RAPD, SCAR, allozyme, and seed protein markers; when 
considering markers from the other, correlated maps, at least 1000 markers have been 
mapped which would average one marker per 1–2 cM (Freyre et al., 1998; Gepts, 1999; Kelly 
et al., 2003, Miklas et al., 2006).  
Another development in the genetic mapping of the bean genome includes the 
development of simple sequence repeat (SSR) or microsatellite markers (Yu et al., 1999, 
2000b; Blair et al., 2003; Melotto et al., 2005; Hanai et al., 2007). The first preliminary study 
of the existence of microsatellite markers in the bean genome was conducted by Yu et al. 
(1999, 2000b), who were able to map 15 of the SSR markers onto the core linkage map. 
One hundred fifty SSR markers derived from either gene-coding or anonymous genomic-
sequences were developed by Blair et al. (2003) and 100 of them were mapped to an F9 RIL 
population of the DOR364 x G19833 cross and the BJ core mapping population (Freyre et 
al., 1998). These loci are integrated with the 15 microsatellite markers previously mapped 
to seven chromosomes on the BJ population (Yu et al., 2000b). Therefore these studies 
bring to a total of 115 microsatellite loci on the common bean genetic map, and provides 
coverage for every chromosome in the genome with from five to 20 SSR markers each 
(Blair et al., 2003). Two hundreds forty-three SSR sequences were identified from 5,255 
bean expressed sequence tag (EST) sequences (Melotto et al., 2005) and 471 SSRs were 
found from 714 genomic sequences in a microsatellite-enriched genomic library (Hanai et 
al., 2007). These SSR markers will be invaluable for fine mapping the bean genome and 
tagging genes of economic interest.  
Single nucleotide polymorphisms (SNPs) discovery and marker development is the 
current focus of several genetic mapping efforts. SNPs are by far the most common form 
of DNA polymorphism in a genome (Hyten et al., 2010).  It was estimated that common 
bean genome has one SNP per 88 bp (Gaitán-Solís et al., 2008). With an estimated bean 
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Origin cv. or lines Gene/QTL 
number MM Explained phenotypic 

variation (R2) Reference 

Resistance source from common bean (P. vulgaris)

Montana 
No. 5 

GN#1
 SAP6 35% 

Miklas et al. 2003 
GN#1Sel 

27

BAC6  3 
BC409 

12%(first trifoliate leaves);
13%(later-developed 
trifoliate leaves); 
17%(pods)

Jung et al. 1996, 1999 

K19
BAT 93  4 75% (all QTLs) Nodari et al. 1993b 

Belneb 
RR-1 

 4 W10 44% (first trifoliate 
leaves); 41% (pods)

Ariyarathne  
et al., 1999 

PR0313-58 1 SAP6 55% Zapata et al. 2010 
Resistance source from tepary bean (P. acutifollus)

PI 440795 
OAC-88-1 2 R7313 81% (all QTLs) Bai et al. 1996 
OAC-Rex 3 PV-ccct-001 42.2%(One QTL) Tar’an et al. 2001 

PI 319443 
XAN 159 4 BC420 

SU91 

28% (leaves); 11% (pods);
18% (seeds) 
17%

Jung et al. 1997 
Mutlu et al. 2005a 

HR 45 2 BC420 25-52% Liu et al. 2008 
HR 67 2 BC420 70% Yu et al. 2004 

G40001 

VAX 1

  

Singh & Munoz, 1999 
VAX 2
VAX 3
VAX 4
VAX 5
VAX 6

Resistance source from scarlet runner  bean (P. coocineus)
PI 273667 XR235-1-1 2 27% Yu et al. 1998 
PI 311950 
PI 311977 

TARS
VCI-4B   Miklas et al. 1994 

PI 165421 

C1

  

Park & Dhanvantari, 
1987 C2

C3
C4

Table 1. The genetic origins of the major CBB resistance gene(s) /or QTL of common bean 
(P. vulgaris) derived from the Phaseolus species. The major QTL and the associated MM 
present in the genotypes are also shown if they are available.  
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relations for the different genes and MMs located on the different maps. A deliberate effort 
was therefore initiated to make a consensus map by determining the segregation in a core 
mapping population of a few markers selected from each linkage group (LG) on the 
different maps (Freyre et al., 1998; Kelly et al., 2003). The recombinant inbred line (RIL) 
population of the cross between the Middle American genotype BAT93 and Andean 
genotype Jalo EEP558 (BJ) was chosen to develop the integrated core map because it 
displayed high level of polymorphisms for RFLP and other MMs (Nodari et al., 1992; 
McClean et al., 2002), and segregated for multiple host–microorganism interactions (Nodari 
et al., 1993b; Geffroy et al., 1999). Two or more markers from the Florida map (Vallejos et al., 
1992), the Paris map (Adam-Blondon et al., 1994), the Davis map (Nodari et al., 1993a) and 
the Nebraska–Wisconsin maps (Jung et al., 1996, 1997–1999) were mapped in the BJ 
population. This approach allowed researchers to correlate and align the different LGs of 
these maps and to establish the collinear relationships of the different LGs among the maps 
with more than two markers being mapped per LG (Freyre et al., 1998; Gepts, 1999). 
Although no detailed correlation (i.e., over short distances of the order of 10–15 cM or less) 
among the LGs of the different maps was provided, the information developed thus far 
allows at least a rough comparison of the location for genes or QTL placed on independent 
maps (Kelly et al., 2003). The total map length of the consensus or core map is 
approximately 1200 cM (Gepts, 1999) and the average relationship between genetic and 
physical distances is approximately 500 kb/cM, which was verified around the Phs 
(phaseolin) locus on LG B7 (Llaca and Gepts, 1996).  The core map is composed of some 550 
markers, including RFLP, RAPD, SCAR, allozyme, and seed protein markers; when 
considering markers from the other, correlated maps, at least 1000 markers have been 
mapped which would average one marker per 1–2 cM (Freyre et al., 1998; Gepts, 1999; Kelly 
et al., 2003, Miklas et al., 2006).  
Another development in the genetic mapping of the bean genome includes the 
development of simple sequence repeat (SSR) or microsatellite markers (Yu et al., 1999, 
2000b; Blair et al., 2003; Melotto et al., 2005; Hanai et al., 2007). The first preliminary study 
of the existence of microsatellite markers in the bean genome was conducted by Yu et al. 
(1999, 2000b), who were able to map 15 of the SSR markers onto the core linkage map. 
One hundred fifty SSR markers derived from either gene-coding or anonymous genomic-
sequences were developed by Blair et al. (2003) and 100 of them were mapped to an F9 RIL 
population of the DOR364 x G19833 cross and the BJ core mapping population (Freyre et 
al., 1998). These loci are integrated with the 15 microsatellite markers previously mapped 
to seven chromosomes on the BJ population (Yu et al., 2000b). Therefore these studies 
bring to a total of 115 microsatellite loci on the common bean genetic map, and provides 
coverage for every chromosome in the genome with from five to 20 SSR markers each 
(Blair et al., 2003). Two hundreds forty-three SSR sequences were identified from 5,255 
bean expressed sequence tag (EST) sequences (Melotto et al., 2005) and 471 SSRs were 
found from 714 genomic sequences in a microsatellite-enriched genomic library (Hanai et 
al., 2007). These SSR markers will be invaluable for fine mapping the bean genome and 
tagging genes of economic interest.  
Single nucleotide polymorphisms (SNPs) discovery and marker development is the 
current focus of several genetic mapping efforts. SNPs are by far the most common form 
of DNA polymorphism in a genome (Hyten et al., 2010).  It was estimated that common 
bean genome has one SNP per 88 bp (Gaitán-Solís et al., 2008). With an estimated bean 
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genome size of  588 Mb (Liu et al., 2010), over 6 millions of SNPs would present in the 
entire bean genome. Three hundreds eighteen SNPs were detected from 5,255 bean EST 
sequences (Melotto et al., 2005). With EST sequence information from two bean 
genotypes, the Mesoamerican cultivar Negro Jamapa 81 and the Andean cultivar G19833 
(Ramirez et al., 2005) , over 1,800 SNPs and indels  were detected (McConnell et al., 2010). 
PCR primers were designed to amplify the BAT93 and Jalo EEP558 fragments and 534 
useful fragments with an average size of 500bp were sequenced. Of the 534 gene 
fragment, 395 (74%) were polymorphic between BAT93 and Jalo EEP558. Three hundreds 
of the 395 gene fragments (most of them have at least one SNP) were mapped on the BJ 
core map population (McConnell et al., 2010). The genetic map (LOD 2.0) composed of the 
300 gene-based markers, 103 core map markers and 24 other markers covered 1545.5 cM 
of the bean genome (McConnell et al., 2010). Using a modified deep sequencing of  
reduced representation library (RRL) (Van Tassell et al., 2008) approach, named as Muli-
tier RRL, Hyten et al (2010) discovered 3487 SNPs from the parental lines, BAT 93 and Jalo 
EEP 558,  which was used to develop the bean core map RIL population (Freyre et al., 
1998). Because of the abundance of SNPs present in the bean genome, it is expected that 
SNPs will soon become the most commonly used MMs in bean mapping and breeding 
programs. Because the SNPs discovered so far are mainly from bean genotypes between, 
rather than within, the bean gene pools, one limitation of using these SNPs in common 
bean breeding programs, however, is the lack of polymorphisms (about 10%) of these 
SNPs between parental lines within each of the bean market classess (Shi et al., 2011b). 
Therefore, discovering SNPs within gene pool is necessary for routine application of SNPs 
in bean improvement. 
Bacterial artificial chromosome (BAC) libraries are important resources for physical 
mapping and the development of molecular markers (Yu, 2011). The Development of SSR 
markers from BAC-end sequences is very cost-effective and offers genome-wide coverage as 
all repeat types are systematically sampled in the randomly selected BACs (Cho et al., 2004). 
BAC libraries were constructed for 10 common bean genotypes (Table 2).  The first common 
bean BAC library was developed by Vanhouten & MacKenzie (1999) with the Sprite snap 
bean-derived genotype for physical mapping of the nuclear fertility restorer Fr locus. In 
2006, four BAC libraries, three for common bean genotypes BAT93, G21245, G02771, and 
one for lima bean, cv Henderson (P. lunatus), were developed to study the evolution of the 
arcelin–phytohemagglutinin–a-amylase inhibitor (APA) multigene family (Kami et al., 2006) 
The four BAC libraries have a range of 9-20 fold genome coverage that should make them 
useful genetic resources for studying common bean and lima bean. The BAT 93 BAC library 
has been used successfully for cytogenetic studies of bean chromosomes (Fonseca, et al. 
2010; Pedrosa-Harand et al. 2009). BAC libraries were also developed for common bean 
genotypes G19833 (Schlueter et al., 2008), G12949 (Galasso et al., 2009), HR45 (Liu et al., 
2010), G02333 (Melotto et al., 2003), HR67 and OAC-Rex (Gepts et al., 2008).  
The G19833 BAC library was used for BAC end sequence analysis to develop BAC 
derived SSR markers and for physical mapping of the common bean genome (Fonseca, et 
al., 2010;  Córdoba et al., 2010).  Liu et al. (2010) used the HR45 BAC library to physically 
map the major CBB resistance QTL of common bean to the end of chromosome 6. 
Currently, the OAC-Rex BAC library is being used to sequence the whole genome of the 
CBB resistance cultivar, OAC-Rex (Pauls, et al. personal communication) and whole 
genomic sequencing of G19833 is also under way (McClean et al. personal 
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communication). However, the potential utilization of the bean BAC libraries for MM 
development has not been fully explored in bean. 
 
P. 
vulgaris 
L. 
(Common 
bean) 

Genotype Vector R-sitea No. of 
clones 

A.I-sizeb 
kb      

Covc. Ref.  

Sprite pECSBC4 RcoRI 33,792 100 5.3  Vanhouten, &  
MacKenzie.1999 

Bat 93 pIndigoBac5 HindIII 110,592 125 21.7 Kami et al. 2006 
G21245 pIndigoBac5 HindIII 55296 105 9.2 Kami et al. 2006 
G02771 pIndigoBac5 HindIII 55296 139 12.1 Kami et al. 2006 
G12949 pIndigoBac5 HindIII 30720 135 6.5 Pedrosa-

Harand  
et al. 2009 

G19833 pIndigoBac 
536 

HindIII 55296 145 12.6 Schlueter  
et al. 2008 

HR45 pIndigoBac5 HindIII 33,024 107 5.5 Liu et al. 2010  
HR67 BIBAC2 BamHI 22,560 300 10.6 Gepts et al. 2008 
OAC-
Rex 

BIBAC2 BamHI 31,776 150 7.5 Gepts et al. 2008 

G02333 pBeloBac11 HindIII 24,960 125 4.9 Galasso,  
et al. 2009 

Table 2. BAC libraries developed for common bean genotypes. a R-site is restriction cutting 
site for cloning; b A.I.-size is the average insert size of the BAC library in kilo bases; c Cov is 
the times of genome equivalent coverage. 

Cytological analysis of the common bean chromosomes has long been hampered by the 
small size and overall similarity of its (2n=22) chromosomes. Unambiguous identification of 
each bean chromosome was not possible until the double fluorescent in situ hybridization 
(FISH) with 45S and 5S rRNA probes, followed by 4’-6-diamidino-2-phenylindole (DAPI) 
counterstaining techniques were developed (Moscone et al., 1999). The first common bean 
mitotic chromosome nomenclature was proposed by Moscone et al. (1999). Chromosomes 
were characterized with respect to size, morphology, heterochromatin content and 
distribution of rDNA genes by fluorescent in situ hybridization (FISH) and assigned 
numbers from 1 to 11, based on size from largest to smallest, using the European cultivar 
‘Wax’ as a reference (Pedrosa et al. 2003). Because the numbering of linkage groups 
according to Freyre et al. (1998), B1 to B11, has been widely used by the bean community, it 
was agreed during the Phaseomics III meeting in 2004 that chromosomes should be 
reassigned numbers based on the linkage group nomenclature (Pedorsa et al., 2008). The 
integration of the common bean LGs and the chromosome  map was a breakthrough in 
common bean genetics.  The standard nomenclature can be found in the BIC website 
(http://www.css.msu.edu/bic/Genetics.cfm).  In two recent studies, a cytogenetic map of 
common bean was built by FISH of BACs selected with markers mapping to the 11 linkage 
groups, plus 2 plasmids for 5S and 45S ribosomal DNA and one bacteriophage (Pedrosa et 
al., 2009; Fonseca et al., 2010). It was found that about 50% of the bean genome is 
heterochromatic and that genes and repetitive sequences on the bean chromosomes are 
intermingled in the euchromation and heterochromatin. 
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genome size of  588 Mb (Liu et al., 2010), over 6 millions of SNPs would present in the 
entire bean genome. Three hundreds eighteen SNPs were detected from 5,255 bean EST 
sequences (Melotto et al., 2005). With EST sequence information from two bean 
genotypes, the Mesoamerican cultivar Negro Jamapa 81 and the Andean cultivar G19833 
(Ramirez et al., 2005) , over 1,800 SNPs and indels  were detected (McConnell et al., 2010). 
PCR primers were designed to amplify the BAT93 and Jalo EEP558 fragments and 534 
useful fragments with an average size of 500bp were sequenced. Of the 534 gene 
fragment, 395 (74%) were polymorphic between BAT93 and Jalo EEP558. Three hundreds 
of the 395 gene fragments (most of them have at least one SNP) were mapped on the BJ 
core map population (McConnell et al., 2010). The genetic map (LOD 2.0) composed of the 
300 gene-based markers, 103 core map markers and 24 other markers covered 1545.5 cM 
of the bean genome (McConnell et al., 2010). Using a modified deep sequencing of  
reduced representation library (RRL) (Van Tassell et al., 2008) approach, named as Muli-
tier RRL, Hyten et al (2010) discovered 3487 SNPs from the parental lines, BAT 93 and Jalo 
EEP 558,  which was used to develop the bean core map RIL population (Freyre et al., 
1998). Because of the abundance of SNPs present in the bean genome, it is expected that 
SNPs will soon become the most commonly used MMs in bean mapping and breeding 
programs. Because the SNPs discovered so far are mainly from bean genotypes between, 
rather than within, the bean gene pools, one limitation of using these SNPs in common 
bean breeding programs, however, is the lack of polymorphisms (about 10%) of these 
SNPs between parental lines within each of the bean market classess (Shi et al., 2011b). 
Therefore, discovering SNPs within gene pool is necessary for routine application of SNPs 
in bean improvement. 
Bacterial artificial chromosome (BAC) libraries are important resources for physical 
mapping and the development of molecular markers (Yu, 2011). The Development of SSR 
markers from BAC-end sequences is very cost-effective and offers genome-wide coverage as 
all repeat types are systematically sampled in the randomly selected BACs (Cho et al., 2004). 
BAC libraries were constructed for 10 common bean genotypes (Table 2).  The first common 
bean BAC library was developed by Vanhouten & MacKenzie (1999) with the Sprite snap 
bean-derived genotype for physical mapping of the nuclear fertility restorer Fr locus. In 
2006, four BAC libraries, three for common bean genotypes BAT93, G21245, G02771, and 
one for lima bean, cv Henderson (P. lunatus), were developed to study the evolution of the 
arcelin–phytohemagglutinin–a-amylase inhibitor (APA) multigene family (Kami et al., 2006) 
The four BAC libraries have a range of 9-20 fold genome coverage that should make them 
useful genetic resources for studying common bean and lima bean. The BAT 93 BAC library 
has been used successfully for cytogenetic studies of bean chromosomes (Fonseca, et al. 
2010; Pedrosa-Harand et al. 2009). BAC libraries were also developed for common bean 
genotypes G19833 (Schlueter et al., 2008), G12949 (Galasso et al., 2009), HR45 (Liu et al., 
2010), G02333 (Melotto et al., 2003), HR67 and OAC-Rex (Gepts et al., 2008).  
The G19833 BAC library was used for BAC end sequence analysis to develop BAC 
derived SSR markers and for physical mapping of the common bean genome (Fonseca, et 
al., 2010;  Córdoba et al., 2010).  Liu et al. (2010) used the HR45 BAC library to physically 
map the major CBB resistance QTL of common bean to the end of chromosome 6. 
Currently, the OAC-Rex BAC library is being used to sequence the whole genome of the 
CBB resistance cultivar, OAC-Rex (Pauls, et al. personal communication) and whole 
genomic sequencing of G19833 is also under way (McClean et al. personal 
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communication). However, the potential utilization of the bean BAC libraries for MM 
development has not been fully explored in bean. 
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vulgaris 
L. 
(Common 
bean) 

Genotype Vector R-sitea No. of 
clones 

A.I-sizeb 
kb      

Covc. Ref.  

