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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

Robson Ricardo Teixeira, Jorge Luiz Pereira and Wagner Luiz Pereira
Federal University of Vigosa, Vigosa, 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 (Boger 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.

Ho G ¢
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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 (Boger et al, 2002; Cobb,
1992; Riegg 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; Hiitter, 2011; Macias 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).

CH) (0] H (0] 9 0}
-P N P
" Muj\w on 0T o
o ° HsC NH,
Bialaphos (5) Phosphinotricin (6)

O O NO, o 0 |
% o f SO,Me (¢} SO,Me
Leptospermone (7) Mesotrione (8) Sulcotrione (9)
H3C: i
?3 o
1,4-cineole (10) Cinmethylin (11)

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).

(12) (13)

Fig. 3. Structures of labdane-8a-,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 + Pi2 — 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 ICsy (the concentrations causing 50% inhibition in vitro) were
determined being equal to 72 umol L for compound (12) and 10 pmol L 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).

N
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AN
P680* A‘\
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Pheophytin FeSX\
Qq FeS,
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AN
PQ
N X
cytochrome bg-f Fd-NADP
complex reductase
H,0 N /\v
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l \ - NADP® NADPH
Oxygen
Evolving
Complex §>
‘/ \ 1 Light

Fig. 4. The Z scheme and the electron transfer processes involved in oxygenic
photosynthesis.

0,+H"
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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 pmol L-, the rates of basal, phosphorilation, and uncoupled electron
transport were inhibited being basal and uncoupled electron rates the more affected. The
ICs0 found for compound (12) were 200 umol L-! (basal) and 76 pmol L (uncoupled) while
for (13) ICsp for these rates were 31 and 71.5 pmol L 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 Qg
(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 Q4 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 Pego 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 1II 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 Pego level, methylviologen accepts electrons at Fy level in
photosystem 1. Therefore, it was established that the second site of interaction of compound
(12) is located between P70 and Fy 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 Pggo and Qa or at least at Pego 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).

(]

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 (ICsp = 25 umol L for 14 and ICso = 44 pumol L1 for 15). At
lower concentrations (up to 50 upmol L) 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 pummol L1,
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 ICsp was 148 pumol 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 umol L-; 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 ICsp = 82 pmol L for compound (17) and 124 pmol L 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 (ICsp = 66 pmol 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 ICso = 27.0 umol L
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 Pego 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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(ICs0 = 35.6 pmol L1). 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 CF; ATPase complex, the second in the oxygen evolving complex, and the
third at the electron transfer path between Peso 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).

o] HsC CHs OMe O

A0 X o)
0
HyC HsCO 0 o HO
OCH,
(19) (20) (21)

(23:R=H
(22) (24):R =CH;,

(26)

(25)

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 Dbiflavonoids 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 ICsq values for this
activity were 44, 39, and 79 pmol L1 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 1II in the span of oxygen evolving complex to Pggo. The interaction and
inhibition target of (23) was located at Cytbsf 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 B-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 ICsy 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 ICsp determined under the conditions used in the experiments
was 1.9 umol L.
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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 ICsp values ranging from 26 to 487 pmol L. Compound (29a) was
the most active presenting ICso = 26 pmol L1 (Musiol et al, 2007).
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(30a): R = -NO,; R?=-CH,Ph (31a): R = -CyH,Ph-40H
(30b): R'= -NO,; R?=-CH,Ph-4F (31b): R =-C4HgPh
(30c): R' = -NO; R?=-CH(CH3)Ph-4F
(30d): R'= -NO,; R?=-CH,Ph-4-CHy
(30e): R =-NO,; R?=-CH,Ph-4-OCH3
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R2 2
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(33a): R' =SO3H; R?=H; R®=Br (34a): R' =2-OH; R2=
(33b): R' = SO,NHCH(CHa); RZ=H; R®=H ’
]@:Noz HaCO,
cl (34b): R' = 2-0H; R2=
cl
(34c): R' = 4-CH30CONH-; R? =L©
cl
(34d): R" = 4-CHz0CONH-; R2 =
CF,
Compound ICs (umol L)
29a 26.0
30a 32.0
30b 95.0
30c 8.7
30d 107.0
30e 137.0
31a 16.0
31b 7.2
32a 157
32b 126
33a 33.5
33b 54.4
3a 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 (-NO) at the R! 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 (ICsp ranging from
126 to 925 pmol L) 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).

HaG HsC
/
I I
o0 N o N77s" 70
R R

(35a): R = phenyl (36a): R = cyclohexyl
(35b): R = cyclohexyl (36b): R = benzyl
(35¢): R =benzyl (36¢): R = ethyl
(35d): R = ethyl (36d): R = butyl
(35e): R = butyl (36e): R =butyl
(

35f): R = sec-butyl
Compound ICso (umol L)

35a 169+86
35b 0.32+0.19
35¢ 4248

35d 3248

35e 6.610.8
35f 2.610.6
36a 0.21+0.03
36b 18+4

36¢ 2.9+0.6
36d 0.57+0.11
Diuron 0.27+40.02
Hexazinone (.11+0.01
Lenacil 0.08+0.02

Fig. 8. Structures of pyrazoles 35 and 36 and the corresponding ICsq 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 Qp, 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 ICs5 ranged from
0.2 to 42 umol L. 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
ICsp ranging from 10-¢ mol L to 10 4 mol L. The efficacy of (37j) (ICso = 0.64 umol L) is
comparable to commercial herbicides such as diuron, lenacil and hexazinone (ICsy = 0.27,
0.08 and 0.11 pmol L) (Vicentini et al, 2005).

S
e 1 5
> ~
u N" 'NH (37) N\H N” NH
R R
(37a): R = 3-trifluoromethylphenyl (38a): R = 3-trifluoromethylpheny!
(37b): R = 4-bromophenyl (38b): R = 4-bromophenyl
(37c): R = 4-chlorophenyl (38¢): R = 4-chlorophenyl
(37d): R = 3-chlorophenyl (38d): R = 3-chlorophenyl
(37e): R = 2-chlorophenyl (38e): R = 2-chlorophenyl
(37f): R = 4-nitrophenyl (38f): R = 4-nitrophenyl
(379): R = ethyl (38g): R = ethyl
(37h): R = butyl (38h): R =butyl
(37i): R benzyl (38i): R benzyl
(37j): R =cyclohexyl (38j): R = cyclohexyl

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 B-lactone derivative (40) inhibited this process as concentration increases. For
this compound, the ICsp was 90 pmol 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



Photosynthetic Inhibitors 15

enzymes of the electron transport chain in the span between Psgo and Qa (King-Diaz et al
2006).

(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-Diaz 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 ICso values are presented in Figure 11.

o
=
RT | (42) X = Br
X (43)X=H
R = ClI: Nostoclide |
R =H: Nostoclide Il
Compound Benzylidene group ICsp (umol L)
43a Z-4-nitrobenzylidene 1.7+0.7
43b Z-2-fluorobenzylidene 10.1+3.2
43¢ Z-4-trifluoromethylbenzilidene  8.3+2.3
43d Z-2-trifluoromethylbenzilidene  11.8+4.5
43e Z-4-ethylbenzylidene 9.1£3.2

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 (Qp) (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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2. Effect of salt concentration on growth, fluorescence, photosynthetic
activities and pigment content of the cyanobacteria Arthrospira platensis

Arthrospira platensis is commercially produced as a nutrient source for health food, feed and
pharmaceutical industries, especially in developing countries. These species are
representative of a relatively wide group of filamentous cyanobacteria and have been
isolated from various habitats, with low to high ionic strength, in salty and alkaline waters.
These cyanobacteria have developed different strategies for their adaptation to extreme
environmental conditions, such as salinity, which are commonly encountered during
biomass production of outdoor cultures.

Under several conditions, the helical filaments of Arthrospira platensis became straight after
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 52pg mL-! to 70ug mL-! (Fig.1) and a significant
increase in phycobilin and carotenoid per Chlorophyll-a contents.
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Fig. 1. Chlorophyll-a concentration of Arthrospira platensis exposed to different NaCl
concentrations. Data are mean + SEM (n = 3).

The photosynthetic efficiency and the light saturated maximal photosynthetic activity were
also increased with the increase of salt concentration; however, dark respiration and
compensation points were decreased as shown in (Table 1).

The light state transition regulates the distribution of absorbed excitation energy between
the two photo-systems of photosynthesis under varying environmental conditions. In
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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 a P. R4 Pm

17 mM 579+097 11.61+447 72+4.07 526.32 +2.95
250 mM 755+060 7.62+1.49 43.2+0.00 864.00+6.11
500 mM 6.46+0.72 7.60+3.15 504 +£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 (pmol Oz h-t mg-ichl), a: initial slope at
the P-I curve (umol O; h-1 mg-ichl/pumol photons m-2 s1); Rd: dark respiration (umol O
uptake h-? mg- chl); Pc: compensation point (light intensity in pmol photons m2 s where
no net oxygen uptake or evolution was observed)
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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 1) (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.
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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 PSL.
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 (TRo/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 Fy and Fy
originating predominantly from sides of PSII (Table 2)

Medium NaCl concentration Fv/Fm Y, TRo/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; Wo:
probability of electron transport beyond Qa; TRo/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 Fo, 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 helicoidal)
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 pmol photon m2 s was used, which was lower
than the one used by Lu and Vonshak (1999, 2002: 50 pmol photon m-2 s-1) and Pogoryelov et
al. (2003: 60 pmol photon m=2 s). 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 Glucose  Maximal = Maximal  Net Dark
(nmol (g LY Biomass specific Photosynthes respiration
photons Ximax growth rate is (Pp) (Ra)
m2s1) (g LY (1) (umol Oz mg (umol uptake

(day?) Chl1 ht O, mg
Chl1 ht)

1 50 0.5 0.51 0.28 43.77 45.85

2 100 0.5 0.44 0.24 48.56 41.60

3 150 0.5 0.73 0.43 84.32 46.76

4 50 1.5 0.73 0.33 46.91 45.85

5 100 1.5 0.80 0.19 47.61 50.87

6 150 1.5 0.83 0.49 135.79 46.16

7 50 25 0.85 0.35 49.21 50.74

8 100 25 0.91 0.37 67.78 63.27

9 150 25 1.33 0.49 132.7 65.00

10 100 1.5 0.86 0.23 67.83 52.93

11 100 1.5 0.84 0.23 65.29 39.94

Table 3. Maximal specific growth rate (limax), maximal biomass concentration (Xmax), net
photosynthetic rate (P,) and dark respiration rate (Rq) 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 (jimax), Whereas photosynthesis was evaluated by maximum
net photosynthetic rate (P) and dark respiration rate (Rq).
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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).
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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 pmol
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 CO; takes place as carbon sources for cell synthesis, and
it is then expected that CO, 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 Chiorella
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 pmol 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 O, 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 pmol
photons m-2s-1) and glucose concentration (2.5 gL-1). The same conditions improved
maximum specific growth rate (0.49 day!) and maximum net photosynthetic rate (139.89
pmol pmol O, mg Chl! 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
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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).
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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 pmol photons m2 s-1 (4 klx), respectively. However,
Chojnacka (2003) determined optimal growth parameters to be 2.5 gL glucose
concentration and 126 pmol photons m2s1 (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 I
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 (Fo) and maximum (Fn) fluorescence yields (Schreiber &
Neubauer, 1987; Strasser et al., 1995; Srivastava et al., 1999). These phases were designed as
O, ], 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 PSIL

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
(Fo) and maximal (Fr) 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 Fr, 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. In fact Fr,
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 Fr, decreased but Fy 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 ] and P steps observed in the Kenya strain of Arthrospira platensis grown
at low temperature reflects a bigger decline in the concentration of Qa, Qg?, and
plastoquinol (PQH;) 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 ], 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 (F,/Fy) (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 Fo and Fy, 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 PSIIL. This inhibition becomes most considerable
under the interaction of the highest temperature and light intensity (60°C/130umol photons
m2 s1) 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
Fy/Fo

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
PSlI, the kinetics of relative variable fluorescence (Vj), was calculated. V; is equivalent to (F;-
Fo/Fm-Fo). 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 ] 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- (¥o = ETo/ TRg) was also measured.

Increasing temperature from 20°C to 60°C provoke an increase of V;j from 85% to 147% and a
decrease of Wy 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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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.

TRo/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 Qs cannot
transfer electrons efficiently to Qs.

DIo/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
(DIp/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 (¢ro) and in
the quantum yield of electron transport (@gro) 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 (Plags) from 2361% to 122% which indicates the sample
vitality.
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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 Qp 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 DIp/RC= (ABS/RC)-(TRo/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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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 PSIL. The area or the
width of the arrows for each of the parameters, ABS/CSy, TRo/CSo, ETo/CSp and DIo/CSo,
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).
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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/CS,, ETo/CSp under elevated temperature (60°C). Indeed,
ABS/CSy 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 Fo. The ABS/CSy can be substituted as an approximation by the
fluorescence intensity, Fo. A decrease in ABS/CSy at high temperature indicates a decrease in
the energy absorbed per excited cross-section. ETo/CSy 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.

DIy/CSy, 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.

6. References

Adams, WW., Dommig Adams, B; Rosenstiel, TN; Ebbert ,V; Brightwell, AK; Barker, DH.,
Zarter, C. (2001). Photosynthesis, xanthophylls, and D1 phosphorylation under
winter stress., In: PS2001 Proceedings: 12t International congress on photosynthesis.
CSIRO publishing, Melbourne, Australia.

Allakhverdiev, S.I., Nishiyama, Y., Miyairi, S., Yamamoto, H., Inagaki, N., Kanesaki ,Y.,
Murata, N. (2002). Salt stress inhibits the repair of photodamaged photosystem 11
by suppressing the transcription and translation of psbA genes in Synechocystis.
Plant Physiol, 130: 1443-1453.

Allen, D. J. & Ort, DR. (2001). Impacts of chilling temperatures on photosynthesis in warm-
climate plants. Trends Plant Sci, 6: 36— 42.

Andrade, MR & Costa, JAV. (2007). Mixotrophic cultivation of microalga Spirulina platensis
apparatus, Biochim. Biophys. Acta, 601: 433-442.



40 Applied Photosynthesis

Armond, P.A., Bjorkman, O. Staehelin, L.A. (1980). Dissociation of supramolecular
complexes in chloroplast membranes. A manifestation of heat damage to the
photosynthetic apparatus. Biochim Biophys Acta, 601 (3):433-43.

Ban Dar, H. & Leu, K.L. (2003). A possible origin of the middle phase of polyphasic
chlorophyll fluorescence transient. Funct. Plant Biol. 30:571-6.

Ben Dhiab, R., Ben Ouada, H., Boussetta, H., Frank, F., El Abed, A., Brouers, M. (2007).
Growth, Fluorescence, Photosynthetic O, production and pigment content of salt
adapted cultures of Arthrospira platensis. | Appl Phycol. 19: 293-30.

Ben Dhiab, R., Ghenim, N., Trabelsi, L., Yahia, A., Challouf, R., Ghozzi, K., Ammar, J.,
Omrane, H., Ben Ouada, H. (2011). Modeling growth and photosynthetic response
in Arthrospira platensis as function of light intensity and glucose concentration using
factorial design. Journal of Applied Phycology, 22 (6): 745-752

Berry, S., Bolychevtseva, YV., Rogner, M., Karapetyan, NV. (2003). Photosynthetic and
respiratory electron transport in the alkaliphilic cyanobacterium Arthrospira
(Spirulina) platensis. Photosynth Res 78:67-76

Bjorkman, O. & Demming, B. (1987). Photon yield of O, evolution and chlorophyll
fluorescence characteristics at 77 K among vascular plants of diverse origins. Planta
170: 489-504

Buchel, C. & Wilhem, C. (1993). In vivo analysis of slow chlorophyll fluorescence induction
kinetics in algae: progress, problems and perspectives. Photochem Photobiol 58: 137-148

Bukhov, N.G. & Carpentier, R. (2000). Heterogeneity of photosystem II reaction centers as
influenced by heat treatment of barley leaves. Physiologia Plantarum, 110: 279-285

Cajanek, M., Stroch, M., Lachetova, 1., Kalina, J., Spunda, Y. (1998). Characterization of the
photosystem 1II inactivation of heat stressed barley leaves as monitored by the
various parameters of chlorophyll a fluorescence and delayed fluorescence. Journal
of Photochemistry and Photobiology, 47, 39-45

Campbell, D., Hurry, V. Clarke, A., Gustafson, P., Oquist, G. (1998). Chlorophyll
fluorescence analysis of cyanobacterial photosynthesis and acclimation. Microbiol
Mol Biol Rev, 62: 667-683

Chen, F. & Zhang, Y. (1997). High cell density mixotrophic culture of Spirulina platensis on
glucose for phycocyanin production using a fed-batch system. Enzyme Microb
Technol, 20: 221-224

Chen, F.,, Zhang, Y., Guo, S. (1996). Growth and phycocyanin formation of Spirulina platensis
in photoheterotrophic culture. Biotechnol Lett, 18: 603-608

Chojnacka, K. & Marquez-Rocha, FJ. (2004.) Kinetic and stoichiometric relationships of the
energy and carbon metabolism in the culture of microalgae. Biotechnology, 3: 21-34

Chojnacka, K. & Noworyta, A. (2004). Evaluation of Spirulina sp. Growth in
photoautotrophic, heterotrophic and mixotrophic cultures. Enzyme Microb Technol,
34: 461-465

Chojnacka, K. (2003). Heavy metal ions removal by microalgae Spirulina sp. In the processes
of biosorption and bioaccumulation. Dissertation, Wroclaw University of
Technology Poland.

Endo, T., Schreiber, U., Asada, K. (1995). Suppression of quantum yield of photosyntem II by
hyperosmotic stress in Chlamydomonas reinhardtii, Plant Cell Physiol. 36: 1253-1258

Fabregas, J., Herrero, C., Cabezas, B., Liano, R., Abalde, J. (1986). Response of the marine
microalga Dunaliella tertiolecta to nutrient concentration and salinity variations in
batch cultures. Journal of Plant Physiology, 125: 475-4-84



Photosynthetic Behavior of Microalgae in Response to Environmental Factors 41

Falkowski, PG. & LaRoche, J. (1991). Acclimation to spectral irradiance in algae. Journal of
Phycology, 27:8-14

Force, L., Gritchley, C., Van Rensen, JJS. (2003). New fluorescence parameters for monitoring
photosynthesis in plants 1. The effect of illumination on the fluorescence
parameters of the JIP test. Photosynth Res, 78: 17-33

Geider, R]. (1987). Light and temperature dependence of carbon to chlorophyll a ratio in
microalgae and cyanobacteria: implications of physiology and growth of
phytoplankton. New Phycologist, 106: 1-34

Georgieva K., Tsonev T., Velikova V., Yordanov 1. (2000). Photosynthetic activity during
high temperature of pea plants. Journal of Plant Physiology, 157: 169-176

Giardi, MT., Masojidek, J., Godde, D. (1997). Effects of abiotic stresses on the turnover of the
D1 reaction center II protein. Physiol. Plant. 101, 635-642

Gilmour, D]J., Hipkins, MF., Boney, AD. (1982). The effect of salt stress on the primary
processes of photosynthesis in Dunalielia tertiolecta. Plant Sci. Lett. 26, 325-330

Gilmour, DJ., Hipkins, MF., Webber, AN., Baker, NR., Boney, AD. (1985). The effect of ionic
stress on photosynthesis in Dunaliella tertiolecta, Planta 163: 250-256

Goncalves, JFC. & Santos, UM. (2005). Fluorescence technique as a tool for selecting tolerant
species to environments of high irradiance. Brazil. |. Plant Physiol, 17: 307-13

Govindjee (1995). Sixty-three years since Kautsky: chlorophyll a fluorescence. Austr. J. Plant
Physiol. 22, 131-160

Govindjee (2004). Chlorophyll a fluorescence: a bit of basics and history. In Papageorgiou,

GC. & Govindjee (eds.) Chlorophyll a fluorescence: A signature of photosynthesis. Springer,
Dordrecht, the Netherlands, pp. 321-362.

Hase, R., Oikaw,a O., Sasao, C., Morita, M., Watanabe, Y. (2000). Photosynthetic production
of microalgal biomass in a raceway system under greenhouse conditions in Sendai
city. ] Biosci Bioeng, 89: 157-163

Hata, J.I, Hua, Q., Yang, C., Shimizu, K., Taya, M. (2000). Characterization of energy
conversion based on metabolic flux analysis in mixotrophic liverwort cells,
Marchantia polymorpha. Biochem Eng |, 6: 65-74

Havaux, M. (1993). Characterization of thermal damage to the photosynthetic electron
transport system in potato leaves, Plant Sci, 94: 19-33

Hermans, C., Smeyers, M., Rodriguez, RM., Eyletters, M., Strasser, R]. & Delhaye, JP. (2003).
Quality assessment of urban trees: a comparative study of physiological
characterization, airborne imaging and on site fluorescence monitoring by the OJIP-
test. J. Plant Physiol, 160: 81-90.

Hill, R. & Ralph, PJ. (2005). Diel and seasonal changes in fluorescence rise kinetics of three
scleractinian corals. Funct. Plant Biol. 32: 549-59

Hill, R, Larkum, AWD., Frankart, C., Kuhl, M., Ralph, PJ. (2004). Loss of functional
photosystem II reaction centers in zooxanthellae of corals exposed to bleaching
conditions: using fluorescence rise kinetics. Photosynth. Res, 82: 59-7.

Huner, NPA., Oquist, G., Sarhan, F. (1998). Energy balance and acclimation to light and
cold. Trends Plant Sci, 3: 224-30

Jeeji Bai, N. (1985). Competitive exclusion or morphological transformation? A case study
with Spirulina fusiformis. Arch Hydrobiol Suppl 71, Algal Stud, 191: 38-39

Joset, F., Jeanjean, R., Hagemann, M. (1996). Dynamics of the response of cyanobacteria to
salt stress: deciphering the molecular events. Physiol. Plant, 96: 738-744



42 Applied Photosynthesis

Kalaji, HM., Govindjee, Bosa, K., Koscielniak, J., Golaszewska, KZ. (2011). Effects of salt
stress on photosystem Il efficiency and CO, assimilation of two Syrian barley
landraces. Environmental and Experimental Botany 73: 64-72

Kana, T., Gilbert, PM. (1987). Effect on irradiance up to 2000 pE m-2s-2 on marine
Synechococcus WH 7803-1. Growth: pigmentation and cell composition. Deep-Sea Res,
34: 479-516

Kana, TM., Feiwel, NL., Flynn, LC. (1992). Nitrogen starvation in marine Synechococcus
strains: clonal differences in phycobiliprotein breakdown and energy coupling.
Marine Ecology Progress Series, 88: 75-82.

Kang, R., Wang, ], Shi, D., Cong, W., Cai, Z., Ouyang, F. (2004). Interaction between organic
and inorganic carbon sources during mixotrophic cultivation of Synechococcus sp.
Biotechnol Lett, 26: 1429-1432

Kirst, GO. (1990). Salinity tolerance of eukaryotic marine algae, Annu. Rev. Plant Physiol.
Plant Mol. Biol. 41: 21-53.

Kramer, DM., Avenson, TJ., Kanazawa, A., Cruz, JA., Ivanov, B., Edwards, GE. (2004).
Therelationship between photosynthetic electron transport and its regulation. In
Papageorgiou, GC. & Govindjee (eds.) Chlorophyll a Fluorescence: A Signature of
Photosynthesis. Springer, Dordrecht, the Netherlands, pp. 251-78.