Sprite pECSBC4 RcoRI 33,792 100 5.3  Vanhouten, &  
MacKenzie.1999 

Bat 93 pIndigoBac5 HindIII 110,592 125 21.7 Kami et al. 2006 
G21245 pIndigoBac5 HindIII 55296 105 9.2 Kami et al. 2006 
G02771 pIndigoBac5 HindIII 55296 139 12.1 Kami et al. 2006 
G12949 pIndigoBac5 HindIII 30720 135 6.5 Pedrosa-

Harand  
et al. 2009 

G19833 pIndigoBac 
536 

HindIII 55296 145 12.6 Schlueter  
et al. 2008 

HR45 pIndigoBac5 HindIII 33,024 107 5.5 Liu et al. 2010  
HR67 BIBAC2 BamHI 22,560 300 10.6 Gepts et al. 2008 
OAC-
Rex 

BIBAC2 BamHI 31,776 150 7.5 Gepts et al. 2008 

G02333 pBeloBac11 HindIII 24,960 125 4.9 Galasso,  
et al. 2009 

Table 2. BAC libraries developed for common bean genotypes. a R-site is restriction cutting 
site for cloning; b A.I.-size is the average insert size of the BAC library in kilo bases; c Cov is 
the times of genome equivalent coverage. 

Cytological analysis of the common bean chromosomes has long been hampered by the 
small size and overall similarity of its (2n=22) chromosomes. Unambiguous identification of 
each bean chromosome was not possible until the double fluorescent in situ hybridization 
(FISH) with 45S and 5S rRNA probes, followed by 4’-6-diamidino-2-phenylindole (DAPI) 
counterstaining techniques were developed (Moscone et al., 1999). The first common bean 
mitotic chromosome nomenclature was proposed by Moscone et al. (1999). Chromosomes 
were characterized with respect to size, morphology, heterochromatin content and 
distribution of rDNA genes by fluorescent in situ hybridization (FISH) and assigned 
numbers from 1 to 11, based on size from largest to smallest, using the European cultivar 
‘Wax’ as a reference (Pedrosa et al. 2003). Because the numbering of linkage groups 
according to Freyre et al. (1998), B1 to B11, has been widely used by the bean community, it 
was agreed during the Phaseomics III meeting in 2004 that chromosomes should be 
reassigned numbers based on the linkage group nomenclature (Pedorsa et al., 2008). The 
integration of the common bean LGs and the chromosome  map was a breakthrough in 
common bean genetics.  The standard nomenclature can be found in the BIC website 
(http://www.css.msu.edu/bic/Genetics.cfm).  In two recent studies, a cytogenetic map of 
common bean was built by FISH of BACs selected with markers mapping to the 11 linkage 
groups, plus 2 plasmids for 5S and 45S ribosomal DNA and one bacteriophage (Pedrosa et 
al., 2009; Fonseca et al., 2010). It was found that about 50% of the bean genome is 
heterochromatic and that genes and repetitive sequences on the bean chromosomes are 
intermingled in the euchromation and heterochromatin. 
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4. Molecular tagging of CBB resistance gene(s) /or QTL and application of 
MMs in bean breeding 
The positioning of MMs linked to CBB on the bean genetic maps has revolutionized our 
understanding of resistance to CBB (Kelly et al., 2003). Nodari et al. (1993) used 150 
restriction fragment length polymorphism (RFLP) markers and 70 F2-derived F3 families of 
the BAT 93 X Jalo EEP558 cross to map the genetic factors controlling CBB resistance present 
in BAT 93. They identified 4 putative QTLs located on 4 different linkage groups. These four 
QTLs explained 75% of the phenotypic variation for CBB resistance. Random amplified 
polymorphic DNA (RAPD) markers were used by Jung et al. (1996) to tag the QTL in a 
recombinant inbred line (RIL) population derived from the cross between BAC 6 x HT 7719. 
The CBB resistance of this RIL population was from the BAC 6 Mesoamerican bean line. 
RAPD marker BC409.1250 was found to associate with a major QTL conditioning CBB 
resistance to the Xap EK-11 strain in first trifoliate leaves (account for 12% of the phenotypic 
variation), later-developed trifoliate leaves (13% of the phenotypic variation), and pods (17% 
of the phenotypic variation). Another QTL conditioning CBB resistance to the Xap Epif-IV 
strain in the later-developed trifoliate leaves (10% of the phenotypic variation) was found to 
link with RAPD marker U16.600-H11.650. Other QTL were also detected but they were of 
less significance (account for less than 10% of the phenotypic variation).  MMs associated 
with QTL of less effect are usually not very effective in MAS. The two genomic regions that 
enclose the CBB resistance QTL were confirmed later with 3 additional mapping 
populations and 1 additional Xap strain (Jung et al., 1999). It is interesting that the BC 
409.1250 RAPD marker was significantly associated with CBB resistance to all 3 Xap  strains 
(EK-11, Epif-IV, and  DR-7) in all the 4 populations {BAC 6 x HT 7719 (BH), Venezuela x 
BAC6 (BV), BeIneb RR-1 x A55 (BA), and PC50 x BAC6 (PB)}. The BC 409.1250 marker, 
however, was not linked to any of the other markers used in their experiments (Jung et al., 
1996, 1999).  
The other genomic region tagged by U16.600-H11.650 in the BH population (Jung et al., 
1996) was also confirmed in 3 of the 4 populations (BH, BA, and PB). Two RAPD markers, 
K19.450 and AG15.660, were mapped to the same location across the 4 populations (Jung 
et al., 1999). The BC409.1250 RAPD marker was converted into a sequence characterised 
amplified region (SCAR) marker (Paran & Michelmore, 1993) for reliable PCR 
amplification in MAS of bean breeding programs (Jung et al., 1999; Ariyarathne et al., 
1999). The two genomic regions tagged, respectively, by BC409.1250 and K19.450 (Jung et 
al.,1996, 1999) was later mapped to the same linkage group (LG) B10 by Ariyarathne et al. 
(1999). Another RAPD marker, W10.550, located in the same LG was also identified, 
which is tightly associated with the CBB resistance QTL in first trifoliate leaf and pod. 
This QTL explained up to 44% and 41% of the phenotypic variation in first trifoliate leaf 
and pod, respectively (Ariyarathne et al., 1999). These results provideed strong evidence 
that more than one QTL are located on the bean linakge group 10 (Chromosome 10). The 
SCAR marker, derived from the BC409.1250 RAPD marker, was named as BAC 6 SCAR 
marker, which is one of the commonly used MM in MAS of bean for CBB resistance 
(http://www.css.msu.edu/bic/PDF/SCAR_Markers_2010.pdf).  
By using selective genotyping and bulked segregant analysis (Michelmore et al., 1991), 
Miklas et al. (1996) detected two genomic regions affecting CBB resistance with an F5:7 RIL 
population derived from the Dorado x XAN 176 cross. One genomic region defined by 
RAPD marker AP6.820 on LG PR14 explained 60%, 10% and 30 of the phenotypic 
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variation in greenhouse-leaf, field-leaf and greenhouse-pod reactions, respectively. The 
AP6.680 RAPD marker was mapped to the end of LG 10 by Miklas et al. (2000a) and 
converted to the SCAR marker SAP6.680 (Miklas et al., 2003) which was positioned 
between the W10.550 and the BAC 6.1250 markers on LG10 in the BAC 6/HT 7719 
population (Ariyaranthe et al., 1999). So there is a good chance that both the SAP 6.680 
and the BAC 6.1250 markers are actually linked to the same QTL (Miklas, personal 
communication). The other genomic region on LG PR7 or B7 defined by A19.600 
explained 12% and 40% of the phenotypic variation in greenhouse-leaf and field-leaf 
reaction. The occurrence of common genomic region affecting CBB resistance in different 
tissues and under different environmental conditions indicate that the expression of CBB 
resistance may be conditioned by more than one genetic factors clustered together or by 
one genetic factor with pleiotropic effect. 
Jung et al. (1997) identified four genomic regions present in XAN 159, a bean line was 
developed by inter-specific crossing between tapary bean PI319443 and common bean, 
conditioning CBB resistance at first trifoliate leaves, pods and seeds.  One genomic region on 
their LG 5 defined by BC420.900 RAPD marker was found to contain a major QTL 
conferring CBB resistance to Xap strain DR-7 and EK-11 in leaf (accounted for 28% of the 
phenotypic variation), pod (11%) and seed (18%). The CBB resistance in XAN159 was 
successfully transferred into common bean by Park & Dhanvantari (1994) and Park et al. 
(2007) to develop the HR45 and HR67 bean germplasm, which are highly resistant to CBB in 
both field and greenhouse test (Yu et al., 2000a; Liu et al., 2008). The major QTL of XAN159 
origin linked with BC420.900 RAPD marker was confirmed by Yu et al. (2000a) in a RIL 
population derived from the HR 67 x W1744d cross. This QTL explained 62% of the 
phenotypic variation in CBB reaction tested in the greenhouse environment. The BC420.900 
RAPD marker was also converted into a SCAR marker, which is one of the most commonly 
used markers for MAS in breeding bean for CBB resistance (Yu et al., 2000a; Liu et al., 2008; 
Kelly et al., 2003; Miklas et al., 2006; Fourie and Herselman 2002, Park and Yu 2004; Ibarra-
Perez and Kelly 2005; Liu et al. 2005; Mutlu et al.2005b). An SSR marker in the bean nitrate 
reductase gene was also found to have tight linkage with the BC 420.900 marker and CBB 
resistance in a RIL population derived from the HR67 x OAC-95-4 cross (Yu et al., 2004).  
The same RIL population was also used by Liu et al. (2008) to develop several sequence 
tagged site (STS) markers that are tightly linked to this major QTL. They also confirmed that 
the BC420.900 QTL is located on LG B6 (chromosome 6) rather than LG B7 reported by Yu et 
al. (2004). One negative aspect of this QTL is its linkage with the V gene, which conditions 
purple flower color and dark seed colors (Jung et al., 1997; Miklas et al., 2006; Kelly et al., 
2003; Liu et al., 2008). This linkage drag is unfavourable for breeding CBB resistance pinto, 
cranberry, and red kidney beans If XAN159, HR67 or HR45 were used as the CBB resistance 
source (Liu et al., 2008; Miklas et al., 2006). Bai et al. (1997)  detected tight association 
between the RAPD marker BC73.700 and a major CBB resistance QTL in OAC-88-1, a 
breeding line developed by the inter-specific cross between tapary bean PI440795 x common 
bean ‘ICA Pijao’ (Scott & Michaels, 1992). This QTL could explain 45% of the phenotypic 
variation and believed to be located on LG8 (Chromosome 8) (Kelly et al., 2003) because of 
its linkage with the SU91.700 SCAR marker that is tightly linked to a major QTL in XAN159, 
which derived its CBB resistance from tapary bean PI 319443 (Pedraza et al., 1997; Kelly et 
al., 2003; Liu et al., 2009). The BC73.700 RAPD marker was also converted into a SCAR 
marker for efficient use in MAS (Beattie et al., 1998). The exact map location of the SU91 is  
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4. Molecular tagging of CBB resistance gene(s) /or QTL and application of 
MMs in bean breeding 
The positioning of MMs linked to CBB on the bean genetic maps has revolutionized our 
understanding of resistance to CBB (Kelly et al., 2003). Nodari et al. (1993) used 150 
restriction fragment length polymorphism (RFLP) markers and 70 F2-derived F3 families of 
the BAT 93 X Jalo EEP558 cross to map the genetic factors controlling CBB resistance present 
in BAT 93. They identified 4 putative QTLs located on 4 different linkage groups. These four 
QTLs explained 75% of the phenotypic variation for CBB resistance. Random amplified 
polymorphic DNA (RAPD) markers were used by Jung et al. (1996) to tag the QTL in a 
recombinant inbred line (RIL) population derived from the cross between BAC 6 x HT 7719. 
The CBB resistance of this RIL population was from the BAC 6 Mesoamerican bean line. 
RAPD marker BC409.1250 was found to associate with a major QTL conditioning CBB 
resistance to the Xap EK-11 strain in first trifoliate leaves (account for 12% of the phenotypic 
variation), later-developed trifoliate leaves (13% of the phenotypic variation), and pods (17% 
of the phenotypic variation). Another QTL conditioning CBB resistance to the Xap Epif-IV 
strain in the later-developed trifoliate leaves (10% of the phenotypic variation) was found to 
link with RAPD marker U16.600-H11.650. Other QTL were also detected but they were of 
less significance (account for less than 10% of the phenotypic variation).  MMs associated 
with QTL of less effect are usually not very effective in MAS. The two genomic regions that 
enclose the CBB resistance QTL were confirmed later with 3 additional mapping 
populations and 1 additional Xap strain (Jung et al., 1999). It is interesting that the BC 
409.1250 RAPD marker was significantly associated with CBB resistance to all 3 Xap  strains 
(EK-11, Epif-IV, and  DR-7) in all the 4 populations {BAC 6 x HT 7719 (BH), Venezuela x 
BAC6 (BV), BeIneb RR-1 x A55 (BA), and PC50 x BAC6 (PB)}. The BC 409.1250 marker, 
however, was not linked to any of the other markers used in their experiments (Jung et al., 
1996, 1999).  
The other genomic region tagged by U16.600-H11.650 in the BH population (Jung et al., 
1996) was also confirmed in 3 of the 4 populations (BH, BA, and PB). Two RAPD markers, 
K19.450 and AG15.660, were mapped to the same location across the 4 populations (Jung 
et al., 1999). The BC409.1250 RAPD marker was converted into a sequence characterised 
amplified region (SCAR) marker (Paran & Michelmore, 1993) for reliable PCR 
amplification in MAS of bean breeding programs (Jung et al., 1999; Ariyarathne et al., 
1999). The two genomic regions tagged, respectively, by BC409.1250 and K19.450 (Jung et 
al.,1996, 1999) was later mapped to the same linkage group (LG) B10 by Ariyarathne et al. 
(1999). Another RAPD marker, W10.550, located in the same LG was also identified, 
which is tightly associated with the CBB resistance QTL in first trifoliate leaf and pod. 
This QTL explained up to 44% and 41% of the phenotypic variation in first trifoliate leaf 
and pod, respectively (Ariyarathne et al., 1999). These results provideed strong evidence 
that more than one QTL are located on the bean linakge group 10 (Chromosome 10). The 
SCAR marker, derived from the BC409.1250 RAPD marker, was named as BAC 6 SCAR 
marker, which is one of the commonly used MM in MAS of bean for CBB resistance 
(http://www.css.msu.edu/bic/PDF/SCAR_Markers_2010.pdf).  
By using selective genotyping and bulked segregant analysis (Michelmore et al., 1991), 
Miklas et al. (1996) detected two genomic regions affecting CBB resistance with an F5:7 RIL 
population derived from the Dorado x XAN 176 cross. One genomic region defined by 
RAPD marker AP6.820 on LG PR14 explained 60%, 10% and 30 of the phenotypic 
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variation in greenhouse-leaf, field-leaf and greenhouse-pod reactions, respectively. The 
AP6.680 RAPD marker was mapped to the end of LG 10 by Miklas et al. (2000a) and 
converted to the SCAR marker SAP6.680 (Miklas et al., 2003) which was positioned 
between the W10.550 and the BAC 6.1250 markers on LG10 in the BAC 6/HT 7719 
population (Ariyaranthe et al., 1999). So there is a good chance that both the SAP 6.680 
and the BAC 6.1250 markers are actually linked to the same QTL (Miklas, personal 
communication). The other genomic region on LG PR7 or B7 defined by A19.600 
explained 12% and 40% of the phenotypic variation in greenhouse-leaf and field-leaf 
reaction. The occurrence of common genomic region affecting CBB resistance in different 
tissues and under different environmental conditions indicate that the expression of CBB 
resistance may be conditioned by more than one genetic factors clustered together or by 
one genetic factor with pleiotropic effect. 
Jung et al. (1997) identified four genomic regions present in XAN 159, a bean line was 
developed by inter-specific crossing between tapary bean PI319443 and common bean, 
conditioning CBB resistance at first trifoliate leaves, pods and seeds.  One genomic region on 
their LG 5 defined by BC420.900 RAPD marker was found to contain a major QTL 
conferring CBB resistance to Xap strain DR-7 and EK-11 in leaf (accounted for 28% of the 
phenotypic variation), pod (11%) and seed (18%). The CBB resistance in XAN159 was 
successfully transferred into common bean by Park & Dhanvantari (1994) and Park et al. 
(2007) to develop the HR45 and HR67 bean germplasm, which are highly resistant to CBB in 
both field and greenhouse test (Yu et al., 2000a; Liu et al., 2008). The major QTL of XAN159 
origin linked with BC420.900 RAPD marker was confirmed by Yu et al. (2000a) in a RIL 
population derived from the HR 67 x W1744d cross. This QTL explained 62% of the 
phenotypic variation in CBB reaction tested in the greenhouse environment. The BC420.900 
RAPD marker was also converted into a SCAR marker, which is one of the most commonly 
used markers for MAS in breeding bean for CBB resistance (Yu et al., 2000a; Liu et al., 2008; 
Kelly et al., 2003; Miklas et al., 2006; Fourie and Herselman 2002, Park and Yu 2004; Ibarra-
Perez and Kelly 2005; Liu et al. 2005; Mutlu et al.2005b). An SSR marker in the bean nitrate 
reductase gene was also found to have tight linkage with the BC 420.900 marker and CBB 
resistance in a RIL population derived from the HR67 x OAC-95-4 cross (Yu et al., 2004).  
The same RIL population was also used by Liu et al. (2008) to develop several sequence 
tagged site (STS) markers that are tightly linked to this major QTL. They also confirmed that 
the BC420.900 QTL is located on LG B6 (chromosome 6) rather than LG B7 reported by Yu et 
al. (2004). One negative aspect of this QTL is its linkage with the V gene, which conditions 
purple flower color and dark seed colors (Jung et al., 1997; Miklas et al., 2006; Kelly et al., 
2003; Liu et al., 2008). This linkage drag is unfavourable for breeding CBB resistance pinto, 
cranberry, and red kidney beans If XAN159, HR67 or HR45 were used as the CBB resistance 
source (Liu et al., 2008; Miklas et al., 2006). Bai et al. (1997)  detected tight association 
between the RAPD marker BC73.700 and a major CBB resistance QTL in OAC-88-1, a 
breeding line developed by the inter-specific cross between tapary bean PI440795 x common 
bean ‘ICA Pijao’ (Scott & Michaels, 1992). This QTL could explain 45% of the phenotypic 
variation and believed to be located on LG8 (Chromosome 8) (Kelly et al., 2003) because of 
its linkage with the SU91.700 SCAR marker that is tightly linked to a major QTL in XAN159, 
which derived its CBB resistance from tapary bean PI 319443 (Pedraza et al., 1997; Kelly et 
al., 2003; Liu et al., 2009). The BC73.700 RAPD marker was also converted into a SCAR 
marker for efficient use in MAS (Beattie et al., 1998). The exact map location of the SU91 is  
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Fig. 1. The chromosome distribution of the identified CBB resistance gene (s) /or QTLs and 
the associated molecular markers, resemble the maps presented by Shi et al. (2011b). For 
each linkage group, the map on the left is reproduced from McClean (2007) map 
{(http://www.comparative-legumes.org/); McConnell et al. 2010}, the map on the right is 
reproduced from the bean core map {(http://www.comparative-legumes.org/); Freyre et al. 
1998}, adopted from Miklas et al (2006) . Both maps are integrated by shared markers except 
for linkage group B10 (Shi et al. 2011b). In McClean (2007) map, only molecular markers 
used in association study (in black, Shi et al. 2011b), shared markers (in blue, Freyre et al. 
1998), and the Breeder-friendly SCAR and SSR markers (in green) are shown. The markers 
in red were found significantly (P ≤ 0.05) associated with CBB resistance (Shi et al. 2011b). In 
Freyre (1998) map, loci placed on the left side of each chromosome were shared markers in 
blue and molecular markers closest to previous identified CBB-QTLs. To the right of each 
linkage group are previously identified CBB-QTLs in different populations (Miklas et al. 
2006). Symbols in subscript represent the source population of the QTL: BA Belneb-RR-
1/A55, BJ BAT93/JaloEEP558, BH BAC6/HT7719, DX DOR364/XAN176, H95 
HR67/OAC95, PX PC50/XAN159, S95 Seaforth/OAC95 and XC XR-235-1-1/Calima. 
Marker UBC420, PV-ttc001, PV-ctt001, SU91, SPA6 and QTL locations are approximate 
because most were not directly mapped in the BAT93/JaloEEP558 population. The total 
distance of each linkage group is expressed in cM (Kosambi mapping function). 