Krauss, N., Hinrichs, W., Witt, I., Fromme, P., Protzkow, W. (1993). 3-Dimensional structure
of the system-I of photosynthesis at 6 angstrom resolution. Nature, 361: 326-331

Kriiger, GHJ., Tsimilli-Michael, M., Strasser, R]. (1997). Light stress provokes plastic and
elastic modifications in structure and function of photo system II in camellia leaves.
Physiologia Plantarum, 101: 265-277

Kruskopf, M. & Flynn, K]J. (2006). Chlorophyll content and fluorescence responses cannot be
used to gauge reliably phytoplankton biomass, nutrient status or growth rate. New
Phytol, 169: 525-36

Laws, EA. & Bannister, (1980). Nutrient- and light-limited growth of Thalassiosira fluviatilis
in continuous culture with implications for phytoplankton growth in the ocean.
Limnol. Oceanog, 25 (3): 457-473

Lazar, D. (2006). The polyphasic chlorophyll a fluorescence rise measured under high
intensity of exciting light. Funct. Plant Biol, 33: 9-30

Lewin, RA. (1980.) Uncoiled variants of Spirulina platensis (Cyanophyceae: Oscillatoriaceae).
Arch Hydrobiol Suppl 60, Algal Stud, 26: 48-52

Li, WKW., Smith, JC., Platt, T. (1984). Temperature response of photosynthetic capacity and
carboxylase activity in Arctic marine phytoplankton. Marine Ecology Progress Series,
17: 237-243.

Liu, X., Duan, S, Li, A., Xu, N., Cai, Z., Hu, Z. (2009). Effect of organic carbon sources on
growth, photosynthesis, and respiration of Phaeodactylum tricornutum. | Appl Phycol,
21: 239-246

Lodi, A., Binaghi, L., De Faveri, D., Carvalho, JCM. Converti, A. (2005). Fed-
batchmixotrophic cultivation of Arthrospira (Spirulina) platensis (Cyanophycea) with
carbon source pulse feeding. Ann Microbiol, 55: 181-185

Lu, C. & Zhang, ]J. (1999). Effects of salt stress on PSII function and photoinhibition in
cyanobacterium Spirulina platensis, |. Plant Physiol, 155: 740-745.

Lu, C. & Zhang, ]. (2000). Role of light in the response of PSII photochemistry in the
cyanobacterial Spirulina platensis to salt stress, |. Exp. Bot, 51: 911-917.



Photosynthetic Behavior of Microalgae in Response to Environmental Factors 43

Lu, CM., Torzillo, G., Vonshak, A. (1999). Kinetic response of photosystem II
photochemistry in cyanobacterium Spirulina platensis to high salinity is
characterized by two distinct phases. Aust | Plant Physiol, 26: 283-292

Lu, CM. & Vonshak, A. (1999). Characterization of PSII photochemistry in salt adapted cells
of cyanobacterium Spirulina platensis. New Phytol, 141: 231-239

Lu, CM. & Vonshak, A. (2002). Effect of salinity on photo system II function in
cyanobacterial Spirulina platensis cells. Physiol Plant, 114: 405-413

Lu, CM., Zhang, J., Vonshak, A. (1998). Inhibition of quantum yield of PSII electron
transport in Spirulina platensis by osmotic stress may be explained mainly by an
increase in the proportion of the Qg non reducing PSII reaction centres. Aust | Plant
Physiol, 25: 689-694

Marquez, FJ., Nishio, N., Nagai, S., Sasaki, K. (1995). Enhancement of biomass and pigment
production during growth of Spirulina platensis mixotrophic culture. | Chem Tech
Biotech, 62: 159-164

Marquez, FJ., Sasaki, K., Kakizono, T., Nishio, N., Nagai, S. (1993). Growth characteristics of
Spirulina platensis in mixotrophic and heterotrophic conditions. | Ferment Bioeng, 76:
408-410

Martinez, F. & Orus, ML (1991). Interactions between glucose and inorganic carbon
metabolism in Chlorella vulgaris strain UAM 101. Plant Physiol, 95: 1150-1155

Martinez, F., Camacho, F., Jiménez, JM., Espinola, JB. (1997). Influence of light intensity on
the kinetic and yield parameters of Chlorella pyrenoidosa mixotrophic growth.
Process Biochem, 32: 93-98

Mathur, S., Jajoo, A., Mehta, P., Bharti, S. (2010). Analysis of elevated temperature-induced
inhibition of Photosystem II by using chlorophyll a fluorescence induction kinetics
in wheat leaves (Triticum astivum). Plant Biol, doi:1111/}-1438-8677-2009.00319.X

Maxwell, K. & Johnson, GN. (2000). Chlorophyll fluorescence- a practical guide. | Exp. Bot.
51: 659-68

Mehta, P., Jajoo, A., Mathur, S., Bharti, S. (2010). Chlorophyll a fluorescence study effects of
high salt stress on photosystem II in wheat leaves. Plant Physiol. Biochem, 48: 16-20

Melis, A. (1999). Photosystem II damage and repair cycle in chloroplasts : what modulates
the rate of photodamage in vivo ? Trends Plant Sci, 4: 130-135

Nash, D., Miyao, M., Murata, N. (1985). Heat inactivation of oxygen evolution in
photosystem II particles and its acceleration by chloride depletion and exogenous
manganese, Biochim. Biophys. Acta, 807 127-133

Neubauer, C. & Schreiber, U. (1987). The polyphasic rise of chlorophyll fluorescence upon
onset of strong continuous illumination: 1. Saturation characteristics and partial
control by the Photo system II acceptor side. Z Naturforsch, C 42: 1246-1254

Orus, MI., Marco, E., Martinez, F. (1991). Suitability of Chlorella vulgaris UAM 101 for
heterotrophic biomass production. Bioresour Technol, 38: 179-184

Osborne, BA. & Geider, R]. (1986). Effect of nitrate limitation on photosynthesis of the
diatom Phaeodactylum tricornutum Bohlin (Bacillarophyceae). Plant, Cell and
Environment 9: 617-625

Papageorgiou, G. & Govindjee (1968). Light induced changes in the fluorescence yield of
chlorophyll a in vivo Anacystis nidulans. Biophys ], 8: 1299-1315

Papageorgiou, GC. (1996). The photosynthesis of cyanobacteria (blue bacteria) from the
perspective of signal analysis of chlorophyll a fluorescence. | Sci Ind Res 55: 596-617



44 Applied Photosynthesis

Pelroy, RA., Rippka, R., Stanier, RY. (1972). Metabolism of glucose by unicellular blue-green
algae. Archiv fiir Mikrobiologie, 87: 303-322

Pereira, WE., de Siqueira, DI, Martinez, CA. Puiatti M. (2000). Gas exchange
andchlorophyll fluorescence in four citrus rootstocks under aluminium stress. J.
Plant Physiol, 157: 513-520

Pogoryelov, D., Sudhir, PR., Kovacs, L., Combos, Z., Brown, 1., Garab, G. (2003). Sodium
dependency of the photosynthetic electron transport in the alkaliphilic
cyanobacterium Arthrospira platensis. | Bioenerg Biomembranes, 35: 427-437

Pospisil, P. & Tyystjarvi, E. (1999). Molecular mechanism of high-temperature-induced
inhibition of acceptor side of photosystem 11, Photosynth. Res, 62: 55-66

Powles, SB. (1984). Photoinhibition of photosynthesis induced by visible light. Annu. Rev.
Plant Physiol, 35: 15-44

Prasil, O., Adir, N., Ohad, 1. (1992). Dynamics of photosystem II: mechanism of
photoinhibition and recovery process. Topics in photosynthesis, 11: 295-348

Qiu, B, Zhang, A., Zhou, W., Wei, ., Dong, H., Liu, Z. (2004). Effects of potassium on the
photosynthetic recovery of the terrestrial cyanobacterium, Nostoc flagelliforme
(Cyanophyceae) during rehydration. J. Phycol, 40: 323-32

Raven, JA. & Geider, R]. (1988). Temperature and algal growth. New Phycologist, 110: 441-461.

Rhee, GY. & Gotham, IJ. (1981). The effect of environmental factors on phytoplankton
growth : light and the interactions of light with nitrate limitation. Limmnol. Oceanogr,
26 (4): 649-659

Richardson, K., Beardall, J., Raven, JA. (1983). Adaptation of unicellular algae to irradiance:
an analysis of strategies. New Phytologist, 93: 157-191

Richmond, A. (1988). Spirulina, In: Borowitzka, MA., Borowitzka, LJ. (eds.) Microalga
biotechnology. Cambridge, Cambrige University Press, pp 85-121

Schreiber, U. & Bilger, W. (1987). Rapid assessment of stress effects on plant leaves by
chlorophyll fluorescence measurements. In: Tenhunen GD. (eds.), Plant response to
stress. Springer Verlag, New York, pp. 27-53

Schreiber, U. & Neubauer, C. (1987). The polyphasic rise of chlorophyll fluorescence upon
onset of strong continuous illumination. 2. Partial control by the photosystem II
donor side and possible ways of interpretation. Z. Naturforsch, C 42: 1255-1264

Schreiber, U., Bilger, W., Neubauer, C. (1994). Chlorophyll fluorescence as a non invasive
indicator for rapid assessment of in vivo photosynthesis. In: Schulze, ED., Caldwell,
MM. (eds.) Ecophysiology of photosynthesis. Springer, Berlin Heidelberg New
York, pp 49-70

Schreiber, U., Schliwa, U., Bilger, W. (1986). Continuous recording of photochemical and
non photochemical chlorophyll fluorescence quenching with a new type of
modulation fluorometer. Photosynth Res, 10: 51-62

Schubert, H., Fluda, S., Hagemann, M. (1993). Effects of adaptation to different salt
concentrations on photosynthesis and pigmentation of the cyanobacterium
Synechocystis sp. PCC 6803. J. Plant Physiol, 142 (3): 291-295

Schubert, H. & Hagemann, M. (1990). Salt effects on 77K fluorescence and photosynthesis in
the cyanobacterium Synechocystis sp. PCC 6803, FEMS Microbiol. Lett, 71: 169-172.

Srivastava, A., Strasser, R]., Govindjee (1999). Greening of peas: parallel measurements of
77K emission spectra, OJIP chlorophyll a fluorescence transient, period four
oscillation of the initial fluorescence level, delayed light emission, and P700.
Photosynthetica, 37: 365-392



Photosynthetic Behavior of Microalgae in Response to Environmental Factors 45

Strasser, BJ. (1997). Donor side capacity of PSII probed by chlorophyll a fluorecence
transients. Photosynth, Res, 52: 147-155

Strasser, BJ., Eggenberg, P., Strasser, BJ. (1996). How to work without stress but with
fluorescence. Bulletin de la Societé Royale des Sciences de Liege, 65: 330-349

Strasser, B]. & Strasser, R]. (1995). Measuring fast fluorescence transients to address
environmental questions: the JIP test. In: Mathis, P. (eds.) Photosynthesis: from
light to biosphere. Kluwer, Dordrecht, pp 977-980

Strasser, R]. (1987). Energy pipeline model of the photosynthetic apparatus. In: Biggins, ]J.
(eds.), Progress in Photosynthesis Research. Matinus Nijhoff Publishers, Dordrecht,
The Netherlands, pp 717-720

Strasser, R]., Srivastava, A., Govindjee (1995). Polyphasic chlorophyll a fluorescence
transient in plants and cyanobacteria. Photochem Photobiol, 61: 32-42

Strasser, R]., Srivastava, A., Tsimilli-Michael, M. (2000). The fluorecence transient as a tool to
characterize and screen photosynthetic samples. In Yunus, M., Pathre, U., Mohanty,
P. (eds.), Probing Photosynthesis Mechanisms, regulation and Adaptation. Taylor
and Francis, London, UK, pp 445-483.

Strasser, R]., Tsimilli-Michael, M., Srivastava, A. (2004). Analysis of the chlorophyll a
fluorescence transient. In Papageorgiou, GC. & Govindjee (eds.) Chlorophyll a
Fluorescence: A Signature of Photosynthesis. Springer, Dordrecht, the Netherlands,
pp. 321-62.