not determined so far. Recent studies, however, found that SU91.700 SCAR marker appears to 
have two similar PCR fragments co-migrating on agrose gel and shows distorted segregation 
in some mapping populations (Xie et al., unpublished results). Interestingly, the two QTL 
associated with BC73.700 and SU91.700 were derived from tapary bean PI 440795 and PI 
319433, respectively.  This suggests that the two QTL may be the same or of the same origion.  
Tar’an et al. (2001) identified three QTL from OAC-95-4, which is a sibling breeding line of the 
OAC-88-1 and the experimental name of the OAC-Rex cultivar (Michaels et al., 2006). One 
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Major QTL 
  

Chromo-
some 
Location 

Linked 
MMs 
 

Primer sequences Size 
(bp)    

Reference  

PV-cttt001 4  or 5 ? PV-cttt001 
SSR 

F- gagggtgtttcactattgtccctgc 
R- ttcatggatggtggaggaacag 

152 Tar’an et al. 2001 
Kelli et al. 
Unpublished 

BC 420 6 BC420 
SCAR 

F- gcagggttcgaagacacaxtgg 
R- gcagggttcgcccaataacg 

900 Yu et al. 2000a 

PV-tttc001 
SSR 

F- tttacgcaccgcagcaccac 
R- tggactcatagaggcgcagaaag

161 Yu et al. 2004 

STS 183 F- cctatgtacttcttgagggagac 
R- agaagcccagggacttggat 

142 Liu et al. 2008 

STS 333 F- cataagatgaatggttcttgac 
R- ccatttggtgagattcactt 

274 Liu et al. 2008 

GTM 1 F- ccacctgccacatagacctt 
R- tctcgagaagggcagaggta 

459 Yu et al. 
Unpublished 

GTM 2 F- cgagactcgtgtgctctctg 
R- acgaaggttgattcccagtg 

519 Yu et al. 
Unpublished 

SU 91 8 SU91 
SCAR 

F- ccacatcggttaacatgagt 
R- ccacatcggtgtcaacgtga  

700 Pedraza et al. 1997 
 

GTM 3 F- atggtggagacgagatgacc 
R- tccgacattgaaaccagttg 

425 Yu et al. 
Unpublished 

GTM 4 F- ggcgacggcttctttgac 
R- tccaaagaccaaagggtgag 

464 Yu et al. 
Unpublished 

R 7313 8 R7313 
SCAR 

F- attgttatcgtcgacacg 
R-aatatttctgatcacacgag  

700 Bai et al. 1997 
Beattie et al. 1998 

SPA6 10 SPA6 
SCAR 

F-gtcacgtctccttaatagta  
R-gtcacgtctcaataggcaaa  

820 Miklas et al. 2003 

BAC6 10 BAC6 
SCAR 

F- taggcggcggcgcacgttttg  
R-taggcggcggaagtggcggtg  

1250 Jung et al. 1999 

Table 3. Commonly used MMs associated with the major CBB resistance gene(s) /or QTL 
and their primer sequences     

major QTL associated with the SSR marker PHVPVPK-1 was mapped on LG G5 
(corresponding to B5 or chromosome 5), which explained over 42% of the phenotypic 
variation. The SSR marker PHVPVPK-1 linked to this major CBB resistance locus in the 
study of Tar’an et al. (2001) is equivalent to the PV-ctt001 reported by Yu et al. (2000b) that 
was positioned on LG B4 (chromosome 4) of the ‘BAT93’ – ‘Jalo EEP558’ core map (Yu et al. 
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Fig. 1. The chromosome distribution of the identified CBB resistance gene (s) /or QTLs and 
the associated molecular markers, resemble the maps presented by Shi et al. (2011b). For 
each linkage group, the map on the left is reproduced from McClean (2007) map 
{(http://www.comparative-legumes.org/); McConnell et al. 2010}, the map on the right is 
reproduced from the bean core map {(http://www.comparative-legumes.org/); Freyre et al. 
1998}, adopted from Miklas et al (2006) . Both maps are integrated by shared markers except 
for linkage group B10 (Shi et al. 2011b). In McClean (2007) map, only molecular markers 
used in association study (in black, Shi et al. 2011b), shared markers (in blue, Freyre et al. 
1998), and the Breeder-friendly SCAR and SSR markers (in green) are shown. The markers 
in red were found significantly (P ≤ 0.05) associated with CBB resistance (Shi et al. 2011b). In 
Freyre (1998) map, loci placed on the left side of each chromosome were shared markers in 
blue and molecular markers closest to previous identified CBB-QTLs. To the right of each 
linkage group are previously identified CBB-QTLs in different populations (Miklas et al. 
2006). Symbols in subscript represent the source population of the QTL: BA Belneb-RR-
1/A55, BJ BAT93/JaloEEP558, BH BAC6/HT7719, DX DOR364/XAN176, H95 
HR67/OAC95, PX PC50/XAN159, S95 Seaforth/OAC95 and XC XR-235-1-1/Calima. 
Marker UBC420, PV-ttc001, PV-ctt001, SU91, SPA6 and QTL locations are approximate 
because most were not directly mapped in the BAT93/JaloEEP558 population. The total 
distance of each linkage group is expressed in cM (Kosambi mapping function). 

not determined so far. Recent studies, however, found that SU91.700 SCAR marker appears to 
have two similar PCR fragments co-migrating on agrose gel and shows distorted segregation 
in some mapping populations (Xie et al., unpublished results). Interestingly, the two QTL 
associated with BC73.700 and SU91.700 were derived from tapary bean PI 440795 and PI 
319433, respectively.  This suggests that the two QTL may be the same or of the same origion.  
Tar’an et al. (2001) identified three QTL from OAC-95-4, which is a sibling breeding line of the 
OAC-88-1 and the experimental name of the OAC-Rex cultivar (Michaels et al., 2006). One 
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Major QTL 
  

Chromo-
some 
Location 

Linked 
MMs 
 

Primer sequences Size 
(bp)    

Reference  

PV-cttt001 4  or 5 ? PV-cttt001 
SSR 

F- gagggtgtttcactattgtccctgc 
R- ttcatggatggtggaggaacag 

152 Tar’an et al. 2001 
Kelli et al. 
Unpublished 

BC 420 6 BC420 
SCAR 

F- gcagggttcgaagacacaxtgg 
R- gcagggttcgcccaataacg 

900 Yu et al. 2000a 

PV-tttc001 
SSR 

F- tttacgcaccgcagcaccac 
R- tggactcatagaggcgcagaaag

161 Yu et al. 2004 

STS 183 F- cctatgtacttcttgagggagac 
R- agaagcccagggacttggat 

142 Liu et al. 2008 

STS 333 F- cataagatgaatggttcttgac 
R- ccatttggtgagattcactt 

274 Liu et al. 2008 

GTM 1 F- ccacctgccacatagacctt 
R- tctcgagaagggcagaggta 

459 Yu et al. 
Unpublished 

GTM 2 F- cgagactcgtgtgctctctg 
R- acgaaggttgattcccagtg 

519 Yu et al. 
Unpublished 

SU 91 8 SU91 
SCAR 

F- ccacatcggttaacatgagt 
R- ccacatcggtgtcaacgtga  

700 Pedraza et al. 1997 
 

GTM 3 F- atggtggagacgagatgacc 
R- tccgacattgaaaccagttg 

425 Yu et al. 
Unpublished 

GTM 4 F- ggcgacggcttctttgac 
R- tccaaagaccaaagggtgag 

464 Yu et al. 
Unpublished 

R 7313 8 R7313 
SCAR 

F- attgttatcgtcgacacg 
R-aatatttctgatcacacgag  

700 Bai et al. 1997 
Beattie et al. 1998 

SPA6 10 SPA6 
SCAR 

F-gtcacgtctccttaatagta  
R-gtcacgtctcaataggcaaa  

820 Miklas et al. 2003 

BAC6 10 BAC6 
SCAR 

F- taggcggcggcgcacgttttg  
R-taggcggcggaagtggcggtg  

1250 Jung et al. 1999 

Table 3. Commonly used MMs associated with the major CBB resistance gene(s) /or QTL 
and their primer sequences     

major QTL associated with the SSR marker PHVPVPK-1 was mapped on LG G5 
(corresponding to B5 or chromosome 5), which explained over 42% of the phenotypic 
variation. The SSR marker PHVPVPK-1 linked to this major CBB resistance locus in the 
study of Tar’an et al. (2001) is equivalent to the PV-ctt001 reported by Yu et al. (2000b) that 
was positioned on LG B4 (chromosome 4) of the ‘BAT93’ – ‘Jalo EEP558’ core map (Yu et al. 
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2000b). The mapping position discrepancy may be because the marker is located at the end 
of a linkage group in both maps, a position known to be difficult to map accurately, 
especially in a small population. Differences in the genetic background between the two 
mapping populations may also contribute to the discrepancy in marker location (Tar’an et 
al., 2001). Recent studies, however, indicate again that PV-ctt001 is likely located on B4 
(chromosome 4) rather than B5 (chromosome 5) and the QTL associated with PV-ctt001 is 
not significant in the absence of BC 420 (Kelli et al., unpublished results). The other major 
QTL was positioned on LG G2 (corresponding to B4 or chromosome 4), which was tagged 
byBNG71DraI and explained 36% of the phenotypic variation for CBB resistance.  
The SCAR markers, BC420, SU91 and SAP6 linked with the 3 major QTL of P. acutifolius 
(BC420 and SU91) and P.vulgaris (SAP6) origins on B6, B8, and B10, respectively, have been 
used for MAS of CBB resistance (Table 3, Mutlu et al., 2005b; Yu et al., 2000a) and to validate 
QTL presence in resistant lines selected by phenotypic selection (see review by Miklas et al., 
2006, Fouie & Herselman, 2002). Because of the differences in molecular weights among the 
3 SCAR markers, they can be multiplexed in  one PCR reaction (Miklas et al., 2000) to speed 
up MAS for combined resistance to CBB (Miklas et al., 2006). The SU91 SCAR marker 
associated QTL tentatively positioned on LG 8 or chromosome 8 has been used the most 
often for MAS (Miklas et al 2005, Mutlu et al 2005b, Hou et al. 2010, Navabi et al., 
unpublished results; Yu et al unpublished results).  Epistatic interactions, however, between 
BC420 and SU91 CBB resistance QTL were detected (Vandemark et al., 2008), which would 
complicate the use of MMs in MAS. Epistatic interactions between other CBB resistance QTL 
were also reported in several other studies (Jung et al.1997; Tar’an et al., 1998; O’Boyle et al., 
2007,).  

5. Cloning CBB resistance gene(s) / or QTL 
Current technical progress in the area of molecular biology and genomics have made the 
cloning of QTL [i.e. the identification of the DNA sequences (coding or non-coding) 
responsible for QTL] possible. To date, most plant QTL have been cloned using a positional 
cloning approach following identification in experimental crosses. In some cases, an 
association between sequence variation at a candidate gene and a phenotype has been 
established by analysing existing genetic accessions (Salvi & Tuberosa, 2005). A literature 
survey shows that although about 150 research papers reporting original QTL data are 
published yearly (average of 2000–2004, considering Arabidopsis, soybean, rice, sorghum, 
maize, barley and wheat), only a handful of studies have reported the cloning of QTL (Salvi 
& Tuberosa, 2005). In common bean, there is only one report on efforts to clone the major 
CBB resistance QTL by Yu et al. (2010). Two approaches were used by Yu’s group to clone 
the major CBB resistance QTL associated with the BC 420 SCAR and the SU 91 SCAR 
markers present in the CBB resistance line HR45. Namely, map-based position cloning and 
candidate gene approaches. With the first approach, they first mapped the BC420 QTL to 
chromosome 6 at a distal region (Figure 3A, Yu et al., 2000a, Liu et al., 2008,). A BAC library 
was then developed to physically map the QTL to a genomic region of about 750 kb with 6 
BAC clones (Figure 3 B, Liu et al., 2010). One BAC clone, 4k7, containing the BC420 marker 
was sequenced. The sequenced 4k7 BAC was assembled into a 90kb single contig for 
functional annotation. Since the BAC was selected by marker BC420, the entire sequence of 
BC420 was fully recovered from this BAC sequence. Twenty-one genes were ab initio predicted 
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by FGENESH using Medicago gene model, including 11 from sense chain and 10 from anti-
sense chain (Figure 3C). Although no homology to any previously identified common bean 
genes was found, six of the putative genes were supported by common bean ESTs and three of 
them were supported by runner bean ESTs. The expression of 6 putative genes with supported 
bean ESTs was assessed and verified by real time RT-PCR. For each putative gene, one or two 
primer pairs were designed and tested in the contrasting NILs (Near Isogenic Lines) 
(Vandemark et al. 2008). Fifty-seven percent (8 of 14) of the primer pairs were polymorphic. 
Seven of them are dominant markers present in the NILs harboring the BC420-QTL, but one is 
a co-dominant marker. Based on the simple repetitive elements found in the BAC sequences, 
seven SSR markers were designed and tested in the contrasting NILs. Three of them turned 
out to be polymorphic, including two dominant and one co-dominant markers. Overall, eleven 
new markers have been developed in association with CBB resistance in HR45. Another BAC 
clone harbouring the SU91 SCAR marker was also identified from the HR45 BAC library and 
sequenced. A single contig of 58kb was assembled. Sixteen genes were also predicted by 
FGENESH using Medicago gene model (Figure 2). 
 

SU91

gene 1 gene 2 gene 3 gene 4 gene 5 gene 6 gene 7 gene 8 gene 9 gene 10 gene 11 gene 12 gene 13 gene 14 gene 15 gene 16

32H6 (58kb)

 
Fig. 2. Annotated genes that are present in the SU91 BAC clone. 

In parallel, cDNA-amplified fragment length polymorphism (AFLP) technique was used 
to identify the candidate genes (CG) that are differentially expressed in the leaves of HR45 
sampled at different time-periods after inoculation (Shi et al., 2011a). Selective 
amplifications with 34 primer combinations allowed the visualization of 2,448 transcript-
derived fragments (TDFs) in infected leaves; 10.6% of them were differentially expressed. 
Seventy-seven differentially expressed TDFs (DE-TDFs) were cloned and sequenced. 
50.6% (39 of 77) of the DE-TDFs representing modulated bean transcripts were not 
previously reported in any EST database then. The expression patterns of 10 
representative DE-TDFs were further confirmed by real-time RT-PCR. BLAST analysis 
suggested that 40% (31 of 77) of the DE-TDFs were homologous to the genes related to 
metabolism, photosynthesis, and cellular transport, whereas 28% (22 of 77) of the DE-
TDFs showed homology to the genes involved in defence response, response to stimulus, 
enzyme regulation, and transcription regulation. Thus, the 22 pathogenesis-related DE-
TDFs were selected as functional candidate genes (FCGs) in association with CBB 
resistance. Meanwhile, six of the FCGs were in silico mapped to the distal region of the 
chromosome 6 (the genomic region of the CBB resistance QTL linked to BC420 in HR45) 
and were chosen as positional candidate genes (PCGs) for comparative mapping. 
Comparing the CGs found from map-based cloning to the CGs derived from cDNA-
AFLP, none of them is overlapped. This indicates that gene expression studies may 
characterize the downstream transcriptional cascade of the QTL. The PCGs could be the 
genes for CBB resistance, whereas the FCGs genes that map to other locations may be 
involved in the molecular responses related to the QTL (Shi et al., 2011a).  
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to identify the candidate genes (CG) that are differentially expressed in the leaves of HR45 
sampled at different time-periods after inoculation (Shi et al., 2011a). Selective 
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derived fragments (TDFs) in infected leaves; 10.6% of them were differentially expressed. 
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suggested that 40% (31 of 77) of the DE-TDFs were homologous to the genes related to 
metabolism, photosynthesis, and cellular transport, whereas 28% (22 of 77) of the DE-
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TDFs were selected as functional candidate genes (FCGs) in association with CBB 
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and were chosen as positional candidate genes (PCGs) for comparative mapping. 
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AFLP, none of them is overlapped. This indicates that gene expression studies may 
characterize the downstream transcriptional cascade of the QTL. The PCGs could be the 
genes for CBB resistance, whereas the FCGs genes that map to other locations may be 
involved in the molecular responses related to the QTL (Shi et al., 2011a).  
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Fig. 3. Genetic, physical and sequence map of the BC420 QTL. A) A genetic map showing 
the map location of the BC420 QTL in the HR 67 X OAC-95-4 recombinant inbred line 
population (Liu et al. 2008);B) A physical map showing the contig that contains the BC420 
SCAR marker (Liu et al. 2010); C) Annotated genes present in the BAC clone 4k7  
(Yu et al. unpublished).  
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6. Summary and future prospects 
Significant progresses have been made in introducing CBB resistance gene(s)/or QTL into 
common bean from its related species, in dissecting genetic factors underlying CBB 
resistance, and in mapping CBB resistance QTL on bean LG or chromosomes. Molecular 
markers linked to several major CBB resistance QTL have been developed and used in 
marker assisted breeding of common bean for CBB resistance. However, all of the QTL 
mapping studies reviewed so far have been based on the analysis of populations derived 
from bi-parental crosses that segregated for trait(s) of interest. To date, at least 24 different 
CBB resistance QTL have been positioned across all eleven LG or chromosomes of common 
bean (Figure 1, Kelly, et al., 2003; Miklas et al., 2006; Shi et al., 2011b). Because these QTL 
were mapped in a number of different bi-parental populations, the MMs associated with 
each of the major QTL only segregate in one or a few of the mapping populations (Shi et al., 
2011b). As a result, co-alignment of the QTL associated MMs from the different studies 
could not be done accurately and several questions remain unanswered. For example, what 
is the map location of SU91 QTL relative to the R7313 QTL on  LG 8 or Chromosome 8?  Are 
they the same or different? What is the map location of SPA6 QTL relative to BAC6 QTL on  
LG10 or chromosome 10? Are the same or different?  Thus markers linked to these QTLs are 
not immediately available for use in other bean breeding programs. Validation of QTL 
effects in other genetic backgrounds is necessary prior to widespread application of the QTL 
linked markers for MAS (Shi et al. 2011b).  
Alternatively, association mapping is a new QTL mapping approach that can be done in 
natural populations, cultivars released over years, and/or the breeding materials within a 
breeding program (Oraguzie et al., 2007). These types of populations or a subset of them 
may represent a smaller set of the available genetic diversity within a breeding program. 
Collections of these breeding lines may provide great potential for applied association 
mapping experiments because they are routinely evaluated in the breeding programs and 
regional trials to assess their local adaptation or response to biotic and/or abiotic stresses 
(Oraguzie et al., 2007). 
Association mapping is increasingly being used to identify marker-QTL linkage associations 
using plant materials routinely developed in breeding programs. Compared with 
conventional QTL mapping approach, association mapping using breeding populations 
should be a more practical strategy for cultivar development, considering that markers 
linked to a major QTL can immediately be applied for MAS, once new QTL are identified. 
For instance, in soybean (Glycine max L. Merr.) two markers, Satt114 and Satt239, were 
found to be associated with iron deficiency chlorosis loci using advance breeding lines 
(Wang et al., 2008). In rice (Oryza sativa L.), microsatellite markers associated with yield and 
its components were identified in a variety trial, and many of them were located in regions 
where QTL had previously been identified (Agrama et al., 2007). Association mapping 
studies have also been used to investigate the genetic diversity within crop species. High 
levels of LD (Linkage Disequilibrium) (pairwise LD: 56%; average r2 = 0.1) was found in 
common bean (Monica et al., 2009). Much higher LD was observed in domesticated 
populations (pairwise LD: 57.3%; average r2 = 0.18) compared to wild populations (pairwise 
LD: 31.5%; average r2 = 0.08) (Monica et al., 2009). In the presence of high LD, lower marker 
density is required for a target region with greater potential for detecting markers strongly 
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associated with the target gene polymorphism, even if distant physically (Shi et al., 2011b). 
Thus, whole-genome-scan association study is feasible for bean domestic populations 
(Monica et al., 2009). In association mapping, where unlike conventional QTL mapping, 
populations of un-structurally related individuals are employed, it is important to consider 
population structure and kinship among individuals, because false associations may be 
detected due to the confounding effects of population admixture (Oraguzie et al., 2007).This 
may indeed be the case for populations sampled from large collections, breeding materials, 
or from released cultivars. Therefore, it is necessary to apply appropriate statistical methods 
that account for population structure and kinship among individuals. A Mixed Linear 
Model (MLM) approach has been developed to account for multiple levels of relatedness 
simultaneously as determined by kinship estimates based on a set of random genetic 
markers (Yu et al., 2006). This model has been proven useful in genome-wide association 
studies to control the biases that may be caused by population structure and relatedness in 
other species e.g., maize (Zea mays L.) (Yu et al., 2006), rice (Wang et al., 2008). Another issue 
for association mapping is reliability, an issue of particular concern when the goal is to 
discover marker/trait associations that have broad application. Shi et al. (2011b) conducted 
the first association mapping study in common bean for CBB resistance. Using CBB 
resistance data collected in a CBB field nursery from 395 of the 469 dry bean lines of 
different market classes representing plant materials routinely developed in a bean breeding 
program in Ontario, Canada and 132 SNPs evenly distributed across the bean genome, 
significant associations between CBB resistance data, collected at 14 and 21 days after 
inoculation, and 14 MMs were detected. Among the 14 MMs, previously identified BC420 
and SU91 SCARS were confirmed for their association with CBB resistance (Shi et al., 2011b). 
The rest of the markers were SNPs, which were co-localized with or close to the CBB-QTLs 
identified previously in bi-parental QTL mapping studies. Given the abundance of SNPs 
exits in the common bean genome, the possibility of automation for the analysis of SNPs,  
and the efficiency of association mapping approach, it is expected that the use of association 
mapping with SNPs will be the method of choice for mapping CBB resistance gene(s) /or 
QTL in the future.   
Despite of the progresses that have been made for understanding CBB resistance in common 
bean, there are still a number of challenges lying ahead, such as 1) what is the molecular 
mechanisms underlying the epistatic interactions between CBB resistance QTL, such as the 
BC 420 and SU91 QTL?  2) The epistatic interaction between CBB resistance gene(s)/or QTL 
would make the application of MMs to assist in breeding CBB resistance bean and the 
cloning of the QTL  more complex, and 3) the recalcitrant nature of common bean to 
transformation make the validation of CGs coding for CBB resistance more difficult to 
accomplish. So it is an urgent task for bean researchers to develop novel approaches, such as 
virus induced gene silencing (VIGS) (Zhang et al., 2010) for validating the functions of CGs 
in common bean.  
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associated with the target gene polymorphism, even if distant physically (Shi et al., 2011b). 
Thus, whole-genome-scan association study is feasible for bean domestic populations 
(Monica et al., 2009). In association mapping, where unlike conventional QTL mapping, 
populations of un-structurally related individuals are employed, it is important to consider 
population structure and kinship among individuals, because false associations may be 
detected due to the confounding effects of population admixture (Oraguzie et al., 2007).This 
may indeed be the case for populations sampled from large collections, breeding materials, 
or from released cultivars. Therefore, it is necessary to apply appropriate statistical methods 
that account for population structure and kinship among individuals. A Mixed Linear 
Model (MLM) approach has been developed to account for multiple levels of relatedness 
simultaneously as determined by kinship estimates based on a set of random genetic 
markers (Yu et al., 2006). This model has been proven useful in genome-wide association 
studies to control the biases that may be caused by population structure and relatedness in 
other species e.g., maize (Zea mays L.) (Yu et al., 2006), rice (Wang et al., 2008). Another issue 
for association mapping is reliability, an issue of particular concern when the goal is to 
discover marker/trait associations that have broad application. Shi et al. (2011b) conducted 
the first association mapping study in common bean for CBB resistance. Using CBB 
resistance data collected in a CBB field nursery from 395 of the 469 dry bean lines of 
different market classes representing plant materials routinely developed in a bean breeding 
program in Ontario, Canada and 132 SNPs evenly distributed across the bean genome, 
significant associations between CBB resistance data, collected at 14 and 21 days after 
inoculation, and 14 MMs were detected. Among the 14 MMs, previously identified BC420 
and SU91 SCARS were confirmed for their association with CBB resistance (Shi et al., 2011b). 
The rest of the markers were SNPs, which were co-localized with or close to the CBB-QTLs 
identified previously in bi-parental QTL mapping studies. Given the abundance of SNPs 
exits in the common bean genome, the possibility of automation for the analysis of SNPs,  
and the efficiency of association mapping approach, it is expected that the use of association 
mapping with SNPs will be the method of choice for mapping CBB resistance gene(s) /or 
QTL in the future.   
Despite of the progresses that have been made for understanding CBB resistance in common 
bean, there are still a number of challenges lying ahead, such as 1) what is the molecular 
mechanisms underlying the epistatic interactions between CBB resistance QTL, such as the 
BC 420 and SU91 QTL?  2) The epistatic interaction between CBB resistance gene(s)/or QTL 
would make the application of MMs to assist in breeding CBB resistance bean and the 
cloning of the QTL  more complex, and 3) the recalcitrant nature of common bean to 
transformation make the validation of CGs coding for CBB resistance more difficult to 
accomplish. So it is an urgent task for bean researchers to develop novel approaches, such as 
virus induced gene silencing (VIGS) (Zhang et al., 2010) for validating the functions of CGs 
in common bean.  
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1. Introduction 
The light-harvesting chlorophyll a/b-binding proteins of photosystem II (LHCII) are the 
major components of the photosynthetic machinery in plants which contain more than 60% 
of plant chlorophyll (Peter and Thornber 1991). LHCII has four related roles in plant 
photosynthesis i.e. collecting and transferring excitation energy to the reaction centers of 
photosystem II (PS II)  and photosystem I (PS I) to promote photosynthetic electron 
transport (Ruban et al., 1999, Van Amerongen and Dekker, 2003), organization of the plant 
photosynthetic system by maintaining the tight appression of thylakoid membranes in 
chloroplast grana (Allen and Forsberg, 2001), distribution of excitation energy between PS II 
and PSI by reversible phosphorylation at its N-terminal side (Allen and Forsberg, 2001, 
Kargul and Barber 2008), and protection of photosynthetic system from excess energy under 
light saturated conditions (Horton et al 1996 and 2008). 
The LHCII proteins can be grouped into six subfamilies (LHCB1-6) which are encoded by 
LHC gene family (Jansson 1999). CP29, CP26 and CP24 are the minor proteins that are 
encoded by LHCB4, LHCB5 and LHCB6 genes, respectively. LHCB1, LHCB2 and LHCB3 are 
the major pigment-binding proteins which are encoded by LHCB1, LHCB2 and LHCB3 
genes, respectively (Ruban et al 1999, Lucinski and Jackowski 2006). LHCB1, LHCB2 and 
LHCB3 polypeptides each with about 232 amino acid residues are similar in sequence, 
structure and function (Standfuss and Ku¨hlbrandt 2004). LHCB1-3 precursors are 
synthesized in cytoplasm and following transport into chloroplasts inserted into thylakoid 
membranes (Li et al., 2000). LHCB1 and LHCB2 are the most abundant proteins in the light 
harvesting antenna complex (Ruban et al., 1999). The N-terminal domain in both LHCB1 
and LHCB2 lies on the stromal side where it is involved with adhesion of granal membranes 
and photo-regulated by reversible phosphorylation of its threonine residues (Boekema et al 
1999, Anderson 2000). 
The composition and structure of LHCII complex is regulated by different factors. For 
example light intensity can change the amount of light-harvesting complex components 
(Anderson et al., 1986, Bailey et al., 2001). Meanwhile it has been reported that the 
expression of LHCB1 can be down regulated by accumulation of sugars such as glucose, 
sucrose and trehalose (Vinti et al., 2005, Aghdasi et al., 2009).  
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The antisense suppression of Arabidopsis LHCB1 also leads to LHCB2 suppression. These 
plants have reduced state transitions and capacity for feedback de-excitation important to 
adapt to changes in light intensity (Anderson et al., 2003). Over expression of LHCB1-2 from 
pea in tobacco plants led to increased grana stacking and photosynthetic capacity at low 
irradiance. The transgenic plants also displayed increased cell volume, larger leaves, 
increased biomass and increased seed weight, and greater leaf number per plant at 
flowering, when grown under low irradiance levels (Labata et al., 2004).  
So far, the function and importance of LHCB1 alone in Arabidopsis growth, development and 
photosynthetic capacity have not been understood very well. In the current study, we 
screened Leclere and Bartel collection to identify mutants in LHCB1 (Leclere and Bartel 
2001). This led to the identification of one mutant in At1g29920 gene, lhcb1, with pale green 
phenotype. Characterization of the lhcb1 mutant was achieved through its comparison with 
the wild type (WT) plants when both grown under normal and low irradiances. 
Furthermore, the over-expression of Arabidopsis LHCB1 was carried out to confirm the 
function of the encoded protein in growth and development. 