Tomek, P., Lazar, D,, Ilik, P., Naus, J. (2001). On the intermediate steps between the O and P
steps in chlorophyll a fluorescence rise measured at different intensities of exciting
light. Aust | Plant Physiol, 28: 1151-1160

Torzillo, G., Bernardini, P., Masojidek, J. (1998). On-line monitoring of chlorophyll
fluorescence to assess the extent of photoinhibition of photosynthesis induced by
high oxygen concentration and low temperature and its effect on the productivity
of outdoor cultures of Spirulina plantensis (cyanobacteria). . Phycol, 34: 504-10

Toth, SZ. & Strasser, R]. (2005). The specific rate of QA reduction and photosystem II
heterogeneity. In: Van Est, A. & Bruce, D. (eds.) Photosynthesis: fundamental
aspects to global perspectives. Allen Press Inc, Lawrence, pp 198-200

Toth, SZ., Schansker, G., Garab, G., Strasser, R.]. (2007). Photosynthetic electron transport
activity in heat-treated barley leaves: the role of internal alternative electron donors
to photosystem II, Biochim. Biophys. Acta, 1767: 295-305

Tsonev, T., Velikova, V., Georgieva, K., Hyde, PF., Jones, HG. (2003). Low temperature
enhances photosynthetic downregulation in French bean (Phaseolus vulgaris L.)
plants. Ann. Bot, 91:343-52.

Tsonev, TD. & Hikosaka, K. (2003). Contribution of photosynthetic electron transport, heat
dissipation, and recovery of photoinactivated photosystem II to photoprotection at
different temperatures in Chenopodium album leaves. Plant Cell Physiol, 44: 828-835

Verity, PG. (1982). Effects of temperature, irradiance and daylength on the marine diatom
Leptocylindrus danicus Cleve. 4. Growth. Journal of Experimental Marine Biology and
Ecology 60: 209-222

Vonshak, A. & Novoplansky, N. (2008). Acclimation to low temperature of two
Arthrospiraplatensis (Cyanobacteria) strains involves down regulation of PSII and
improved resistance to photoinhibition. J. Phycol, 44: 1071-1079



46 Applied Photosynthesis

Vonshak, A., Chanawonge, L., Bunnag, B., Tanticharoen, M. (1995). Physiological
characterization of Spirulina platensis isolates: Response to light and salinity. Plant
Physiol, 14: 161-166

Vonshak, A., Cheung, SM., Chen, F. (2000). Mixotrophic growth modifies the response of
Spirulina (Arthrospira) platensis (cyanobacteria) cells to light. ] Phycol, 36: 675-679

Vonshak, A., Guy, R, Guy, M. (1988). The response of the filamentous cyanobacterium
Spirulina platensis to salt stress. Arch Microbiol, 150: 417-420

Vonshak, A., Kancharaksa, N., Bunnag, B., Tanticharoen, M. (1996). Role of light and
photosynthesis on the acclimation process of the cyanobacterium Spirulina platensis
to salinity stress. ] Appl Phycol, 8: 19-124

Wen, XG., Gong, HM., Lu, C. (2005). Heat stress induces an inhibition of excitation energy
transfer from phycobilisomes to photosystem II but not to photosystem I in a
cyanobacterium Spirulina platensis, Plant Physiol. Biochem, 43: 389-395.

Wilson, KE,, Ivanov, AG., Oquist, G., Grodzinski, B., Sarhan, F., Huner, NPA. (2006). Energy
balance, organellar redox status, and acclimation to environmental stress. Can. J.
Bot, 84: 1355-1370

Yamamoto, Y. (2001). Quality control of photosystem II. Plant Cell Physiol, 42: 121-128

Yamane, Y., Kashino, Y., Koike H., Satoh, K. (1998). Effects of high temperature on the
photosynthetic systems in spinach oxygen-evolving activities, fluorescence
characteristics and the denaturation process, Photosynth. Res, 57: 51-59

Yang, C., Hua, Q., Shimizu, K. (2000). Energetics and carbon metabolism during growth of
microalgal cells under photoautotrophic, mixotrophic and cyclic light-
autotrophic/ dark-heterotrophic conditions. Biochem Eng |, 6: 87-102

Young, AJ. (1993). Factors that affect the carotenoid composition of higher plants and algae.
In Carotenoids in Photosynthesis, Young, AJ. & Britton, G. (eds.) London:
Chapman and Hall, pp. 161-205.

Yu, H, Jia, S, Dai, Y. (2009). Growth characteristics of the cyanobacterium Nostoc
flagelliforme in photoautotrophic, mixotrophic and heterotrophic cultivation. | Appl
Phycol, 21: 127-133

Zeng, MT. & Vonshak, A. (1998). Adaptation of Spirulina platensis to salinity stress. Comp
Biochem Physiol, Part A 120: 113-118

Zhang, D., Pan, X., Mu, G., Wang, J. (2010). Toxic effects of aantimony on photosystem II of
Synechocystis sp. As probed by in vivo chlorophyll fluorescence. J. Appl Phycol, 22:
479-488

Zhang, XW., Zhang, YM., Chen, F. (1999). Application of mathematical models to the
determination optimal glucose concentration and light intensity for mixotrophic
culture of Spirulina platensis. Process Biochem, 34: 477-481

Zhao, B., Wang, J., Gong, H., Wen, X,, Ren, H., Lu, C. (2008). Effects of heat stress on PSII
photochemistry in a cyanobacterium Spirulina platensis. Plant Science, 175: 556-564

Zhu, XG., Govindjee, Baker, NR., DeSturler, E., Ort, DR., Long, SP. (2005). Chlorophyll a
fluorescence induction kinetics in leaves predicted from a model describing each
discrete step of excitation energy and electron transfer associated with photosystem
I1. Planta, 223: 114-133.



3

Characterization of Chestnut Behavior
with Photosynthetic Traits

José Gomes-Laranjo et al.”

Centre for the Research and Technology of Agro-Environmental and Biological Sciences
(CITAB), Universidade de Trds-os-Montes e Alto Douro (UTAD), Vila Real

Portugal

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 27° N and 53° N latitude, from sea level in seaside regions to 2000 m
above sea level (a.s.l.) in the south of Europe. According to Ferndndez-Lépez 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 (27° N latitude) and the most
northern point defined by a line passing in the south of the United Kingdom, northern
Germany, Poland and Ukraine (52° 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
(Fernandez-Lépez 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
(Fernandez-Loépez 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; Martin 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 (Martin 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 °C and monthly mean temperatures
between May and October over 10 °C. Temperature is also important for a good pollination
(July), with an adequate range between 25 °C and 30 °C (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 (A), 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 A variability (Lauteri et al.,
2009). In general, chestnut growth decreases with the increase in xerothermic index, in
opposition to the A values. Then highest A values were measured in progenies from the
warmest locals (e.g. Greece and south of Spain). On the other way, the highest variability
on A 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 A 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 g rates but surprisingly lower WUE than
those from mesic (wet) locals.

Under field conditions, on Tras-os-Montes (located in the Northeast of Portugal) chestnut
trees have maximal photosynthesis rate (A), 7.6 pmolCO,.m2s7, in September (Figure 1),
when temperature reaches 25 °C. This month corresponds to an important phase of bur
growth. In relation to maximal leaf transpiration (E), it was measured during July (29 °C, 4.8
mmolH>O.m2.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 Tras-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 mmolCO,.mmolH,O-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 Tras-os-Montes, a
region located in the Northeast of Portugal (41°30'N, 6°59'E), 9-13°C 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 Tras-os-Montes
region. Values represent the mean between 1988 and 1994.

Chestnut is a dim-light species. In a study done in Tras-os-Montes Region, including a
sample constituted by 13 varieties (see Figure 6), half of the maximal A (A1) was obtained
when PPFD level reached near 400 pmol.m-2.s1, instead 75% of Ajgp was measured under
PPFD of 850 umol.m2.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 CO, assimilation (A1), was obtained at about
24 °C (Figure 3), while half of maximal A was measured around 11-12 °C and 37-38 °C of
ambient temperatures.
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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 = 3.0108In
(PPFD) - 12.87 (R? = 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
°C and 32°C, the temperature curve was determined under plenty PPFD (>900 pmol.m=2.s1).

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
(PPFED, left) and temperature (T, right). For PPFD the polynomial equation is E = 1E-12PPFD#4
- 3E9PPFD? - 3E-°PPFD2+8E-SPPFD+3.109 (R? = 0.308) and for temperature, E can be
represented by E = -0,0002T2 + 0.1813T - 0.1967 (R? = 0.360).

For other conditions see Figure 3.
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affect E, half rate of it being around 1300 pmol.m2.s1 (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 mmolH>O.m2.s1 when
temperature increases from 10 to 21 and to 40 °C, 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 CO; to diffuse to these cells. In what concerns the influence of PPFD, the strongest
increase in WUE was obtained under dim-light conditions (WUE7s~600 pmol.m2.s-1, Figure
5). These findings are partially consistent with the influence of T on WUE, where the highest
efficiency, 0.003 pmol CO,.mmol H>O1, was found under lowest temperatures (14°C). The
half value of WUE appears when T reaches 30 °C, 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 (R? = 0.627), while
for PPFD the respective equation is WUE = -6E-16PPFD# + 3E-12x3 - 6E-09x2 + 6E-06x - 5E-05

(R2 = 0.466).

In relation to Portuguese varieties, optimal temperature (Ti0) changes between 22 °C
(‘Lada’) and 29 °C (‘Boaventura’), 7°C being the wide of the interval. Concerning the heat
tolerance, Tsp interval range is only 3°C, between 35°C (‘Judia” and ‘Negral’) and 38°C
(‘Aveleira’). Results suggest that globally, the varieties from Valpagos (780 m a.s.l.) have
lower Tigo than those from Vinhais (780 m a.s.l.), while the varieties from Vila Real (730 m
a.s.l) presented high Tso (Figure 6). The infection of trees with Phytophthora cinnamomi Rands
(the oomycete that causes ink disease) induces higher heat tolerance as the shift on T190 and
Tso, 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 o-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 (Valpacos) and Judia
(Valpagos), the ratio of unsaturated/saturated fatty acid was 1.86, 2.27 and 2.40, the former
being also the variety with lowest Tso, 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 (Tso) of maximal rate for A. Varieties in different origins, Valpacos, 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, Avila and Mailaga
(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; 37°
N, 03° 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 (Ramirez-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 (CO:
assimilation rate, A; transpiration rate, E; stomatal conductance to CO,, gs) with the
exception of internal CO, concentration (C;), and the maximal apparent efficiency of
Photosystem II, estimated as Fv/Fm, whilst intrinsic water use-efficiency (WUE;) and initial
fluorescence (Fo) increased and carbon isotope composition (613C) 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 (Ywpd) and at midday (Wwmd), were obtained in
plantlets subjected to water stress. However, the recovery of [,ps 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.

CO, 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 Wwpd and Wwma occurs.
Furthermore, in some genotypes where Wypq and Wwma became very low and were in fact
very similar, indicating that the plants were at critical matric potential (Wmeit), the reduction
in photosynthetic efficiency was drastic with values below 6 umol CO; m2s7, 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
WUE;. 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 613C among geographic origins can be employed to infer genetic
diversity in WUE,. In general, studies on genetic diversity in 813C for forest tree species from
both mesic and xeric environments suggest the existence of significant, and often
considerable, variation in WUE; (e.g. Cregg et al., 2000; Li & Wang, 2003). In our study WUE;
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 63C. 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%0 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 (A) in leaf dry matter was also
about 1.6%. (Lauteri et al.,, 1997), which suggests a maximum between population
differences in WUE; of over 16% (Ferrio et al., 2005, as cited in Farquhar & Richards, 1984).
Understanding genetic variation in WUE; through &3C 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 C; 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 (Bjorkman & Demming, 1987). Any
stress, such as drought, may be reflected by a drop in this relation (Oquist, 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 (F,), 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. x 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 g;, 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 °C, whereas for the latter the optimal T was 26.5 °C, explaining by this way the
differences between both genotypes.

In terms of leaf water potential, the Aigp occur between -0.5 and -1.1 MPa for all plants,
whereas the values inducing a reduction of 50% in A 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 Tras-os-Montes Region (Portugal). In fact, as the altitude
increases, T decreases but A also increases. The maximal value (11.5 pmol CO,.m2.s1) was
measured at 23-25 °C, 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 29.15 °C of daily mean T (Figure 7). In the lowest altitude local the
amount of heat was 2587 °D and in the highest altitude place that was 1879°D (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.