2. Methods and materials 
2.1 Plant materials and growth conditions:  
The Arabidopsis thaliana wild type (WT) plants ecotype Columbia-0 (COL-0), transgenic lines 
and lhcb1 mutant seeds were planted in compost and watered twice per week. Plants were 
grown in controlled growth chamber under normal (150 μmol photon m-2 s-1) and low (70 
μmol photon m-2 s-1) irradiances and a 25 ºC day/ 20 ºC night temperature regime.  

2.2 Screening for lhcb1 mutant 
The collection of Arabidopsis 35S-cDNA lines described by LeClere and Bartel (2001) was 
used in this study. Seeds from 331 pools from this collection were screened. They were 
surface sterilized by the gas method sterilization (Clough and Bent, 1998). Sterilized seeds 
were plated on ½ Murashige and Skoog (MS) medium solified with 0.8 % agar (Murashige 
and Skoog, 1962). Seeds were stratified in darkness at 4 ºC for 2 days, before transferring 
to growth chamber at 25 ºC. A pale green mutant was characterized from this collection. 
The mutant plants were transferred to soil to generate second seed generation (S2). Seeds 
from S2 generation were grown on medium with 12.5 mg/L PPT (Phosphinotrice). 
Growth on PPT, allows the segregation of the T-DNA insertion carrying the CaMV 
promoter driven cDNA expression cassette. After 14 days, seedlings were screened for 
segregation of T-DNA inserted on 12.5 mg/L PPT. Seedlings resistant to PPT were 
transferred to soil along with WT plants. Upon flowering of the plants, crosses were 
carried out with the WT plants. The individual silliques were collected in one bag after 
ripening. To do seed re-screening, they were sown separately from each silique on ½ MS 
medium supplemented by 12.5 mg/L PPT.  

2.3 DNA extraction and PCR analysis 
Three small leaves were frozen in liquid nitrogen, pulverized with glass beads for 2 minutes 
at 2800 rpm in a Dismembranator (Braun, Germany), and then DNA was extracted using the 
Pure Gene DNA isolation kit (Amersham Pharmaciabiotec, England) according  
to the manufacturer's protocols. To determine the presence of the 35S cDNA fragments 
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in the pale green lhcb1 plants, PCR was performed with primers 35S-F 
(CGCACAATCCCACTATCCTTCGCAAG) Nos-R (GATAATCATCGCAAGACCGGAACAGG) 
primers. A mixture of Taq and PFU enzymes at unit ratio of 50:2 was used. After 
denaturation for 2 minutes at 94 ºC, DNA was amplified with 35 cycles (30 sec 94 ºC, 30 sec 
56 ºC and 2 min 72 ºC). PCR was completed with a final step at 72 ºC for 5 minutes. An 
aliquot from the PCR product was run on agarose gel and the remaining was cleaned using 
DNA purification kit (Amersham Biosciences, England).  

2.4 RNA extraction and cDNA synthesis  
Total RNA was extracted from 10 days old Arabidopsis plants. Whole plant material was 
snap frozen in liquid nitrogen, pulverized with glass beads for 2 minutes at 2800 rpm in a 
dismembrator (Braun, Melsungen, Germany). Total RNA was isolated with the RNeasy 
plant mini kit (QIAGEN USA, Valencia, CA). RNA concentration and purity were 
determined by measuring the absorbance at 260 nm. To remove any possible 
contamination by genomic DNA, 10 ng of RNA was treated with 2 U of DNAse I (DNA- 
free, Ambion, Austin, USA). The absence of DNA was analyzed by performing a PCR 
reaction (40 cycles, similar to the real–time PCR program) on the DNaseI-treated RNA 
using Taq DNA polymerase. Reverse transcriptase PCR (RT-PCR) experiments were 
performed using 1 ng of total extracted RNA and used for first-strand cDNA synthesis 
with 60 U of M-MLV reverse transcriptase (Promega, Madison, WI), 0.5 μg of odT16v 
(custom oligo from Invitrogen, Carlsbad, CA) and 0.5 μg of random hexamer (Invitrogen, 
USA). PCR was performed with forward and reverse primers (5´-ctcaacaatggctctctcct-3´ 
and 5´- aacccaagaactgaaaatccaa-3´). Amplification conditions were performed as initial 
DNA denaturation at 94ºC for 2 minutes followed by 35 cycles of 1 minute denaturation at 
94ºC , 30 second annealing at 56 ºC and 2 minutes of extension at 72 ºC with a final 
extension time at 72ºC for 10 minutes. An aliquot of the PCR product was run on an 
agarose gel (1%) and the remaining PCR product was cleaned using a DNA purification 
kit (Amersham Biosciences, England). 

2.5 Cloning cDNA fragments into pGEM-T Easy vector 
The resulting cDNA fragments from the previous steps were ligated into the pGEM-T Easy 
vector. For this purpose, cDNA was concentrated to 3 μl (25 ng) and was then added to 5 μl 
of 2X ligation buffer, 1 μl of T4 Ligase and 1 μl of pGEM-T easy vector. The ligation mixture 
was incubated over night at room temperature. An aliquot (100 μl) from the competent E. 
coli were taken from the -80 ºC freezer and thawed on ice for 20 min. The over- night ligation 
mixture was added to the cells and the mixture was left on the ice for 20 minutes. Heat 
shock was applied for 50 sec at 42 ºC, followed by a 5 min cooling period on ice. One ml of 
lysogeny broth (LB) medium was added and cells were incubated at 37 ºC for 1 h. The LB 
plates contained 50 μg/ml of Ampicillin for selection. Isopropyl-β-D-1- 
hiogalactopyranoside (IPTG) and XGalactopyranoside (X-Gal) were added for screening of 
blue and white colonies. To check colonies containing the plasmid with the ligated 
fragments, restriction enzyme analysis was performed. Plasmids were isolated from 5 
colonies using a plasmid miniprep kit (Sigma, USA). In the digestion mixture, 2 μl of 
plasmid, 1 μl of 10 X buffer, 6 μl of milli-Q water and 1 μl of EcoR1 were used. Samples were 
digested at 37 ºC for 1.5 h. The obtained fragments were analyzed by agarose gel 
electrophoresis. 
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2.6 Sequence analysis  
DNA sequencing was carried out at the sequencing facility in Wageningen University. 
Sequences obtained from analysis with forward and reverse primers (T7: 5´ 
atttaggtgacactatag 3´ and SP6: 5´ taatacgactcactataggg 3´) were aligned and the PCR 
fragment structures reconstructed by BLAST (Basic Local Alignement Search Tool) searches 
in TAIR (http://www.arabidopsis.org/Blast/). 

2.7 cDNA over-expression constructs and re-transformation into Col-0  
Full length cDNA were isolated and purified from the pGEM-T easy vector clones and over-
expressed in wild type (WT) Arabidopsis plants. The CaMV 35S expression cassette was 
isolated by digestion with EcoRV from the pUC-18 vector. The cassette was filled with Klenow 
and dNTP and subsequently ligated into pBin19 (HindIII/EcoRI) to yield pBin-35S. Purified 
fragments were cloned into the pBin-35S expression cassette, resulting in 
pBin35S/cDNA/NOS. The plasmids containing LHCB1 gene was digested with XbaI and 
XmnI restriction enzymes. The construct was introduced by electroporation into Agrobacterium 
tumefaciens containing the pGV2260 plasmid. The resulting bacteria were used to transform 
Arabidopsis by floral dip method (Clough and Bent, 1998). Transgenic seedlings were selected 
on half MS media containing 50 mg/L of Kanamycin. Transgenic seedlings were grown in soil 
medium under either normal or low irradiances for further phenotypic characterization. 

2.8 Expression analysis of the LHCB1 gene 
Quantitative-PCR (Q-PCR) analysis was performed to determine the expression level of 
LHCB1 gene. Total RNA was extracted from Arabidopsis seedlings as described above. 
Following treatment of RNA with DNAase I, cDNA was synthesized using the M-MLV 
reverse transcriptase system (Promega, Madison, WI). Q-PCR was carried out by ABI-prism 
7700 Sequence Detection System (PEApplied Biosystems, Foster City, CA). For each 
reaction, 12.5 μl of green PCR Master Mix (Applied Biosystems, UK) and 2.5 μl of gene-
specific primers were used. Each experiment was repeated 3 times. Relative gene expression 
was based on the comparative Ct method (User Bulletin No. 2: ABI PRISM 7700 sequence 
detection system, 1997) using AtACTIN2 as the calibrator reference (5´- 
ATGTCTCTTACAATTTCCCG-3´ and 5´- CAACAGAGAGAAGATGACT- 3´). The Q-PCR 
data were normalized against AtACTIN2.  

2.9 Pigment content and Florescence measurements 
Chlorophylls a, b and total chlorophyll were determined spectrophotometrically as 
described by Jeffery and Humphery (1975). In brief, 100 mg of fresh rosette leaves from 3-
week-old Arabidopsis plants were grounded in liquid nitrogen and extracted with 80% (v/v) 
acetone. Absorbance was then measured at 647, 652 and 664 nm. The concentrations of 
chlorophylls a, b and total chlorophyll were then calculated. 
Anthocyanin content was determined using the protocol of Mita et al. (1967). Frozen and 
homogenized leaves (20 mg) were extracted for 1 day at 4 °C in 1 ml of 1% (v/v) 
hydrochloric acid in methanol. The mixture was centrifuged at 23,000 ×g for 15 minutes and 
the absorbance of the supernatant was measured at 530 and 657 nm. Relative anthocyanin 
concentrations were calculated using the formula [A530-(1/4 × A657)]. The relative 
anthocyanin content was defined as the product of relative anthocyanin concentration and 
the extract volume. One anthocyanin unit equals to one absorbance unit [A530-(1/4 × A657)] 
in 1 ml of the extraction solution. 
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Chlorophyll a florescence was measured with OPTI-Sciences OS-30 fluorometer (Walz, 
Effeltrich, Germany). The Arabidopsis plants were adapted in the dark 15 minutes before 
measurement. F0 (the initial fluorescence level of PSII reaction center) was measured in the 
presence of a 10 μmol photons m-2 s-1 measuring beam. The maximum fluorescence level in 
the dark adapted state (Fm) was determined by using a 0.8 s saturating irradiance pulse. The 
fluorescence parameter Fv/Fm was calculated using the DualPAM software 

2.10 Chloroplast isolation and determination of Hill reaction rate 
The rate of Hill reaction in the chloroplast preparations of WT, lhcb1 and LHCB1 over-
expressed plants was measured according to Trebst (1972). Leaves (0.25 g) were 
homogenized in a cold mortar in a buffer consisting of 20 mM Tris-HCl (pH 7.5), 0.3 M 
sucrose, 10 mM EDTA and 5 mM MgCl2 and chloroplast were isolated. The rate of Hill 
reaction in the illuminated chloroplast preparations was determined spectrophotometrically 
by recording the decrease in absorbance at 600 nm due to Dichlorophenol indo phenol 
(DCPIP) reduction. The rate of Hill reaction was expressed as the changes in absorbance per 
milligram chlorophyll per minute (ΔOD.min -1. mg chl -1). 

2.11 Carbohydrate and protein determination   
The soluble and insoluble sugars were determined spectrophotometrically by the phenol-
sulfuric acid method (Kuchert, 1985). The leaf soluble and total proteins were determined 
according to methods of Bradford (1976) and Markwell (1988), respectively.  

2.12 SDS-PAGE analysis of chloroplast proteins  
The reducing SDS-PAGE of the chloroplast protein samples was carried out according to Fling 
and Gregerson (1986). For the SDS-PAGE analysis of the chloroplast proteins, chloroplasts 
were isolated from leaves (1 g) as described above and finally suspended in 100 µl of the 
homogenization buffer. Then 5.0 ml n-Hexan: 2-propanol (3:2; V/V) was added and after a 
thorough mixing, it was centrifuged at 4000 g for 15 min. The lipid-pigment containing upper 
phase was discarded and the remaining pellet was re-extracted with another 5.0 ml of n-
Hexane: 2-propanol mixture. The protein precipitate obtained after doing the second 
centrifugation, was washed with 5.0 ml acetone (80% V/V) and dried under a stream of 
nitrogen gas. The dried protein precipitates were dissolved in electrophoresis sample and 
following quantification by the Markwell (1988) method, aliquots corresponding to 50 µg 
protein were resolved on a 15% SDS-containing Acrylamide gel.  

2.13 Statistical analyses 
Data from all experiments were processed by statistical SAS package (version 9). The 
reported values were means of three replicates. Means were compared for significance using 
the Duncan's test.  

3. Results 
3.1 Isolation of the lhcb1 mutant 
After screening the LeClere and Bartel mutant seed collection, a pale green mutant was 
identified. The pale coloration was uniformly displayed by all leaves throughout the whole 
life of the mutant. The selected mutant was fully fertile (Fig. 1A).  



 
Applied Photosynthesis 

 

392 

2.6 Sequence analysis  
DNA sequencing was carried out at the sequencing facility in Wageningen University. 
Sequences obtained from analysis with forward and reverse primers (T7: 5´ 
atttaggtgacactatag 3´ and SP6: 5´ taatacgactcactataggg 3´) were aligned and the PCR 
fragment structures reconstructed by BLAST (Basic Local Alignement Search Tool) searches 
in TAIR (http://www.arabidopsis.org/Blast/). 

2.7 cDNA over-expression constructs and re-transformation into Col-0  
Full length cDNA were isolated and purified from the pGEM-T easy vector clones and over-
expressed in wild type (WT) Arabidopsis plants. The CaMV 35S expression cassette was 
isolated by digestion with EcoRV from the pUC-18 vector. The cassette was filled with Klenow 
and dNTP and subsequently ligated into pBin19 (HindIII/EcoRI) to yield pBin-35S. Purified 
fragments were cloned into the pBin-35S expression cassette, resulting in 
pBin35S/cDNA/NOS. The plasmids containing LHCB1 gene was digested with XbaI and 
XmnI restriction enzymes. The construct was introduced by electroporation into Agrobacterium 
tumefaciens containing the pGV2260 plasmid. The resulting bacteria were used to transform 
Arabidopsis by floral dip method (Clough and Bent, 1998). Transgenic seedlings were selected 
on half MS media containing 50 mg/L of Kanamycin. Transgenic seedlings were grown in soil 
medium under either normal or low irradiances for further phenotypic characterization. 
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Quantitative-PCR (Q-PCR) analysis was performed to determine the expression level of 
LHCB1 gene. Total RNA was extracted from Arabidopsis seedlings as described above. 
Following treatment of RNA with DNAase I, cDNA was synthesized using the M-MLV 
reverse transcriptase system (Promega, Madison, WI). Q-PCR was carried out by ABI-prism 
7700 Sequence Detection System (PEApplied Biosystems, Foster City, CA). For each 
reaction, 12.5 μl of green PCR Master Mix (Applied Biosystems, UK) and 2.5 μl of gene-
specific primers were used. Each experiment was repeated 3 times. Relative gene expression 
was based on the comparative Ct method (User Bulletin No. 2: ABI PRISM 7700 sequence 
detection system, 1997) using AtACTIN2 as the calibrator reference (5´- 
ATGTCTCTTACAATTTCCCG-3´ and 5´- CAACAGAGAGAAGATGACT- 3´). The Q-PCR 
data were normalized against AtACTIN2.  