16 - T600 m

12 - 135 14 T
~ 114 Q‘ 130 T T1050m 7
= o Oeme. % 12 4 1
= R AN 125 ~ & 10 A _
S 9 “ el S Q 9]
= ’ ‘8 - <
S .- t20= g it
- 0 & 2 6
= 7 115 <
< 7 4

6 10 5]

400 500 600 700 800 900 1000 1100
Altitude (m)

day time (h)

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 Chltot Chla/b Chl/Car Total fatty acid PI U1 Malonic aldehyde x10™ (mM)
(s.l.m) mg.cm_z Saturated (%) nsaturated (%) Control ADP-Fe
1050 121.5b 312¢ 4.8 a 27.0 73.0 111.5 171.3 1.35 3.88
900 1459 a 3.10 ¢ 50a 324 67.6 97.5 154.2 1.67 4.57
700 99.1 ¢ 330b 44b 38.2 61.8 119.2 156.3 2.00 4.91
600 1439 a 340b 46b 33.1 66.9 475 146.1 1.90 4.53
450 80.9 d 3.60 a 39¢ 43.9 56.1 79.6 121.2 3.12 5.36

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 Ul 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 pmol m2 s radiation intensity. The
former also presented lowest compensation point
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Parameters North East South West
PPFD (umol m? s?) 137 d 673 b 912 a 611 ¢
LT (°C) 244 b 251 a 251 a 248 ab
Histology
Thikness (um) 188.7 a 1946 ¢ 239.2 a 208.7 b
Upper epidermis (pm) 220 ¢ 23.8 b 291 a 244 b
Lower epidermis (um) 152 a 15.0 a 16.2 a 154 a
Palisade mesophyll (um) 824 ¢ 87.8 b 110.8 a 868 b
Spongy mesophyll (um) 734 b 66.6 ¢ 822 a 83.6 b
Pal/Spongy 119 b 138 a 139 a 1.07 ¢
Transmitance (%) 544 b 525 a 524 a 536 a
Photosynthetic pigments
Total Chlorophyll (mg.cm™?) 63.3 b 639 b 67.6 ab 67.0 a
Chla /Chlb 291 b 3.09 a 314 a 3.08 a
Carotenoides (mg.cm™?) 121 a 13.0 a 142 a 145 a
Chl/Car 523 a 492 b 476 ¢ 462 ¢
Gas Exchanges
g, (mmol m? s™) 169 b 190 a 188 a 183 a4
A (umol(CO,) m? s™) 147 ¢ 314 b 3.89 a 3.02 b
E (mmol(H,0) m?s?) 326 ¢ 354 b 374 a 3.56 b
WUE (umol(CO,) mmol(H,0)?) 049 ¢ 084 b 1.05 a 075 b
A/PPFD (umol(CO,) mmol?) 0.0064 ¢ 0.0037 b 0.0044 a 0.0048 b
Ci (ppm) 292 a 281 b 268 d 275 ¢

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 ‘Martainha’ 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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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
Tras-os-Montes region (Portugal), the effect of tillage and irrigation on the predawn leaf water
potential (Wwpa) (Figure 12) and gas exchanges rates (Figure 13) were demonstrated.
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Fig. 12. Predawn leaf water potential values (Wwpd) during the studied period in three years,
for TTC (A, soil surface tillage with a tiny cultivator), USP (A, no tillage with rain feed
seeded pasture under canopy) and ISP (m, 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 W.pq 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 Wwpd.
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 umol
CO,.m2.s1, were measured when T reached 28-29 °C, decreasing to 8-8.5 pmol CO,.m-2.s-1
at 33 °C and to 4-5 umol CO,.m2.s1, in August, when T rose up to 37.5 °C. 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 (A, soil surface tillage with a tine cultivator), USP (A, no tillage with rain feed seeded
pasture under canopy) and ISP (m, 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 pmol CO,.m-2.571, in spite of the maintenance of atmospheric T
at 30-32 °C, which might be due to the water stress as the very low Wypa (-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
Tras-os-Montes (corresponding to an amount of 2500 °D, 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 (¥y) 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 27°C) and by 16% in 2009 (under 31°C).
It is noteworthy that values from 2009 were obtained under heat stress (optimal T for
chestnut is around 27 °C) inducing a reduction of about 50% in A.

Year T PPFD gs E A WUE A/Ci Algs Aw
Treatment (°C) (umolm”s™) (mmolm”s™) (mmolm”s™) (umolCOzm™s™) (umolCO2.mmoIH20) (umolCOz.pbar) (umolCO2.mmol) (MPa)
2007

B0 28,09 1180,00 127,79 a 257b 11,77 a 524 a 0,08 a 0lla -1,24a
Bl 29,58 1180,80 12928 a 2,89 a 12,19 a 459 b 0,09 a 0lla -1,26a
2008
B0 27,60 1305,00 84,00 b 227b 829 b 3,66 b 0,04 b 0,10 a
Bl 2738 1305,00 158,00 a 3,13a 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 038 a 025a -2,44a
Bl 31,65 1392,00 4842 a 1,65 a 7,79 a 5,11'b 0,14 b 018b -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 (5i) 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



68 Applied Photosynthesis

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 deficit (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 °C) and also ‘Longal’,
showing a shift of one degree increase (T100, 24.5 °C) in the optimal T for photosynthesis,
and “Aveleira’ which exhibits quite different behaviour (T100, 26 °C and T50, 38.5 °C). 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
(Gonzalez-Martinez 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



Characterization of Chestnut Behavior with Photosynthetic Traits 71

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 27° N and 53° 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 °C 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 CO,, together with the photosynthetic pathways C; and C, (Silvera et al,,
2010a). The CAM is characterized by the temporal separation between CO, fixation and its
assimilation into organic compounds. In CAM plants, CO; is fixed during the dark period
through the action of the enzyme phosphoenolpyruvate carboxylase (PEPC), which uses
CO; 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 CO, by the enzyme ribulose bisphosphate carboxylase
oxygenase (RUBISCO - C; 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 CO, by PEPC in the cytosol and the formation of
organic acids, such as malate. Phase II consists of fixing CO, 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 CO,, CAM plants exhibit greater water use efficiency
(EUA) when compared with the photosynthetic pathways Cs and C4 (Herrera, 2009), given that
CAM plants use 50 to 100 g of water per gram of CO, fixed, while Cz plants use 400 to 500 g
(Drennam & Nobel, 2000). The ratio of transpiration is 3- to 10-fold lower in CAM plants than in
G (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 CO, uptake and fixation typical of the crassulacean acid
metabolism (CAM). Atmospheric CO» is taken up and fixed during the night (upper panel).
Nighttime-accumulated organic acids are decarboxylated during the day, and the internally
released CO» 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 CO; 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 Cs 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 Cs
photosynthesis (Avadhani et al., 1971). CAM-cycling consists of diurnal CO; fixation and
accumulation of organic acids; however, the stomata remain closed at night, and the CO;
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
CO,. 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 Cs 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
Cs plants the productivity is 50-200 (Black, 1973). The energy costs for the assimilation of
each CO; molecule is significantly higher in CAM plants than in C; species. The estimated
stoichiometry of ATP: NADPH: CO; of C; 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 CO, provided by decarboxylation of organic acids after stomata closure
can result in increases of up to 40% in the O, concentration inside the leaves during phase Il
(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 CO,
absorption to occur, but also in phase III, where the CO, concentration is counterbalanced
by the O, concentration (Luttge, 2011).
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Fig. 2. Different modes of CAM in relation to C;, constitutive CAM, CAM-cycling and CAM-
idling. Differences related to the opening of stomata, atmospheric CO, 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 CO; 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 &



86 Applied Photosynthesis

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 CO, 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 Cz ancestor. Indeed, the enzymatic machinery
to perform CAM is present in all plants, including those performing Cs 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 C;
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 &13C 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 Cs
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 813C%o) on plants leaves. The typical range of 613C%. for Cs; plants is
between -33%o to -22.1%., while for strong CAM plants it ranges from -22%o to -12%o
(Elheringer & Osmond, 1989). Several studies done in different taxa have shown a
bimodal pattern of the frequency distribution of 83C%. 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 C; species (indicated by values near -28%o) and a
smaller cluster formed by CAM species (with values near -16%o); 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 613C%o values typical of a Cs 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

CO;, fixation in orchid leaves has been widely studied in the past few years. Most of these
studies suggest that thin-leaved orchids present Cs 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, Cs orchids like Arundina graminifolia
and Oncidium Goldiana are characterized by thin leaves (Hew & Yong, 2004). When under
water stress, daytime CO, uptake is greatly reduced by thin or thick orchid leaves. In some
CAM orchids submitted to an extended water stress, the nighttime CO, 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 CO; 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 CO; concentration (Kluge, 1982). In CAM orchids, normally thick-leaved, stomatal
opening/closing seems to be regulated by dark fixation of CO; in the mesophyll cells, which
reduces CO; 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 CO; exchange pattern are consistent with CAM as
shown by acidity fluctuations. The stomata open in late afternoon and acidity increases as
CO, 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 813C values as the leaf thickness increases, while in thinner leaves a wide range of
013C values can be found (Earnshaw et al., 1987; Silvera et al., 2005; Zotz & Ziegler 1997;
Winter et al., 1983).
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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 fluctuations 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 Cs 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
14CO, fixation in orchids are similar to those in other plants, Knauft & Arditti (1969)
undertook a study of Cattleya leaves. A high dark CO, 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 CO, dark fixation (Hatch, et al., 1967). They also
noticed that three organic acids arose during CO, 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 CO, 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 CO, 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 613C 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 51C values compatible with dark CO» fixation. Species ,
possessing pseudobulbs and having 613C values of a CAM plant in leaves presented had
similar 813C values in pseudobulbs as well. Curiously, the majority of pseudobulbs
examined exhibit an enrichment in 3C 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 613C 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 CO, uptake in light
and dark period was done by Ando & Ogawa (1987). They measured CO, 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 CO, 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 CO; 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 4 CO; incorporation studies, the C3 pathway seemed to operate during the day
and might represent the major pathway of CO, 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. Cs root
photosynthesis can be found in CAM orchids, but CAM in roots was not found in C;
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
1BCO,/12CO, and titratable acid fluctuation typical of a Cs; 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 CO; fixation in CAM. They
found that loss of CO; in the light was low for aerial roots, so it was proposed that during
the day, respiratory CO, was partially refixed by Cs 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 CO, 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 CO, 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 CO
uptake via PEPC. They observed that despite the absence of stomata, leakage of CO, was
low, indicating a balance between CO, carboxylation and fixation, so the CO, concentration
in roots and in the atmosphere is the same. Considering that classical CAM plants maintain
the balance of CO, 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 CO;
concentrating mechanism. CO; uptake is limited by velamen and exodermis; therefore, by
performing Cs photosynthesis the low partial pressure of CO» can lead to damage of the
photosynthetic apparatus in high light intensities. Another advantage of CAM could be
the recycling of CO, 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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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 14CO; 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 CO,
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, CO, 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
14CO, in three succulent-leaf orchids, Arachnis, Aranda, Dendrobium, and one thin-leaf
Oncidium Goldiana. They verified that orchids with succulent leaves performed night CO,
fixation and accumulation of acidity, and radioactive malate was formed when 4CO; was
provided characterizing CAM, while Oncidium Goldiana exhibited C; pattern. Thus, it
appears that flowers of at least some succulent orchids are capable of both C; and CAM
photosynthesis. Dueker & Arditti (1968) also observed a capacity for CO» fixation at night in
Cymbidium flowers.

Given that most existing information on the CO, 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 CO; 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 CO; released is



Crassulacean Acid Metabolism in Epiphytic Orchids: Current Knowledge, Future Perspectives 95

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 Il and IV.

The main technique used to distinguish Cs, 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 313C%o. typical of C; 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 C; 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 C; 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 CO; 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 C; 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.

8. References

Ackerman, ].D. (1983). On the evidence for a primitively epiphytic habit in orchids. Systematic
Botany, Vol.8, No.4, (October-December 1983), pp. 474-477, ISSN 0363-6445



Crassulacean Acid Metabolism in Epiphytic Orchids: Current Knowledge, Future Perspectives 97

Amagasa, T. (1982). Change in properties of phosphoenolpyruvate carboxylase in Kalanchoe
daigremontiana with leaf age. Plant & Cell Physiology, Vol.23, No.8, (September 1982),
pp- 1471-1474, ISSN 0032-0781

Ando, T. & Ogawa, M. (1987). Photosynthesis of leaf blades in Laelia anceps Lindl. is
influenced by irradiation of pseudobulb. Photosynthetica, Vol.21, No.4, pp. 588-590,
ISSN 0300-3604

Antlfinger, A.E. & Wendel, L.F. (1997). Reproductive effort and floral photosynthesis in
Spiranthes cernua (Orchidaceae). American Journal of Botany, Vol.84, No.6, (June
1997), pp. 769-780, ISSN 0002-9122

Aschan, G. & Pfanz, H. (2003). Non-foliar photosynthesis - a strategy of additional carbon
acquisition. Flora, Vol.198, No.2, pp. 81-97, ISSN 0367-2530

Avadhani, P.N. & Arditti, J. (1981). Carbon fixation in orchids. In: Proceedings of World Orchid
Symposium, pp. 79-85, Harbour Press, Sydney.

Avadhani, P.N.; Goh, CJ.; Rao, A.N. & Arditti, ]J. (1982). Carbon fixation in orchids. In:
Orchid Biology, Reviews and Perspectives 11, J. Arditti, (Ed.), Vol.123, No.3, (January
1973), pp. 173-193, Cornell University Press, Ithaca, New York

Avadhani, P.N.; Osmond, C.B. & Tan, K.K. (1971). Crassulacean acid metabolism and the C4
pathway of photosynthesis in succulent plants, In: Photosynthesis and
photorespiration, M.D. Hatch, C.B. Osmond & R.O. Slatyer, (Eds.), pp. 288-293,
Wiley-Interscience, ISBN 0471359009, New York, USA.

Bazzaz, F.A. & Carlson, R-W. (1979). Photosynthetic contribution of flowers and seeds to
reproductive effort of an annual colonizer. New Phytologist, Vol.82, No.1, (January
1979), pp. 223-232, ISSN 0028-646X

Benzing, D.H. & Ott, D.W. (1981). Vegetative reduction in epiphytic Bromeliaceae and
Orchidaceae: its origin and significance. Biotropica, Vol.13, No.2, (June 1981), pp.
131-140, ISSN 0006-3606

Benzing, D.H. (1973). Mineral nutrition and related phenomena in Bromeliaceae and
Orchidaceae. The Quarterly Review of Biology, Vol.48, No.2, (June, 1973), pp. 277-290,
ISSN 0033-5770

Benzing, D.H. (1987). Vascular epiphytism: taxonomic participation and adaptive diversity.
Annals of the Missouri Botanical Garden, Vol.74, No.2, pp. 183-204, ISSN 0026-6493

Benzing, D.H. (1989). The evolution of epiphytism. In Vascular Plants as Epiphytes: evolution
and Ecophysiology, U. Luttge, (Ed.), Vol.76, pp. 15-41, Springer-Verlag, ISBN
3540507965, Berlin, Germany

Benzing, D.H. (1990). Vascular epiphytes: general biology and related biota, Cambridge
University Press, ISBN 0-521-26630-0, Cambridge, England

Benzing, D.H. Friedman, W.E.; Peterson, G. & Renfrow, A. (1983). Shootlessness,
velamentous roots, and the pre-eminence of Orchidaceae in the epiphytic biotope.
American Journal of Botany, Vol.70, No.1, (January 1973), pp. 121-133, ISSN 0002-9122

Benzing, D.H.; Ott, D.W. & Friedman, W.E. (1982). Roots of Sobralia macrantha (Orchidaceae):
structure and function of the velamen-exodermis complex. American Journal of
Botany, Vol.69, No.4, (April 1982), pp. 608-614, ISSN 0002-9122

Black, J. R. & Clanton, C. (1973). Photosynthetic carbon fixation in relation to net CO;
uptake. Annual Review of Plant Physiology, Vol.24, No.24, (June 1973), pp. 253- 286,
ISSN 0066-4294



98 Applied Photosynthesis

Borriss, H. (1967). Kohlenstoff-Assimilation and diurnaled Saiurerhythmus epiphytischer
Orchideen. Orchidee, Vol.7, pp. 396, ISSN 0758-2560

Brulfert, J.; Kluge, M.; Gluglu, S. & Queiroz, O. (1988). Interaction of photoperiod and
drought as CAM inducing factors in Kalanchoe blossfeldiana Poelln. Cv. Tom Thumb.
Journal of Plant Physiology Vol.133, No.2, (September 1988), pp. 222-227, ISSN 0176-
1617

Cockburn, W.; Goh, C.J. & Avadhani, P.N. (1985). Photosynthetic carbon assimilation in a
shootless orchid, Chiloschista usneoides (Don) LDL. A variant on Crassulacean acid
metabolism. Plant Physiology, Vol.77, No.1, (January 1985), pp. 83-86, ISSN 0032-
0889

Cushman, J.C. & Borland, A.M. (2002). Induction of Crassulacean acid metabolism by water
limitation. Plant Cell & Environment, Vol.25, No.2, (February 2002), pp. 295-310,
ISSN 0140-7791

Cushman, J.C. (2001). Crassulacean acid metabolism. A plastic photosynthetic adaptation to
arid environments. Plant Physiology, Vol.127, No.4, (December 2001), pp. 1439-1448,
ISSN 0032-0889

Dodson, C.H. (2003). Why are there so many orchid species? Lankesteriana, Vol.3, No.2, (May
2003), pp. 99-103, ISSN 14093871

Drennan, P. M. & Nobel, P. S. (2000). Responses of CAM species to increasing atmospheric
CO; concentrations. Plant, Cell & Environment, Vol.23, No.8, (August 2000), pp. 767-
781, ISSN 0140-7791

Dueker, J. & Arditti, J. (1968). Photosynthetic #CO, fixation by green Cymbidium
(Orchidaceae) flowers. Plant Physiology, Vol.43, No.1, (January 1968), pp. 130-132,
ISSN 0032-0889

Dycus, A M. & Knudson, L. (1957). The role of the velamen of the aerial roots of orchids.
Botanical Gazette, Vol.119, No.2, (December 1957), pp. 78-87, ISSN 0006-8071

Earnshaw, M.].; Winterm K;, Ziegler, H.; Stichler, W.; Cruttwell, N.E.G.; Kerenga, K.; Cribb,
P.J.; Wood, J.; Croft, ].R.; Carver, K.A. & Gunn, T.C. (1987). Altitudinal changes in
the incidence of Crassulacean acid metabolism in vascular epiphytes and related
life forms in Papua New Guinea. Oecologia, Vol.73, No.4, (October 1987), pp. 566-
572, ISSN 0029-8549

Ehleringer, ]J.R. & Osmond, B.O. (1989). Stable isotopes, In: Plant physiological ecology, R.W.
Pearcy, J. Ehleringer, H.A. Mooney & P.W. Rundel, (Eds), pp. 281-300, Chapman &
Hall, ISBN 0713126906, London, England

Freschi, L.; Takahashi, C.A.; Cambui, C.A.; Semprebom, M.T.R,; Cruz, A.B.; Mioto, P.T,;
Versieux, L.M.; Calvente, A.; Latansio-Aidar, S.R.; Aidar, M.P.M. & Mercier, H.
(2010). Specific leaf areas of the tank bromeliad Guzmania monostachia perform
distinct functions in response to water shortage. Journal of Plant Physiology, Vol.167,
No.7, (May 2010), pp. 526-533, ISSN 0176-1617

Fu, CF. & Hew, CS. (1982). Crassulacean acid metabolism in orchids under water stress.
Botanical Gazette, Vol. 143, No. 3, (September 1982), pp. 294-297, ISSN 0006-8071

Gehrig, H.; Faist, K. & Kluge, M. (1998). Identification of phosphoenolpyruvate carboxylase
isoforms in leaf, stem and roots of the obligate CAM plant Vanilla planifolia Salib.
(Orchidaceae): a physiological and molecular approach. Plant Molecular Biology,
Vol.38, No.6, (December 1998), pp. 1215-1223, ISSN 0167-4412



Crassulacean Acid Metabolism in Epiphytic Orchids: Current Knowledge, Future Perspectives 99

Gehrig, HH.; Wood, J.A.; Cushman, M.A.; Virgo, A.; Cushman, J.C. & Winter, K. (2005).
Large gene family of phosphoenolpyruvate carboxylase in the Crassulacean acid
metabolism plant Kalanchoe pinnata (Crassulaceae) characterized by partial cDNA
sequence analysis. Functional Plant Biology, Vol.32, No.5, (May 2005), pp. 467-472,
ISSN 1445-4408

Gentry, A. & Dodson, C.H. (1987). Diversity and biogeography of Neotropical vascular
epiphytes. Annals of the Missouri Botanical Gardens, Vol.74, No.2, pp. 205-233, ISSN
0026-6493

Goh, C. ]J.; Wara-Aswapati, O. & Avadhani, P.N. (1984). Crassulacean acid metabolism in
young orchid leaves. New Phytologist, Vol.96, No.4, (April 1984), pp. 519-526, ISSN
0028-646X

Goh, CJ. (1983). Rhythms of acidity and CO, production in orchid flowers. New Phytologist,
Vol.93, No.1, (January 1983), pp. 25-32, ISSN 0028-646X

Goh, CJ.; Arditti, ]. & Avadhani, P.N. (1983). Carbon fixation in orchid aerial roots. New
Phytologist, Vol.95, No.3, (November 1983), pp. 367-374, ISSN 0028-646X

Goh, CJ.; Avadhani, P.N.; Loh, C.S.; Hanegraaf, C. & Arditti, J. (1977). Diurnal stomatal and
acidity rhythms in orchid leaves. New Phytologist, Vol.78, No.2, (March 1977), pp.
365-372, ISSN 0028-646X

Hatch, M.D.; Slack, C.R. & Johnson, H.S. (1967). Further studies of a new pathway of
photosynthesis. Carbon dioxide fixation in sugar cane and its occurrence in other
plant species. Biochemical Journal, Vol.102, No.2, (February 1967), pp. 417, ISSN 0264-
6021

He, J. & Teo, L. C. D. (2007). Susceptibility of green leaves and green flowers petals of CAM
orchid Dendrobium cv. Burana Jade to high irradiance under natural and tropical
conditions. Photosynthetica. Vol.45, No.2, (June 2007), pp. 214-221, ISSN 0300-3604

He, J.; Khoo, G. H. & Hew, C. S. (1998). Susceptibility of CAM Dendrobium leaves and
flowers to high light and high temperature under natural tropical conditions.
Environmental and Experimental Botany. Vol.40, No.3, (December 1998), pp. 255-264,
ISSN 0098-8472

Heilmeier, H. & Whale, D. M. (1987). Carbon dioxide assimilation in the flowerhead of
Arctium. Oecologia, Vol.73, No.1, (August 1978), pp. 109-115, ISSN 0029-8549

Herrera, A. (2009). Crassulacean acid metabolism and fitness under water deficit stress: if
not for carbon gain, what is facultative CAM good for? Annals of Botany, Vol.103,
No.4, (February 2009), pp. 645- 653, ISSN 0305-7364

Herrera, A.; Delgado, J. & Paraguatey, 1. (1991). Occurrence of Crasulacean acid metabolism
in Talinum triangulare (Portulacaceae). Journal of Experimental Botany, Vol.42, No.4,
(April 1991), pp. 493- 499, ISSN 0022-0957

Hew, C. S;; Koh, K. T. & Khoo, G. H. (1998). Patern of photoassimilate portioning in
pseudobulbous and rhizomatous terrestrial orchids. Enviromental and Experimental
Botany, Vol.40, No.2, (October 2008), pp. 93-104, ISSN 0098-8472

Hew, CS. & Yong, W.H. (2004). The physiology of tropical orchids in relation to the industry,
World Scientific Publishing Co. Pte. Ltd., ISBN 9789812388018, Singapore.