2.9 Pigment content and Florescence measurements 
Chlorophylls a, b and total chlorophyll were determined spectrophotometrically as 
described by Jeffery and Humphery (1975). In brief, 100 mg of fresh rosette leaves from 3-
week-old Arabidopsis plants were grounded in liquid nitrogen and extracted with 80% (v/v) 
acetone. Absorbance was then measured at 647, 652 and 664 nm. The concentrations of 
chlorophylls a, b and total chlorophyll were then calculated. 
Anthocyanin content was determined using the protocol of Mita et al. (1967). Frozen and 
homogenized leaves (20 mg) were extracted for 1 day at 4 °C in 1 ml of 1% (v/v) 
hydrochloric acid in methanol. The mixture was centrifuged at 23,000 ×g for 15 minutes and 
the absorbance of the supernatant was measured at 530 and 657 nm. Relative anthocyanin 
concentrations were calculated using the formula [A530-(1/4 × A657)]. The relative 
anthocyanin content was defined as the product of relative anthocyanin concentration and 
the extract volume. One anthocyanin unit equals to one absorbance unit [A530-(1/4 × A657)] 
in 1 ml of the extraction solution. 
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Fig. 1. Characterization of the Arabidopsis lhcb1 mutant. A: Phenotype of the lhcb1 mutant, as 
compared to the wild type (WT) Columbia-0 ecotype. B: Q-PCR analysis of LHCB1 
expression level in WT and lhcb1mutant plants. 

To ensure the presence of T-DNA insertions in the selected line, a secondary screening was 
carried out on seeds from the selected pale green plants of the primary screen. Segregation 
analysis on PPT (phosphinotrice) showed that the line was homozygous for the T-DNA 
insertion. Cosegregation of resistance to PPT (flanked to T-DNA) and the pale green 
phenotype confirmed that the phenotype of the mutant has cosegregated with T-DNA 
insertion (Data not shown). To find out if the selected line contains cDNA fragments, we 
performed PCR using a forward primer on the CaMV35S promoter and a reverse primer on 
the nopaline synthase poly-adenylation sequence (LeClere and Bartel 2002). PCR reactions 
in the selected line yielded one fragment only. Sequence analysis of the PCR product 
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indicated that cDNA fragment was full length, with ATG and TGA, in sense orientation and 
it encodes LHCB1 (At1g29920).  
To find out whether the pale green phenotype is dominant or recessive, backcrossing 
between the selected line and WT plants was carried out. Analysis of segregation of 
resistance to PPT revealed that PPT resistance segregates as a single locus. 
The level of LHCB1 expression was determined in seedlings from both WT and the selected 
mutant. The expression level of LHCB1 in the selected mutant was significantly lower than 
that of the WT plant. This indicates that in the selected line, the pale green phenotype is due 
to co-suppression of LHCB1 expression (Fig.1B). This mutant hereafter named lhcb1 mutant. 

3.2 Transformation of cDNA construct into WT plants 
Transformation of the WT plants (Colombia-0 ecotype) with full length cDNA of LHCB1 
yielded 20 independent lines with resistance to the selection marker. Two independent 
transgenic lines were selected for mRNA level analysis (TR-1 and TR-2). The transcript 
levels of LHCB1 in TR-1 and TR-2 lines were increased by approximately 53% and 47% 
respectively, compared to WT plants (Fig. 2).  
 

 
Fig. 2. LHCB1 expression level in Transformed (TR) lines, as compared to WT plants. 

3.3 Characterization of lhcb1 mutant and WT plants 
The lhcb1 mutant plants displayed differences to the WT plants in growth, morphology, leaf 
area, dry and fresh weight when grown under normal and low irradiances. The lhcb1 
mutants showed pale green phenotype with smaller leaf area (Fig.1 and 3A). Dry and fresh 
weights were significantly lower in lhcb1 mutant than that of the WT plants (Table 1). There 
was no significant difference in height between lhcb1 mutant and WT plants under normal 
irradiances (Fig.1, Table 1). Plants grown under low irradiances were taller than those 
grown under normal irradiances. Under normal light conditions, the height of 4-week old 
lhcb1 and WT plants were 13.66±3.16 and 15±1 cm respectively, while under low irradiances 
the height of lhcb1 and WT plants were approximately 2 times more (Fig. 3B and Table 1). 
Relative to the WT plants, the lhcb1 mutants were indifferent with respect to flowering time 
and fertility. The WT and the lhcb1 mutant plants approached to flowering stage after 38 and 
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36 days, respectively under normal irradiances, however, this stage was shortened to 27 and 
25 days, respectively under low irradiances. Carbohydrate analyses showed that both 
soluble and insoluble contents were similar in both lhcb1 mutant and WT plants (Table 1). 
 

 
Fig. 3. Morphological characteristics of lhcb1 mutant, transformed (TR-1) and WT plants 
grown under normal and low irradiance conditions. A: leaf morphology of plants grown 
under normal irradiance conditions, B: TR-1 and WT plants grown under normal irradiance 
conditions, C: WT, TR-1 and lhcb1mutant plants grown under low irradiance conditions. 

3.4 Reduced chlorophyll contents and photosynthesis capacity in the lhcb1 mutant 
As the lhcb1 mutant plants were clearly pale green in color when compared to WT ones, the 
chlorophyll contents of them were compared following growth under normal and low 
irradiances. Under normal light conditions total chlorophyll content of 3-week-old WT leaves 
was 2.09±0.1 mg/g fresh weight, while total chlorophyll content in the lhcb1 mutant was 
1.02±0.9 mg/g fresh weight (52% less). Meanwhile under low irradiances, total chlorophyll 
content of 3-week-old WT leaves was 2.65±0.8 mg/g, but that of the lhcb1 mutant was 
1.38±0.15 mg/g fresh weight which is about 48% of the amount found in WT plants. There was 
an increase in the ratio of Chl a/b ratio in the lhcb1 mutants compared to WT plants grown 
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under any light conditions. The ratio of Chl a/b increased from 2.55 in the WT plants to 3.39 in 
the mutant plants under normal light conditions. Under low irradiances the figure rated to 
1.81 in the WT plants which increased to 3.97 in the lhcb1 mutant plants (Table 1).  
 

 
Table 1. Data on biomass, leaf total carbohydrate and total protein contents of Arabidopsis 
wild type (WT), lhcb1 mutant and transformed (TR) plants grown under normal and low 
irradiance conditions. 

LHCII functions as an auxiliary antenna for PSII. PSII and LHCII are close to each other in 
the stacked granal thylakoids. In this survey, PSII activity was analyzed by measuring the 
Fv/Fm value that is an indicator of the intrinsic efficiency of PSII. There was not any 
significant difference in fluorescence parameter (Fv/Fm) between WT and lhcb1 mutant plants 
grown under normal and low irradiances. The Fv/Fm value was o.86±0.01 in WT and 
0.84±0.03 in lhcb1 mutant plants grown under normal irradiances (Table 1). These results 
revealed that PSII efficiency was not affected by the mutation in LHCB1. 
We further examined the water oxidation capacity of the photosynthetic machinery of both 
WT and lhcb1 mutant plants under normal irradiance condition. Measured as the rate of Hill 
reaction, the water oxidation capacity was significantly decreased in the lhcb1 mutants 
compared to WT plants (Fig. 4). 

3.5 The chloroplast protein composition of the lhcb1 mutant and WT plants 
Leaf materials from lhcb1 mutant and WT plants were analyzed for total protein 
measurement and chloroplast protein composition. There was no significant difference in 
the total protein amount between lhcb1 mutant and WT plants (Fig. 5A). Furthermore, 
chloroplasts were isolated from both the mutant and WT plants and their polypeptide 
compositions were analyzed by SDS-PAGE. The protein band patterns of both WT and lhcb1 
mutant chloroplasts were essentially similar. However, one protein band with a molecular 
mass of about 25 kDa was absent in the chloroplasts protein preparations of lhcb1 mutant 
plants (Fig. 5B)   
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Fig. 4. The water oxidation capacity of WT, lhcb1 mutant and TR-1 plants grown under 
normal irradiance conditions as measured by the rate of Hill reaction 

 

 
Fig. 5. Total protein content (A) and SDS-PAGE profile of WT, lhcb1 mutant and transformed 
(TR) plants (B).  

3.6 Transgenic plants display differences in vegetative morphology and growth under 
normal irradiances 
Plants transformed with the full length cDNA of LHCB1 displayed differences to the WT 
plants in growth, morphology, height, leaf area, dry and fresh weights, soluble and 
insoluble sugars when grown under normal irradiances (Fig. 3A, B and Table 1). Under 
normal irradiance conditions, transgenic plants (TR-1) had larger leaves than that of WT 
plants (Fig. 3A). Transgenic plants were generally taller (31.33±2.08 cm compared to 15±1 cm 
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in WT), with increased dry weight (73% more than WT) and fresh weight (75% more than 
WT). TR-1 plants approached the flowering stage after 25 days under normal light 
conditions, while in the WT plants this figure extended to 38 days. The average of seed 
number per silique and the weight of 1000 seeds increased by over-expression of LHCB1 
(41.7±4.4 in TR-1 versus 32.8±2.84 in WT). The leaves of transgenic plants contained a 
significantly higher soluble and insoluble sugar contents compared to WT plants. Thus, the 
soluble and insoluble sugars were respectively 700.2±690.01 μg/g FW and 115.4±83.1 μg/g 
in transgenic plants whereas these figures were 549.7±65.5 μg/g and 103.1±53.1 μg/g in WT 
plants (Table 1). 
Further analysis revealed that there were not any significant differences in Chl a, Chl b, ratio 
of Chl a:b and total Chl content among WT and Transgenic plants. Meanwhile the efficiency 
of PSII i.e. Fv/Fm value in transgenic plants was close to that in the WT plants (Table 2). But 
water oxidation capacity i.e. the rate of Hill reaction was significantly higher in transgenic 
plants compared to WT ones (Fig 4). 
 

 
Table 2. Chlorophyll content (chl), Chlorophyll ratio (chl a/b) and photosynthetic parameter 
of Arabidopsis wild type (WT), lhcb1 mutant and transformed (TR) plants grown under 
normal and low irradiance conditions. 

There was not any significant difference in total protein content between transgenic and WT 
plants. Analysis of the chloroplastic proteins showed that most of the bands were similar in 
both transgenic and WT plants. However, a polypeptide with a molecular mass of about 25 
kDa displayed relatively thicker band intensity in chloroplast protein preparations of the 
transgenic plants (Fig. 5B).  

3.7 Characterization of transgenic plants grown under low irradiances 
Further characterization of transgenic plants was achieved after planting them under low 
light conditions. The height of transgenic plants was close to that in WT ones. It was 
interesting that lhcb1 mutants had also the same height as both WT and transgenic plants 
under low irridiances (Fig. 3C). There was not any significant difference in height between 
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TR-1 and WT plants (35.42±4.34 cm versus 31.22±3.44 cm). Flowering occurred after 25 and 
27 days respectively, in transgenic and WT plants. Dry and fresh weights, soluble and 
insoluble sugar contents were obviously higher in transgenic plants than in WT ones (Table 
1). There was an increase in total Chl content in transgenic and WT plants, compared to 
those grown under normal irradiances. Total chlorophyll in WT plants was fairly greater 
than in transgenic plants under low irradiances (2.65±0.8 mg/g FW versus 2.11±0.2 for 
transgenic plant). There was not any significant difference in the efficiency of PSII (Fv/Fm 
value) between transgenic and WT plants. 

4. Discussion 
A novel system designed to co-suppress or over-express cDNA in Arabidopsis was 
developed by LeClere and Bartel (2001). They constructed a binary vector containing a novel 
Arabidopsis cDNA library driven by the CaMV35S promoter. T-DNA in this vector contains a 
bar-gene cassette for PPT selection of the transgenic plants and a cassette with a randomly 
cloned cDNA inserted between CaM35S promoter and nopaline synthase (NOS) 
polyadenylation (polyA) sequences. This method has the advantage that the inserted cDNA 
can be amplified using PCR with primers in the promoter and polyA sequences (LeClere 
and Bartel 2001). The cDNA insertion could be responsible for the observed phenotype if 
both the phenotype and cDNA co-segregate as a dominant trait. Definitive confirmation for 
the correlation between cDNA and the phenotype in plants exhibiting dominant trait, could 
be obtained following the transformation of cDNA expression cassette into WT plants. 
Screening of 331 pools of T4 seeds from this collection displayed one pale green mutant. 
Sequence analysis of the amplified gene identified LHCB1 cDNA fragment in this mutant. It 
was full length, with ATG and TAG, and in sense orientation. Q-PCR data revealed that this 
construct co-suppressed the endogenous LHCB1 transcript. 
 Studies carried out so far to reveal the functional significance of LHCII protein-chlorophyll 
complexes in phenotypic alterations of plants, have suffered from segregating the specific 
role played by each individual polypeptides constituting the complex. Thus either the 
impacts of over-expression of LHCB1-2 (Labate et al., 2004) or antisense cosupression of 
LHCB1-2 (Andersson et al., 2003) has been described. However, in the present study some 
functional significance of LHCB1 protein was investigated by producing homozygous lhcb1 
mutants (which retained LHCB2) and LHCB1 over-expressed plants. Furthermore, the 
LHCB1 suppression / over-expression was accompanied with the corresponding decrease / 
increase of a polypeptide with a molecular mass of about 25 kDa on the SDS-PAGE gel 
which is very close to the reported mass range of this protein (Huber et al., 2001, Zolla et al., 
2003). These clearly indicate that the genetic manipulations carried out on Arabidopsis are 
translated also at the protein level.  
Silencing of LHCB1 in Arabidopsis significantly reduced their chlorophyll content with 
respect to WT plants. It was evidenced by their pale green coloration and resulted in the 
increased ratio of Chl a/b. As the lhcb1 mutants displayed significant reduction of biomass 
and leaf area with respect to WT plants, it can be said that loss of LHCB1 has greatly 
compromised the efficiency of carbon assimilation. Reduced chlorophyll content associated 
with biomass decline has also been reported for lhcb1-2 antisense plants (Andersson et al., 
2003). These might partly be attributed to the significant reduction of water oxidation 
capacity of the mutant versus WT plants (Fig. 4). As for the lhcb1-2 antisense plants 
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(Andersson et al., 2003), no significant alteration in the quantum efficiency of PSII occurred 
for the lhcb1 mutants (Table 2). Regarding that the lhcb1 mutants displayed increased ratio of 
Chl a/b very probably due to LHCB1 loss, it is expected that they observe reduced non-
photochemical quenching and feedback de-excitation (Andersson et al., 2003) with respect 
to WT plants. This possibly makes them more susceptible to photoinhibitory conditions 
which ultimately reduce their fitness. Although far from higher plants, a mutant of 
Chlamydomonas reinhardtii which lacks a major polypeptide of LHCII, also suffers from 
nonphotochemical quenching and thus is prone to photoinhibition (Elrad et al., 2002). 
Considering that LHCB1 is a major target protein for phosphorylation / de-phosphorylation 
required for state transition (Lunde et al., 2000), its loss in lhcb1 mutants might decreases the 
capacity for state transition, a feature which has been reported for lhcb1-2 antisense plants 
(Andresson et al., 2003).  
Many phenotypic characteristics of transgenic Arabidopsis TR-1 versus the WT plants under 
normal irradiances were similar to those reported for transgenic tobacco plants overexpressing 
pea LHCB1-2 (Labate et al., 2004). Thus the Arabidopsis TR-1 plants exhibited taller stature, 
greater biomass, increased carbohydrate contents and larger seed size as compared to WT 
plants. Similar to transgenic tobacco plants, there were no differences in Chlorophyll content, 
Chl a/b ratio and the quantum efficiency of PSII with respect to WT plants. However, in 
contrast to the tobacco transgenic plants, the flowering time of Arabidopsis TR-1 plants was 
shortened compared to WT plants. This might be due to photoperiodic behavioral differences 
of the two species. The increased carbohydrate content of Arabidopsis TR-1 plants and their 
overall greater biomass might represent more efficient carbon assimilation. The non-
photochemical quenching of the Arabidopsis TR-1 is expected to be greater than WT plants, a 
feature which has been reported for tobacco LHCB1-2 transgenes (Labate et al., 2004). On the 
other hand, the lack of LHCB1-2 in Arabidopsis mutants is associated with reduced 
nonphotochemical quenching (Anderson et al., 2003). Taking into account that the water 
oxidation capacity of Arabidopsis TR-1 plants (and thus their potential for NADPH generation) 
is also greater than WT plants, the idea of more efficient photosynthesis is justified. The 
increase in photosynthetic carbon assimilation efficiency of TR-1 plants might also be 
explained by the increase in chloroplast number and improved granal stacking (Labate et al., 
2004). The increased seed number per silique of TR-1 plants might have been resulted from 
their photosynthetic superiority with respect to WT plants. 
Under low irradiances, no significant differences occurred in stature of TR-1 plants and WT 
ones. The differences in flowering time between them were also abolished. Apparently 
under these conditions differences in water oxidation capacity of WT and LHCB1 over-
expressed plants does not play anymore role in carbon assimilation competence of the 
transgenic plants. Further insight on the functional significance of LHCB1 can be obtained 
by studying the physiological responses of lhcb1 mutant and TR-1 plants under conditions 
which are known to limit photosynthesis to a great extent. Thus studies focusing on the 
behavior of these plants under various environmental stresses might be conductive in 
elucidating the specific role of various LHCII proteins on plant fitness. 
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1. Introduction 
1.1 Rural ecosystem in Japan 
Rice is one of the most important cereal crops especially in large part of Asia and a part of 
Africa. It is split up into two groups. One is upland rice, grown on dry soil. Most rice is 
grown in flooded rice paddy fields and most of them in Japan are irrigated well. Rice is 
considered to come to Japan about three thousand years ago from southern China, 
analyzing Carbon 14 of unearthed rice seed from paddy field remains.  
Paddy fields are, so to speak, fabrication of floodplain area. Some areas near river are 
flooded in rainy season and change into shallow puddles in dry season. Wild rice plant 
probably has spread in such wet lands. Ancestor reclaimed and cultivated paddy fields and 
irrigated them after a period of primitive harvest of wild rice.  
Paddy fields are also special and sacred place where spirit lives and give us fertility. The 
spirit is said to live in the deep mountain during winter and come down to communities 
when spring comes. Farmers welcome the spirit with honor. We can see their soul by 
devoting a sprig of camellia to the spirit at the inlet of the paddy field when irrigation water 
inflowed into the paddy field at the beginning of cultivation. Paddy fields have affected 
traditional human society and life in Japan. 
Contribution and influence of paddy fields is not exclusive not only to human beings. The 
artificial wet lands provide some wild lives good spawning, growing, feeding site. Photo 
1 is scene before puddling, preparation for rice planting. It shows water network between 
canal and paddy fields. Water level is lower than photo’s level in non-irrigation period. So 
paddy fields are dry in non-irrigation period. A weir which is set at the beginning of 
irrigation period makes water level high as Photo 1 and fishes such as loach can swim up 
into paddy fields in order to spawn. Frogs also benefit from paddy field and canals. 
Tokyo Daruma Pond Frog (Rana porosa porosa) (Photo 2) spawns in paddy fields and 
grows up near canals after metamorphosis. They have been using the new habitats 
efficiently. 
Mosaic land use in rural area is characteristic in Japan. Photo 3 is typical land use in hilly 
and mountainous rural area. Of course, there some farming types in Japan, including dairy 
husbandry, large scale upland crop or rice farming. But hilly and mountainous rural area 
account for 40 percents of cultivated acreage in Japan. Lower area in hilly and mountainous 
rural area is used for rice farming, being irrigated from canals. Dry field locates in upper 
area.  
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considered to come to Japan about three thousand years ago from southern China, 
analyzing Carbon 14 of unearthed rice seed from paddy field remains.  
Paddy fields are, so to speak, fabrication of floodplain area. Some areas near river are 
flooded in rainy season and change into shallow puddles in dry season. Wild rice plant 
probably has spread in such wet lands. Ancestor reclaimed and cultivated paddy fields and 
irrigated them after a period of primitive harvest of wild rice.  
Paddy fields are also special and sacred place where spirit lives and give us fertility. The 
spirit is said to live in the deep mountain during winter and come down to communities 
when spring comes. Farmers welcome the spirit with honor. We can see their soul by 
devoting a sprig of camellia to the spirit at the inlet of the paddy field when irrigation water 
inflowed into the paddy field at the beginning of cultivation. Paddy fields have affected 
traditional human society and life in Japan. 
Contribution and influence of paddy fields is not exclusive not only to human beings. The 
artificial wet lands provide some wild lives good spawning, growing, feeding site. Photo 
1 is scene before puddling, preparation for rice planting. It shows water network between 
canal and paddy fields. Water level is lower than photo’s level in non-irrigation period. So 
paddy fields are dry in non-irrigation period. A weir which is set at the beginning of 
irrigation period makes water level high as Photo 1 and fishes such as loach can swim up 
into paddy fields in order to spawn. Frogs also benefit from paddy field and canals. 
Tokyo Daruma Pond Frog (Rana porosa porosa) (Photo 2) spawns in paddy fields and 
grows up near canals after metamorphosis. They have been using the new habitats 
efficiently. 
Mosaic land use in rural area is characteristic in Japan. Photo 3 is typical land use in hilly 
and mountainous rural area. Of course, there some farming types in Japan, including dairy 
husbandry, large scale upland crop or rice farming. But hilly and mountainous rural area 
account for 40 percents of cultivated acreage in Japan. Lower area in hilly and mountainous 
rural area is used for rice farming, being irrigated from canals. Dry field locates in upper 
area.  
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Photo 1. Mt. Yakeishi reflected on the surface of the newly irrigated paddy fields, Iwate 
Prefecture, Tohoku district 
 