Hew, CS.; Lee, G.L. & Wong, S.C. (1980). Occurrence of non-functional stomata in the
flowers of tropical orchids. Annals of Botany, Vol.46, No.2, (August 1980), pp.195-
201, ISSN 0305-7364



100 Applied Photosynthesis

Holtum, J.AM. & Winter, K. (2005). Carbon isotope composition of canopy leaves in a
tropical forest in Panama throughout a seasonal cycle. Trees-Structure and Function,
Vol.19, No.5, (May 2005), pp. 545-551, ISSN 0931-1890

Khoo, G.H.; He, ]. & Hew, C.S. (1997). Photosynthetic utilization of radiant energy by CAM
Dendrobium flowers. Photosynthetica, Vol.34, No.3, (February 1997), pp. 367-376,
ISSN 0300-3604

Kluge, M. & Ting, L.P. (1978). Crassulacean acid metabolism. Analysis of an ecological adaptation,
Springer-Verlag, ISBN 3540089799, Berlin, Heidelberg, New York

Kluge, M. (1982). Crassulacean acid metabolism (CAM), In: Photosynthesis: Development,
Carbon Metabolism and Plant Productivity, Govindjee, (Ed.), Vol2, pp. 231-262,
Academic Press, ISBN 0122943023, New York, USA

Kluge, M.; Brulfert, ].; Lipp, J.; Ravelomanana, D. & Ziegler, H. (1993). Acomparative study
of &BC analysis of Crassulacean acid metabolism (CAM) in Kalanchoé
(Crassulaceae) species of Africa and Madagascar. Botanica Acta, Vol.106, No.4, pp.
320-324, ISSN 0932-8629

Knauft, RL. & Arditti, J. (1969). Partial identification of dark 4CO, fixation products in
leaves of Cattleya (Orchidaceae). New Phytologist, Vol.68, No.3, (July 1969), pp.
657-661, ISSN 0028-646X

Kozhevnikova, A. D. & Vinogranova, T. N. (1999). Pseudobulb structure in some boreal
terrestrial orchids. Systematic and Geography of Plants, Vol. 68, (June, 1999), pp. 59-65,
ISSN 1374-7886

Lerman, ]. C; Deleens, E.; Nato, A. & Moyse, A. (1974). Variation in the carbon isotope
composition of a plant with Crassulacean acid metabolism. Plant Physiology, Vol.53,
No.4, (April 1974), pp. 581-584, ISSN 0032-0889

Littge, U. (2004). Ecophysiology of Crassulacean acid metabolism (CAM). Annals of Botany,
Vol.93, No.6, (June 2004), pp. 629-652, ISSN 0305-7364

Littge, U. (2011). Photorespiration in phase III of Crassulacean acid metabolism:
evolutionary and ecophysiological implications. Progress in Botany, Vol.72, No.5,
(October 2010), pp. 371-384, ISSN 978364213145

Luthra, Y.P.; Sheoran, 1.S. & Singh, R. (1983). Photosynthetic rates and enzyme activities of
leaves, developing seeds and pod-wall of pigeon pea (Cajanus cajan L.).
Photosynthetica, Vol.17, No.2, (April 1983), pp. 210-215, ISSN 0300-3604

Marcelis, L.F.M. & Hofman-Eijer, L.R.B. (1995). The contribution of fruit photosynthesis
to the carbon requirement of carbon requirement of cucumber fruits as
affected by irradiance, temperature and ontogeny. Physiologia Plantarum, Vol.93,
No.3, (April 1995), pp. 476-483, ISSN 0031-9317

Martin, C.E.; Mas, E.J; Lu, C. & Ong, B.L. (2010). The photosynthetic pathway of the roots of
twelve epiphytic orchids with CAM leaves. Photosynthetica, Vol.48, No.1, (March
2010), pp. 42-50, ISSN 0300-3604

Maxwell, K. (2002). Resistance is useful: diurnal patterns of photosynthesis in C; and
Crassulacean acid metabolism epiphytic bromeliads. Functional Plant Biology,
Vol.29, No.6, (June 2002), pp. 679-687, ISSN 1445-4408

Mccoll, J.G. (1970). Properties of some natural waters in a tropical wet forest of Costa Rica.
Bioscience, Vol.20, No.20, (November 1970), pp. 1096-1100, ISSN 0006-3568



Crassulacean Acid Metabolism in Epiphytic Orchids: Current Knowledge, Future Perspectives 101

Milaneze-Gutierre, M. A. & da Silva, C. 1. (2004). Caracterizacdo morfo-anatdmica dos
6rgdos vegetativos de Cattleya walkeriana Garndner (Orchidaceae). Acta
Scientarum Biological Sciences, Vol.26, No.1, (June 2008), pp. 91-100, ISSN 1679-9283

Mooney, H.A.; Bullock, S.H. & Ehleringer, J.R. (1989). Carbon isotope ratios of plants of a
tropical forest in Mexico. Functional Ecology, Vol.3, No.2, pp. 137-142, ISSN 0269-
8463

Moreira, ASF.P., Lemos, ].P., Zotzb, G. & Isaias, RM.S. (2009). Anatomy and
photosynthetic parameters of roots and leaves of two shade-adapted orchids,
Dichaea cogniauxiana Shltr. and Epidendrum secundum Jacq. Flora, Vol.204, No.§,
(April 2009), pp. 604-611, ISSN 0367-2530

Motomura, H.; Ueno, O.; Kagawa, A. & Yukawa, T. (2008a). Carbon isotope ratios and the
variation in the diurnal pattern of malate accumulation in aerial roots of CAM
species of Phalaenopsis (Orchidaceae). Photosynthetica, Vol.46, No.4, (August 2008),
pp. 531-536, ISSN 1573-9058

Motomura, H.; Yukawa, T.; Ueno, O. & Kagawa, A. (2008b). The occurrence of Crassulacean
acid metabolism in Cymbidium (Orchidaceae) and its ecological and evolutionary
implications. Journal of Plant Research, Vol.121, No.2, (February 2008), pp. 163-177,
ISSN 0918-9440

Ng, C. K. Y. & Hew, C. S. (2000). Orchid pseudobulbs - “false” bulbs with a genuine
importance in orchid growth and survival! Scientia Horticulturae. Vol. 83, (June
2000), pp.165-172, ISSN 0304-4238

Nishida, K. (1978). Effect of leaf age on light and dark 4CO; fixation in a CAM plant,
Bryophyllum calycinum. Plant & Cell Physiology, Vol.19, No.19, (September 1978), pp.
935-941, ISSN 0032-0781

Nuerenbergk, E. L. (I1963). On the CO, metabolism of orchids and its ecological aspect.
Proceeding of 4th Worth Orchid Conference, pp. 158

Oliveira, V. C. & Sajo, M. G. (2001). Morfo-anatomia caulinar de nove espécies de
orchidaceae. Acta Botdnica Brasilica. Vol.15, No.2, (June 2001), pp. 177-188, ISSN
1677-941X

Osmond, C.B. (1978). Crassulacean acid metabolism - curiosity in context. Annual Review of
Plant Physiology, Vol.29, No.29, (June 1978), pp. 379-414, ISSN 0066-4294

Ota, K. (1988). Stimulation of CAM photosynthesis in Kalanchoe blossfeldiana by transferring
to nitrogen-deficient conditions. Plant Physiology, Vol.87, No.2, (June 1988), pp. 454-
457, ISSN 1532-0889

Paul, M.J; Cockburn, W. (1990). The stimulation of CAM activity in Mesembryanthemum
crystallinum in nitrate- and phosphate-deficient conditions. New Phytologist, Vol.114,
No.3, (March 1990), pp. 391- 398, ISSN 0028-646X

Pearson, P.N. & Palmer, M.R. (2000). Atmospheric carbon dioxide concentrations over the
past 60 million years. Nature, Vol.406, No.6797, (August 2002), pp. 695-699, ISSN
0028-0836

Pierce, S., Winter, K. & Griffiths, H. (2002). Carbon isotope ratio and the extent of daily CAM
use by Bromeliaceae. New Phytologist, Vol.156, No.1, (October 2002), pp. 75-83,
ISSN 0028-646X



102 Applied Photosynthesis

Ramirez, S.R.; Gravendeel, B.; Singer, R.B.; Marshall, C.R. & Pierce, N.E. (2007). Dating the
origin of the Orchidaceae from a fossil orchid with its pollinator. Nature, Vol.448,
No.7157, (August 2007), pp. 1042-1045, ISSN 0028-0836

Ranson, S. L. & Thomas, M. (1960). Crassulacean acid metabolism. Annual Review of Plant
Physiology, Vol.11, No.1, (June 1960), pp. 81-110, ISSN 0066-4294

Reekie, E.G. & Bazzaz, F.A. (1987). Reproductive efforts in plants. I. Carbon allocation to
reproduction. American Naturalist, Vol.129, No.6, (June 1987), pp. 876-896, ISSN
0003-0147

Silvera, K.; Neubig, K.M.; Whitten, M.; Williams, N.H.; Winter, K. & Cushman, J.C. (2010a).
Evolution along the Crassulacean acid metabolism continuum. Functional Plant
Biology, Vol.37, No.11, (October 2010), pp. 995-1010, ISSN 1445-4408

Silvera, K.; Santiago, L.S. & Winter, K. (2005). Distribution of Crassulacean acid metabolism
in orchids of Panama: evidence of selection for weak and strong modes. Functional
of Plant Biology, Vol.32, No.5, (May 2005), pp. 397-407, ISSN 1445-4408

Silvera, K. Santiago, LS. & Winter, K. (2010b). The incidence of Crassulacean acid
metabolism in the Orchidaceae derived from carbon isotope ratios: a checklist o the
flora of Panama and Costa Rica. Botfanical Journal of the Linnean Society, Vol.163,
No.2, (June 2010), pp. 194-222, ISSN 1095-8339

Silvera, K.; Santiago, L.S.; Cushman, ].C. & Winter, K. (2009). Crassulacean acid metabolism
and epiphytism linked to adaptive radiations in the Orchidaceae. Plant Physiology,
Vol.149, No .4, (April 2009), pp. 1838-1847, ISSN 0032-0889

Smillie, RM. (1992). Calvin cycle activity in fruit and the effect of heat stress. Scientific
Horticulture, Vol.51, No.1-2, (July 1992), pp. 83-95, ISSN 0304-4238

Sollings, P. & Drewry, G. (1970). Electrical conductivity and flow rate of water through the
forest canopy, In: A Tropical Rain Forest, H.T. Odum, (Ed.), Chap. H, pp. 137-155,
U.S. Atomic Energy Commission, Washington, D.C.

Spalding, M.H.; Stumpf, D.K.; Ku, M.S.B.; Burris, R.H. & Edwards, G.E. (1979). Crassulacean
acid metabolism and diurnal variation of internal CO; and O»-concentrations in
Sedum praealtum DC. Australian Journal of Plant Physiology, Vol.6, pp. 557-567, ISSN
0310-7841

Stancato, G. C.; Mazzafera P. & Buckeridge, M. S. (2001). Effect of a drought period on the
mobilization of non-structural carbohydrate, photosynthetic efficiency and water
status in an epiphytic orchid. Plant Physiology and Biochemistry, Vol.39, No.11,
(November 2001), pp. 1009-1016, ISSN 0981-9428

Sunagawa, H.; Cushman, J.C. & Agarie, S. (2010). Crassulacean acid metabolism may
alleviate production of reactive oxygen species in a facultative CAM plant, the
common ice plant Mesembryanthemum crystallinum L. Plant Production Science,
Vol.13, No.3, (June 2010), pp. 256-260, ISSN 1349-1008

Ting, I.P. (1985). Crassulacean acid metabolism. Annual Review of Plant Physiology, Vol.36,
No.1, (June 1985), pp. 595-622, ISSN 0066-4294

Weiss, D.; Schonfeld, M. & Halevy, A.H. (1988). Photosynthetic activities in the Petunia
corolla. Plant Physiology, Vol.87, No.3, (March 1988), pp. 666-670, ISSN 0032-0889

Werk, K.S. & Ehleringer, ].R. (1983). Photosynthesis by flowers in Encelia farinosa and Encelia
californica (Asteraceae). Oecologia, Vol.57, No.3, (March 1983), pp. 311-315, ISSN
0029-8549



Crassulacean Acid Metabolism in Epiphytic Orchids: Current Knowledge, Future Perspectives 103

Williams, K.; Koch, G.W.; Mooney, H.A. (1985). The carbon balance of flowers of Diplacus
aurantiacus (Scrophulariaceae). Oecologia, Vol.66, No.4, (July 1985), pp. 530-535,
ISSN 0029-8549

Winter, K. & Smith, J.LA.C. (1996). An introduction to Crassulacean acid metabolism.
Biochemical principles and ecological diversity, In: Crassulacean acid metabolism.
Biochemistry, ecophysiology and evolution, K. Winter & J.A.C. Smith, (Eds.), pp. 1-13,
Springer-Verlag, ISBN 3540581049, Berlin, Germany.