 
Photo 2. Satoyama and paddy fields that were poured with irrigation water before puddling 

 

 
Photo 3. Tokyou Daruma Pond Frog in a paddy field 
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Photo 4. Typical land use in hilly and mountainous rural area 

Village forest called Satoyama in Japanese had a role of wood fuel and compost production. 
Underbrush in Satoyama had been cut well not to transit into overplanting several decades 
ago. Fuel revolution and developing pressure altered Satoyama into golf course or run-down 
bush. Satoyama was also precious habitat for wild lives similarly as with paddy field and 
canal are comfortable habitat for fishes and frogs. 
Mosaic structure help many wild lives adapted to these various environments. Japanese 
Brown Frog (Rana Japonica) move to Satoyama after metamorphosis, feeding and overwinter 
there. Both paddy fields and Satoyama are necessary for their life cycle. So, plural mosaic 
land use aggregate (we can recognize them as each ecosystem) 
 

 
Photo 5. Drainage canal separated from dual-purpose canal, irrigation and drainage 
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Photo 5. Drainage canal separated from dual-purpose canal, irrigation and drainage 
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Thus, rural ecosystem in Japan is influenced by paddy fields that account for half of farming 
land total. Ecosystem affected by agriculture, especially by paddy fields is called Secondary 
Nature. A word of secondary may include an inferior nuance. However the term Secondary 
Nature never has such a nuance. A lot of living lives are seen in a rural area. A number of 
rare species also survive in rural area with human activities. 
 

 
Photo 6. Drop work is constructed for moderation of channel slope, opposing swimming  
up of fishes 

The rural ecosystem in Japan has deteriorated during recent years because of land 
improvement that permitted agricultural production to be efficiently, chemical materials 
input into paddy fields and development in rural area. Land improvement as a term must 
be less familiar with general readers. I would introduce farm land consolidation that is main 
construction project in land improvement to readers. Traditional paddy fields in Japan were 
so narrow and cultivators had some fields from place to place. Because the same channel 
had been used for irrigation and drainage, ground water level was so high that farmers had 
not been able to bring agricultural machines to paddy fields. For, soil bearing capacity was 
low before independent setting of irrigation and drainage. Dual-purpose canal was 
separated into irrigation channel and drainage canal by farm land consolidation. As 
underground drainages are constructed in many consolidation projects, moisture of soil 
become dry. Japanese Brown Frog that has a habit of coming to paddy fields to spawn from 
Satoyama in early spring, non-irrigated period, lose a chance to spawn in dry paddy fields. 
Canal is also renovated from soil to concrete by farm land consolidation. Concrete canal has 
superiority from the point of agriculture, that is, water management, maintenance. On the 
other hand, there is inferiority from the aspect of environment. Water velocity becomes 
large, covering by concrete. Considerable aquatic animals can’t swim against velocity after 
repair. We can see some water drop facilities that adjust gradient and water velocity in 
complete canal. Even though they are needed to keep canal performance, they prevent 
fishes from swimming up to upstream. If small animals, for example Japanese Brown Frog 
that comes from Satoyama to spawn, drop into concrete canal, they never escape from 
concrete canal because they don’t have suckers with their fingers like Japanese Tree Frog. 
Thus, land improvement consisted in such as agricultural canal renovation influenced 
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habitat of aquatic animals so much, although it gives us a lot of contribution. Technology 
has both sides, convenience for our ordinary life and harmfulness for ecosystem.  
It is only one decade ago that eco-friendly construction seems to be needed in Japanese rural 
area. Deterioration and damage of ecosystem were the background of revision of Land 
Improvement Act in 2001. The revision included that land improvement project must attend 
to harmony with the environment. 
However, biology of rural wild lives and how biodiversity could be conserved are not well 
known. It’s even less of a surprise that how we shall do to attend to the environment 
concretely. Does the facility built in order to conserve wild animals in a canal work well 
actually? Is the effect of the facility enough to keep the ecosystem? We have to investigate 
not only technical methods for water facilities but also basic biology of rural living organism 
and characteristic of ecosystem 

2. Biological analysis using stable isotope ratio 
Some elements have isotopes that don’t emit radiation and are called stable isotopes. 
Carbon-13 and Nitrogen-15 are two such isotopes often used to analyze a food web. These 
isotopes inevitably exist in nature, and also are present in the bodies of organisms. Stable 
isotope ratios for carbon and nitrogen are expressed as δ13C and δ15N, respectively. 
Stable isotope ratio is defined as following formula. 

 
Plants are classified into 3 groups by the photosynthesis mechanism, namely C3, C4 and 
CAM plants. Scarce plant species in the paddy fields of Japan belong to the CAM plant 
group. A considerable number of plants in the paddy area are C3 plants, and all trees in 
forests, Satoyama, belong to this group.  
Sugarcane, corn, eulalia, crabgrass, and giant foxtail belong to C4 plants. C4 plants can often 
be found in the periphery of a paddy field. They are usually members of Gramineae that are 
natives of tropical regions. The δ13C values for C4 plants are approximately -13‰, with a 
range from -15‰ to -10‰. The δ13C values of organisms are considerably lower than C4 
plants, approximately -27‰, with a range from -35‰ to -25‰.  
The values for algae in an environment that abounds in CO2 are between C3 plants and C4 
plants, at approximately -20‰ as shown by previous investigations.  
The type of plants present as producers in a food web can be predicted by analysis of δ13C, 
because δ13C changes little under prey-predator interactions. Therefore, when the δ13C of an 
animal is approximately -30‰, the animal is considered to be in a food web derived from C3 
plants (Fig. 1). 
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Fig. 1. C-N map representing food web 

We can see several characteristics in Japanese rural vegetation. One is mosaic botanical 
distributions. They are paddy fields, fields, grass lands, orchard, forests between mountain 
and arable area that is called Satoyama in Japanese language. It is not uncommon that these 
distributions are found in even 1km2. Only C3 plants are found in Satoyama. On the other 
hand, significant proportion of plants near paddy fields belong to C4 plants though rice crop 
itself is C3 plants. They often grow in the terrestrial area like land temporarily fallow.  
Algae are also important producer in rural ecosystem. A lot of aquatic animals feed on 
algae. Difference of δ13C between detritus and algae. Almost detritus in a agricultural 
drainage canal origins from litter produced in Satoyama and paddy fields, where only C3-
type plants grow. The difference still remains at animal level. That is, δ13C of animals fed 
detritus is lower than that of animals fed on algae. 

3. Actual investigations 
1. Analysis of food web 
Using the characteristics of carbon and nitrogen stable isotope ratio described previously, 
we can analyze food-web. I would like to offer you the analysis example of which sample is 
collected in rural area. The investigate area was Isawa plain that locates in Iwate prefecture, 
Tohoku district.  
The samples were dredged from two aquatic areas, a drainage canal and a small irrigation 
pond. The canal had been constructed eco-friendly, of which bottom hadn’t lined with 
concrete. Stones, earth and sand had been deposited to a substantial extent. The pond 
located on the boundary between plain that and a hill. A lot of leaves have fallen into the 
pond of which water was brownish-red, probably because of the elution of organic element 
from leaves.  
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Fig. 2 shows C-N map (food-web) in the canal. δ13C of samples that is the most important 
value to distinguish food-web was approximately from -25‰ to -20‰. Attached matter that 
has fed insects, fishes though insects was consisted with detritus and algae according to the 
microscopic visualization. The value of attached matter confirmed it because the value 
located between δ13C of C3 plants and that of algae. Of course, we can’t afford to ignore the 
existence of C4 plats. A basin of the canal was occupied by paddy fields where rice that 
belongs to C3 plants grows. The top of food web was Amur Minnow (Phoxinus logowskii 
steindachneri). Their stomachs were filled with caddice-worms.  
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Fig. 2. C-N map of collected matters from a canal 
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Fig. 3. C-N map of collected matters from a pond 

How was the food web in the pond? Fig. 3 indicated quite lower values than that of the 
canal. The food web depended on C3 plant apparently. The top of the pyramid should be 
small insets, water boatman (Notonecta triguttata) that suck fluids of small fishes, tadpoles, 
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insects, etc. Such a curious food web like this sometimes appears in an aquatic area where 
no fish live. Bladderwort is insectivorous plant,  
2. Analysis of Food source 
A loach is one of the most familiar freshwater fish for Japanese. It had been swimming 
everywhere, so catching it had been common play for children. It has been important food, 
especially for certain rural area even today. Loaches have been decreasing like other fishes. 
Revamping of canal much affected their life, because they favor sandy bottom that 
disappeared after construction. 
To increase them is becoming popular in these days, as they are also the feed for white stork 
(Ciconia boyciana, Critically Endangered) and Japanese crested ibis (Nipponia Nippon, Extinct 
in the Wild). Loaches that are their feed to release to wild also attract attention. To invest 
feed of loaches is an essential problem besides environmental improvement.  
When irrigation water is poured into paddy fields in spring, loaches begin to swim up into 
paddy fields, where they spawn. Young fishes swim down to canals in early summer after 
feeding and growing there. Sampling and analyzing were continued from June to September 
to grasp the change of δ13C of fishes bodies. Sample loaches were caught in a paddy field in 
Kaminokawa town, Tochigi prefecture. C-N map of the loaches is shown as Fig. 4.  
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Fig. 4. Seasonal C-N map of loach 

Along with the season, stable carbon isotope ratio was decreasing and decreasing. This 
phenomenon declared that food source of loaches has changed from terrestrial matter to 
aquatic matter. Along with the season, stable carbon isotope ratio was decreasing and 
decreasing. Copepod in early phase, bloodworm in late phase may be main feed by 
consulting the past reference and benthic examination in paddy fields. Another was that 
trophic level hasn’t changed, showing the fish was carnivorous even though loaches are said 
that they become to be omnivorous with growth.  
Secondly, I show the analysis of food resource of shell. Matsukasagai shell (Pronodularia 
japanensis), a kind of unionid, is necessary for Japanese bitterling because it has a habit of 
spawning, inserting their ovipositors into the shells. Extinction of the shell means the same 
of the fish. The shells are described as they feed plankton, but detail is not well known. So I 
investigated them using stable isotope ratio. 
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They suck FPOM (Fine Particulate Organic Matter ) with water, filtering and eating real 
feed. The rest of FPOM is excreted. Fig. 5 shows the result of investigation including FPOM 
and their spoor in certain habitat, Nakagawa River basin in Tochigi prefecture, where Tokyo 
bitterling (Tanakia tanago) that was protected species lived. There was a pond in upper 
stream of the habitat. The habitat is described as Point A in this article. Carbon isotope ratio 
of Matsukasagai shell was low, -32.5‰. The value of spoor was -28.9‰, locating right between 
Matsukasagai shell and FPOM. Phenomenon kindred to it was seen in flesh water calm, 
Corbicola sp.. These represented that FPOM contained their feed and unwanted materials 
were excreted, of which carbon isotope ratio was higher than their feed.  
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Fig. 5. C-N map in Point A 

Mataukasagai shells were caught in Point B near Point A, too. A pond located upstream of 
point B just like Point A. The result was also similar to Point A, that is The value of spoor (-
33.3‰) located right between Matsukasagai shell (-39.9‰) and FPOM (-27.0)(Fig. 6). The low 
value of -39.9‰ indicated notable information, considering the origin of the organic matter. 
C3 plant and detritus derived from it never indicates such low value. Carbon isotope ratio of 
plankton may represented the value of -20‰ approximately in a circumstance of which gas 
exchange is well-balanced, however I suppose that quite little ecosystem in land water 
wouldn’t not be balanced on CO2 in practice, DOC (Dissolved Organic Carbon) that is 
resource of photosynthesis of algae including phytoplankton may lower than DOM derived 
from CO2 in the air. This might be attributed recycling of DOC in the water, preparation and 
dissolution, value of δ13C might decrease during recycling because of isotope fractionation.  
Fig. 7 shows relationship between shell length andδ13C. δ13C value of Matsukasagai shells 
increased with their growth. This suggested that feeding habitat would change as they 
became larger. 
This hypothesis was confirmed to some extent by other analysis shown as Fig. 8. It is about 
50km distance from Point A and B to Point C, where Inversiunio jokohamensis that is relative 
species of Inversidens japanensis lived. Basin area of Point C was different from that of former 
two points. Basin area of Omoigawa River in Fig. 8 is quite distant from A and B even all of 
them locate in Tochigi Prefecture. Harakawa River locates in Iwate Prefecture, as described 
before, in a northern direction from Tochigi Prefecture. 
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Fig. 4. Seasonal C-N map of loach 

Along with the season, stable carbon isotope ratio was decreasing and decreasing. This 
phenomenon declared that food source of loaches has changed from terrestrial matter to 
aquatic matter. Along with the season, stable carbon isotope ratio was decreasing and 
decreasing. Copepod in early phase, bloodworm in late phase may be main feed by 
consulting the past reference and benthic examination in paddy fields. Another was that 
trophic level hasn’t changed, showing the fish was carnivorous even though loaches are said 
that they become to be omnivorous with growth.  
Secondly, I show the analysis of food resource of shell. Matsukasagai shell (Pronodularia 
japanensis), a kind of unionid, is necessary for Japanese bitterling because it has a habit of 
spawning, inserting their ovipositors into the shells. Extinction of the shell means the same 
of the fish. The shells are described as they feed plankton, but detail is not well known. So I 
investigated them using stable isotope ratio. 
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They suck FPOM (Fine Particulate Organic Matter ) with water, filtering and eating real 
feed. The rest of FPOM is excreted. Fig. 5 shows the result of investigation including FPOM 
and their spoor in certain habitat, Nakagawa River basin in Tochigi prefecture, where Tokyo 
bitterling (Tanakia tanago) that was protected species lived. There was a pond in upper 
stream of the habitat. The habitat is described as Point A in this article. Carbon isotope ratio 
of Matsukasagai shell was low, -32.5‰. The value of spoor was -28.9‰, locating right between 
Matsukasagai shell and FPOM. Phenomenon kindred to it was seen in flesh water calm, 
Corbicola sp.. These represented that FPOM contained their feed and unwanted materials 
were excreted, of which carbon isotope ratio was higher than their feed.  
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Fig. 5. C-N map in Point A 

Mataukasagai shells were caught in Point B near Point A, too. A pond located upstream of 
point B just like Point A. The result was also similar to Point A, that is The value of spoor (-
33.3‰) located right between Matsukasagai shell (-39.9‰) and FPOM (-27.0)(Fig. 6). The low 
value of -39.9‰ indicated notable information, considering the origin of the organic matter. 
C3 plant and detritus derived from it never indicates such low value. Carbon isotope ratio of 
plankton may represented the value of -20‰ approximately in a circumstance of which gas 
exchange is well-balanced, however I suppose that quite little ecosystem in land water 
wouldn’t not be balanced on CO2 in practice, DOC (Dissolved Organic Carbon) that is 
resource of photosynthesis of algae including phytoplankton may lower than DOM derived 
from CO2 in the air. This might be attributed recycling of DOC in the water, preparation and 
dissolution, value of δ13C might decrease during recycling because of isotope fractionation.  
Fig. 7 shows relationship between shell length andδ13C. δ13C value of Matsukasagai shells 
increased with their growth. This suggested that feeding habitat would change as they 
became larger. 
This hypothesis was confirmed to some extent by other analysis shown as Fig. 8. It is about 
50km distance from Point A and B to Point C, where Inversiunio jokohamensis that is relative 
species of Inversidens japanensis lived. Basin area of Point C was different from that of former 
two points. Basin area of Omoigawa River in Fig. 8 is quite distant from A and B even all of 
them locate in Tochigi Prefecture. Harakawa River locates in Iwate Prefecture, as described 
before, in a northern direction from Tochigi Prefecture. 
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Fig. 6. C-N map in Point B 
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Fig. 8. C-N map of bivalve in various habitats 
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All of these three species are said to be plankton feeders. We can assert with probability that 
there are characteristics of value of DOC in each aquatic environments.  
3. Analysis of animal moving 
Using behaviors described previously, we can analyze not only food webs but also 
ecological characteristic of animals. Japanese brown frog (Rana japonica) is typical 
amphibian in rural area. Their populations are said to being decreasing rapidly after 
revamping of agricultural drainage canal. Prime cause is presumed that concrete 
agricultural drainage canal cut network between terrestrial area and aquatic area. 
According to qualitative knowledge in the past, adults of Japanese brown frog live in 
Satoyama and overwinter there. After coming out from hibernation, they move to paddy 
fields and lay spawns in paddy fields. Satoyama is important habitat for the frogs indeed. 
But I have also often seen them near paddy fields like land temporarily fallow during my 
field research. Are their wintering places only Satoyama? We need to know how they 
move to Satoyama quantitatively. 
As some C4-plants grow in lands temporarily fallow, δ13C of frogs body will higher than 
value of C3-plants if they feed in the land. However, catching frogs is too difficult because 
they move to paddy fields during nights and they have agility. So, I came up with usage of 
spawns. 
Sampling was conducted in hilly and mountainous rural area, where the frogs have 
preference to live, in Tochigi prefecture (Fig.9). The investigated paddy field A borders 
Satoyama on two sides, fallow lands on two sides. Field B borders Satoyma on one side, a 
fallow land on one side, and other paddy fields on two sides. Over 100 egg masses were 
skimmed up from each field, using a dipper, and dropped back after being sampled about 
20 eggs from every mass. The dedicated small tin cups to analyze were filled with eggs 
after being defatted by methanol and chloroform, crushed. Stable isotope ratios of the 
samples were analyzed with a mass spectrometer, Delta plus XP, manufactured by 
Thermo Finnigan. 
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move to Satoyama quantitatively. 
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value of C3-plants if they feed in the land. However, catching frogs is too difficult because 
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spawns. 
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preference to live, in Tochigi prefecture (Fig.9). The investigated paddy field A borders 
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fallow land on one side, and other paddy fields on two sides. Over 100 egg masses were 
skimmed up from each field, using a dipper, and dropped back after being sampled about 
20 eggs from every mass. The dedicated small tin cups to analyze were filled with eggs 
after being defatted by methanol and chloroform, crushed. Stable isotope ratios of the 
samples were analyzed with a mass spectrometer, Delta plus XP, manufactured by 
Thermo Finnigan. 
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Fig. 10 shows the total result of analysis. The histogram has two peaks. One peak that of 
central value is minus 25 per mill indicates their mother frogs fed in the C3 environment. We 
can see that another group exists, seeing higher value from-21 to -16 per mill values; their 
mother’s foods included appreciably insects that had fed C4 plants. The result says that most 
Japanese brown frogs move to Satoyama after metamorphosis or spawn, where they feed 
and winter.  
Then, is there relationship between land use around the paddy field and moving?  
I estimated that δ13C value of eggs in field A (Fig.11) might be higher than in field B 
(Fig.12) because the former had two borders to fallow lands where C4 plants grew. But there 
wasn’t considerable difference between A and B. That suggests that frogs in the population 
move to Satoyama at a constant rate.  
What does the result mean? Agricultural drainage canals are usually routed through 
boundary area between paddy fields and Satoyama. Most frogs that come to paddy fields to 
spawn fall easily into a concrete agricultural drainage canal and wouldn’t be able to escape 
from there. Conservation of the frogs must be needed when canal would be revamped not to 
let the population disappear. The problem is we don’t prepare the effective methods 
actually. Slopes at the canal walls constructed to help escaping from the canal aren’t used 
frequently. Only a few individuals that escaped from the canal used the slopes may not have 
so important meaning, for most of individuals died in the canal before spawn. Capping on 
the opening section of canal also is a good method. But it costs a lot and farmers often 
disagree to cap it because they won’t use water to wash their farm tools. Some complain of 
anxiety that it may negatively affect to rise water temperature though rising water in while 
flowing through in the canal is nothing much. 
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Fig. 10. Histogram of δ13C distribution of spawns (entirety) 

 
Analysis of Rural Ecosystem in Japan Using Stable Isotope Ratio 

 

417 

0

5

10

15

20

25

30

-30 -28 -26 -24 -22 -20 -18 -16

n
u
m

b
e
r 

o
f 
sp

aw
n

δ13C （‰）  
Fig. 11. Histogram of δ13C distribution of spawns (Paddy field A) 
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Fig. 12. Histogram of δ13C distribution of spawns (paddy field B) 

4. Analysis of ecosystem structure 
Paddy field at hill-bottom or certain area with it is called Yatsuda in Japanese language. 
Yatsuda means the latter here. Yatsuda includes paddy fields and Satoyama, aquatic area 
and terrestrial area. And canals almost always run at the border area, where boundary 
area between Paddy fields and Satoyama. I considered that I could comprehend plural 
small food-webs near canals, which are virtually identical ecosystem for each land use 
there.  
I focused on spiders for the food-web analysis because they located top of a micro tentative 
food-web. We can divide spiders into two groups, web-builder and hunting, from the point 
of their life types. Furthermore I separated hunting types into phytophilous hunting spiders 
and epigaeic hunting spiders because each type fed particular foods, considering their 
habitat. 
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4. Analysis of ecosystem structure 
Paddy field at hill-bottom or certain area with it is called Yatsuda in Japanese language. 
Yatsuda means the latter here. Yatsuda includes paddy fields and Satoyama, aquatic area 
and terrestrial area. And canals almost always run at the border area, where boundary 
area between Paddy fields and Satoyama. I considered that I could comprehend plural 
small food-webs near canals, which are virtually identical ecosystem for each land use 
there.  
I focused on spiders for the food-web analysis because they located top of a micro tentative 
food-web. We can divide spiders into two groups, web-builder and hunting, from the point 
of their life types. Furthermore I separated hunting types into phytophilous hunting spiders 
and epigaeic hunting spiders because each type fed particular foods, considering their 
habitat. 
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I analyzed carbon stable isotope ratio (δ13C) of spiders (Arachnida) which were caught 
nearby farm ditches and a levee in a paddy field at hill-bottom (Yatsuda) with their life 
types. δ13C of web-builder spiders (Fig. 13) was -26.0‰, which indicated that they have been 
greatly affected by insects emerged from the ditches that had depended on the organic 
matter supplied from village forest (Satoyama). δ13C and its distribution of long-jawed water 
spiders (Tetragnatha maxillosa) was approximately equal to silver vlei spiders (Leucauge 
magnifica). That suggested that both of spiders depended on the same food resources. 
Although δ13C average of phytophilous hunting spiders (Fig. 14) was close to the web-
building type, the standard deviation was higher than that. δ13C of epigaeic hunting spiders 
was -22.2‰, which indicated that C4 plants rose δ13C value of the spiders (Fig.15). It was 
suggested that δ13C of epigaeic hunting spiders lay in close relation with the rate of  
C4 plants to the hole plants on the levee and approximately one third of carbon in their 
bodies was derived from C4 plants. Diversity of material flow in creatures by carbon stable 
isotope ratio in the area of Yatsuda ditches was revealed, which is the eco-tone between 
Satoyama and a paddy field (Fig. 16). Animals in a narrow area shared foods and are 
compartmentalization, which will be recognized as diversity of ecosystems.  
Canals in boundary area between Satoyama and paddy fields are often consolidated while land 
improve project is implemented. Of course, new canals after construction are of concrete. 
Complex and diversified ecosystem there will be transformed into homogenized one.  
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Fig. 16. Food web and carbon flow around canals in Yatsuda area 

5. Analysis of population structure 
May population of animals be homogeneous? Isn’t there revolving of members in the 
population? Constitution of population is an important issue to sustain it as population with 
complements will still continue even if members would decrease. Stable isotope ratio gave 
me a vast amount of help.  
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5. Analysis of population structure 
May population of animals be homogeneous? Isn’t there revolving of members in the 
population? Constitution of population is an important issue to sustain it as population with 
complements will still continue even if members would decrease. Stable isotope ratio gave 
me a vast amount of help.  
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Stable isotope ratio of animals has an interesting behavior that is caused by difference of 
turnover time for their parts. Turnover time of muscles and stomachs is short. On the other 
hand, that of bone is quite slower than these parts. If there is deference among parts, 
actually between bone and other parts, there is potential that the frog has fed in strange 
habitat in past times because carbon isotope ratio of previous food is presumed to remain in 
bone yet. Material of animal tells where he lived. 
Carbon isotope ratio of the three parts of Tokyo Daruma Pond frog (Rana porosa porosa) that 
was caught at Yatsuda area was analyzed. The result is shown as Fig. 17. We notice that 
there is variability among the group and within certain individual internally. Specifically, 
vales of bone of individual number 5 and 19 are lower than that of muscle and stomach. 
This indicates that the frog has grown at another habitat and joined the population at a later 
time, remaining particular value of carbon on its bone. Overall values of number 6 and 10 
are different from majority individual. This means they joined the group quite recently, thus 
carbon isotope ratio of the body hasn’t changed into background value of catch area (habitat 
of the population) completely yet. Background value will be affected by weighted average 
of stable isotope ratio of producer. Number 6 might grow at the circumstances where 
considerable C4 plants grow. On the contrary, number 10 might grow at the circumstances 
where all but C3 plants grew and it fed insects that depended almost exclusively on C3 
plants.  
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Fig. 17. Carbon isotope ratio of Tokyo Daruma Pond Frog for each parts 
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These truths educate us important things. Being consisted with individuals moved from 
plural habitats is also important obviously from the biology point of view, but how in-
migrants joined the group includes internal issue for conservation. The species live near 
paddy fields and/or canals, into which frogs jump when they are attacked by predators. 
Some attacked frogs escaped into flowing canal will be washed away to downstream 
although most frogs will drift to near dropped point. Even the washed frogs try to land, but 
they won’t be able to escape from there, if the canal will be constructed by concrete. 
Existence of in-migrants is the proof of dropping, being washed and landing of frogs.  
Canals seem to have a role of pathway of aquatic animals not just a role of agricultural 
production. Breakpoints of network have harmful effects not only for swimming up of fishes 
but also accession of frogs from other populations. This is just my own supposition, in-
migrants might have a role of gene transfer to certain population. 

4. Ecosystem and photosynthesis 
Stable isotope ratio has been providing a lot of relevant knowledge about rural ecosystem. 
To pursue the ecological phenomenon in rural area from the point of biology, it has 
contributed so much. And findings from the development of ecological engineering are also 
needed. I’m convinced that stable isotope ratio will help us to conserve rural ecosystem as 
an evaluation method of the engineering effects. 
What thus far discussed depends on the difference between photosynthesis cycle, C3 plants, 
C4 plants and algae. Photosynthesis gives us not only organic matter that is vital for all of 
animals but also efficient method to investigate and to conserve ecosystem. 
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actually between bone and other parts, there is potential that the frog has fed in strange 
habitat in past times because carbon isotope ratio of previous food is presumed to remain in 
bone yet. Material of animal tells where he lived. 
Carbon isotope ratio of the three parts of Tokyo Daruma Pond frog (Rana porosa porosa) that 
was caught at Yatsuda area was analyzed. The result is shown as Fig. 17. We notice that 
there is variability among the group and within certain individual internally. Specifically, 
vales of bone of individual number 5 and 19 are lower than that of muscle and stomach. 
This indicates that the frog has grown at another habitat and joined the population at a later 
time, remaining particular value of carbon on its bone. Overall values of number 6 and 10 
are different from majority individual. This means they joined the group quite recently, thus 
carbon isotope ratio of the body hasn’t changed into background value of catch area (habitat 
of the population) completely yet. Background value will be affected by weighted average 
of stable isotope ratio of producer. Number 6 might grow at the circumstances where 
considerable C4 plants grow. On the contrary, number 10 might grow at the circumstances 
where all but C3 plants grew and it fed insects that depended almost exclusively on C3 
plants.  
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Fig. 17. Carbon isotope ratio of Tokyo Daruma Pond Frog for each parts 
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These truths educate us important things. Being consisted with individuals moved from 
plural habitats is also important obviously from the biology point of view, but how in-
migrants joined the group includes internal issue for conservation. The species live near 
paddy fields and/or canals, into which frogs jump when they are attacked by predators. 
Some attacked frogs escaped into flowing canal will be washed away to downstream 
although most frogs will drift to near dropped point. Even the washed frogs try to land, but 
they won’t be able to escape from there, if the canal will be constructed by concrete. 
Existence of in-migrants is the proof of dropping, being washed and landing of frogs.  
Canals seem to have a role of pathway of aquatic animals not just a role of agricultural 
production. Breakpoints of network have harmful effects not only for swimming up of fishes 
but also accession of frogs from other populations. This is just my own supposition, in-
migrants might have a role of gene transfer to certain population. 

4. Ecosystem and photosynthesis 
Stable isotope ratio has been providing a lot of relevant knowledge about rural ecosystem. 
To pursue the ecological phenomenon in rural area from the point of biology, it has 
contributed so much. And findings from the development of ecological engineering are also 
needed. I’m convinced that stable isotope ratio will help us to conserve rural ecosystem as 
an evaluation method of the engineering effects. 
What thus far discussed depends on the difference between photosynthesis cycle, C3 plants, 
C4 plants and algae. Photosynthesis gives us not only organic matter that is vital for all of 
animals but also efficient method to investigate and to conserve ecosystem. 
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