Winter, K. & Von Willert, D.J. (1972). NaCl-induzierter Crassulaceanaurestoffwechsel bei
Mesembryanthemum crystallinum. Zeitschrift fur Pflanzenphysiologie, Vol.67, pp. 166-
170, ISSN 0044-328X

Winter, K.; Garcia, M. & Holtum, J.A.M. (2008). On the nature of facultative and constitutive
CAM: environmental and developmental control of CAM expression during early
growth of Clusia, Kalanchoe, and Opuntia. Journal of Experimental Botany, Vol.59,
No.7, (February 2008), pp. 1829-1840, ISSN 0022-0957

Winter, K.; Littge, U; Winter, E. & Troughton, J.H. (1978). Seasonal shift from C;
photosynthesis to Crassulacean acid metabolism in Mesembryanthemum crystallinum
growing in its natural environment. Oecologia, Vol.34, No.2, (January 1978), pp.
225-237, ISSN 1432-1939

Winter, K.; Medina, E.; Garcia, V.; Mayoral, M.L. & Muniz, R. (1985). Crassulacean acid
metabolism in roots of a leafless orchid, Campylocentrum tyrridion Garay &
Dunsterv. Journal of Plant Physiology, Vol.118, No.1, pp. 73-78, ISSN 0176-1617

Winter, K.; Wallace, B.J.; Stocker, G.C. & Roksandic, Z. (1983). Crassulacean acid metabolism
in Australian vascular epiphytes and some related species. Oecologia, Vol.57, No.1-
2, (March 1983), pp. 129-141, ISSN 0029-8549

Withner, C.L.; Nelson, P.K. & Wejksnora, P.J. (1974). The anatomy of orchids, In: The
Orchids-Scientific Studies, C.L. Withner, (Ed.), pp. 267, John Wiley and Sons, Inc.,
ISBN 0471957151, New York, USA

Yoder, J. A,; Imfeld, SM.; Heydinger, D.J.; Hart, C.E.; Collier, M.H.; Gribbins, KM. &
Zettler, L.W. (2010). Comparative water balance profiles of Orchidaceae seeds for
epiphytic and terrestrial taxa endemic to North America. Plant Ecology, Vol.211,
No.1, (November 2010), pp. 7-17, ISSN 1385-0237

Yong, J.W. & Hew, C.S. (1995). Partitioning of 14C assimilates between sources and sinks
during different growth stages in the sympodial thin-leaved orchid Oncidium
Goldiana. International Journal of Plant Sciences A, Vol.156, No.2, (March 1995), pp.
188-196, ISSN 1058-5893

Zimmerman, J. K. (1990). Role of pseudobulbs in growth and flowering of Catasetum
viridifolium (Orchidaceae). American Journal of Botany. Vol.77, No.4, (June 1990), pp.
533-542, ISSN 0002-9122

Zotz, G. & Hietz, P. (2001). The ecophysiology of vascular epiphytes: current knowledge,
open questions. Journal Experimental Botany, Vol.52, No.364, (November 2001), pp.
2067-2078, ISSN 0022-0957

Zotz, G. & Ziegler, H. (1997). The occurrence of Crassulacean acid metabolism among
vascular epiphytes from Central Panama. New Phytologist, Vol.137, No.2, (October
1997), pp. 223-229, ISSN 0028-646X



104 Applied Photosynthesis

Zotz, G. (1999). What are backshoots good for? Seasonal changes in mineral, carbohydrate
and water content of different organs of the epiphytic orchid Dimerandra emarginata.
Annals of Botany, Vol. 84, No.6, (December 1999), pp. 791-798, ISSN 0305-7364

Zotz, G. (2004). How prevalent is Crassulacean acid metabolism among vascular epiphytes?
Oecologia, Vol.138, No.2, (October 2004), pp. 184-192, ISSN 0029-8549



5

Nitrate Assimilation: The Role of
In Vitro Nitrate Reductase Assay
as Nutritional Predictor

Fungyi Chow

University of Sao Paulo, Department of Botany, Institute of Bioscience
Sdo Paulo, SP

Brazil

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
(NOs). In seawater, and under natural conditions, about 3,5% is NOs- (ca. 0.35 mg NOs-L1),
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*, NOy, and NOs- 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 uM) 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 (NOs") 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 (NOy) is transported to chloroplasts
and reduced to ammonium, prior to assimilation into organic compounds by enzyme nitrite
reductase (NiR), by means of reduced ferredoxin (Fdrq) as electron source. Thus, the
nitrogen assimilation pathway is a two-step process, first with NOs- reduction to NOy- (1)
and then to ammonium (NH4*) (2) as described below:

Nitrate reductase (NR)
NOs + NAD(P)H + 2¢ + H* — NO» + NADP)* + HO )
Nitrite reductase (NiR)

NOy + 6Fdred + 6e + 8H* — NHyt + 6Fdox + 2HO 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)

NH;* + glutamate (Glu) + ATP — glutamine (Gln) + ADP + Pi )

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 a-ketoglutarate catalyzed by the enzyme glutamate dehydrogenase (GDH),
which is found in chloroplasts and mitochondria. In the latter, a-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.

g Nitrogen Metabolism
g
£
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NO;: NO,- NO,- st NO, mmmp NH4 NADPH
ADP + Pi ! assimilation GIn + 2-OXG
uptake NADP IGOGAT
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Fig. 1. General brief of nitrate assimilation pathway. Nitrate (NOs) 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 (NHy*) by nitrite reductase (NiR) that
uses reduced ferredoxin (Fdreq). 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 a-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 CO,, 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 (Herndndez 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 & Vifiegla, 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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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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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.) Rohl.) 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
21/16°C 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: Ohr and
+4°C; 8hr and +4°C; 16hr and +4°C; 8hr and +21/17°C; 16hr and +21/17°C. Then evocation,
flower initiation and differentiation processes were investigated under illumination with the
photoperiod of 16-hr and +21/16+2°C 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 (+4°C) treatment for 120
days. Then evocation, flower initiation and differentiation processes were investigated
under illumination with the photoperiod of 16 hour and +21/17+2°C 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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by AlGaInP LEDs Luxeon™ 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.
[lumination 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, pmol 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 CaCOs, washed with pure acetone,
and filtered through cellulose filter. Sample was diluted till 50 ml with 100% of acetone.
Chlorophyll 4, 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 +70° 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 pm) syringe filters. The analyses were performed on Shimadzu HPLC
(Japan) chromatograph with refractive index detector (RID 10A), oven temperature was
maintained at +80° 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 ecm2d?1)=(1/LA)(dW/dt), where LA is leaf area (cm?) 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 Flowering induction (photoperiod,
respond to any flowering signal) phytochrome system, low temperature,
action of metabolites) - vegetative growth

A Evocation stage I B Evocation stage II C Flower initiation and
(photoperiod) (low temperature) 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).



126 Applied Photosynthesis

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.

Number of Treatment
Species | developed o o o +21/17°C - +21/17°C -
leaves +4°C-0h | +4°C-8h | +4°C-16h sh 16h
5 - 4 4 2 2
Carrot
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.

Eddible carrot Common caraway

5 leaves 9 leaves 9 leaves

Chla | Chlb | Carot. | Chla | Chlb | Carot. | Chla | Chlb | Carot.

Development
Treatment

4°C-8h | 1.97ab | 0.51ab | 0.83ab | 2.55b | 0.56a | 0.78b | 1.62c | 0.52c |0.55abc

4°C-16h | 1.92ab | 0.51ab | 0.90b | 2.09a | 0.65b | 0.65a | 1.42b |0.49abc| 0.59¢c

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

Evocation stage
I

21°C-16h | 1.92ab | 0.55b | 0.73ab | 1.98a | 0.56a | 0.61la | 1.45b | 0.50bc [0.53abc

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

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

II

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

21°C-16h | 2.19b | 0.68b | 0.68ab | 2.08ab |0.61abc| 0.64ab |1.47bc | 0.44c | 0.64b

4°C-8h | 1.70a | 0.58ab | 0.57a | 2.09bc | 0.69bc | 0.67c | 1.13b | 0.25b | 0.39bc

4°C-16h [1.89abc| 0.59ab |0.76bcd| 2.16¢c | 0.71c | 0.68c | 0.89a | 0.18a | 0.32a

diff.

21°C-8h | 2.47c | 0.61ab | 0.81d | 2.00bc | 0.69bc | 0.60d | 1.28¢c | 0.31c | 0.4lc

21°C-16h |1.87abc| 0.78b | 0.61ab | 1.19a | 0.37a | 0.4la | 1.06b | 0.23b | 0.40bc

Flower init. and | Evocation stage

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.

Eddible carrot Common caraway

5 leaves 9 leaves 9 leaves

Chla+b| Glu |COREL|Chla+b| Glu | COREL |Chla+b| Glu [COREL

Development
Treatment

4°C-8h | 2.48ab | 3.18c | -0.3 | 2.67ab | 5.75¢ | -0.6 214b |1.11c| -0.8

=]
‘%T, 4°C-16h | 2.43ab [0.37ab| -0.4 274b | 5.01c| -09 1.85a (0.40a| 1.0
§-§ 21°C-8h | 2.60b | 0.72b | 1.0 228ab | 3.15a | -1.0 1.62a (0.87b| -1.0
=

21°C-16h| 2.47ab | 0.02a | 1.0 2.60ab | 3.31a| -09 1.75a (1.58d| -0.5
4°C-8h |[2.62abc| 2.17c | 0.2 2.46ab | 1.00b 1.0 1.78a |0.82c| 0.7
4°C-16h | 2.60abc | 4.59d | 1.0 2.82b | 2.00c 0.4 2.07c |0.21a| 09
21°C-8h | 243a | 0.13a| 038 2.69ab | 0.49a | -0.6 1.58a [0.65b| -0.2
21°C-16h| 2.87c 139 | -0.1 | 2.69ab | 1.06b | -0.3 |1.81abc|1.10d| 0.5
4°C-8h | 2.28a | 195a | -03 | 2.68bc | 2.56b| -1.0 |[1.28abc|1.22d| 0.9

Evocation
stage I1

o

;5% 4°C-16h | 2.51a | 1.67a| 1.0 2.87¢ | 312 0.2 1.13a |0.25a| 0.8
Eg 21°C-8h | 3.26b | 1.74a | -0.7 | 2.69bc |2.17b| -0.2 1.59¢ [0.80c| -1.0
-

=]

21°C-16h| 245a |3.19b| 0.9 1.49a | 040a | -0.5 |[1.32abc|045b| -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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Eddible carrot, 5 leaves

Bl -
£ §
& § Root-crop Apical meristem zone Leaves
— (5]
3] 5]
>
S = Fru Glu Suc Fru Glu Suc Fru Glu Suc
— |4°C-8h| 7.40c | 7.32b 6.31b | 4.60a 0.33a 2.99¢ | 3.18c
&
8 |4°C-
2] 1.62ab 12.90d | 13.11d | 0.53b 2.22¢ | 0.37ab
g 16h
B |21°C-
5 gh 0.41a 456a | 596b | 1.93d 0.05a | 0.72b
<)
>
=3 °C-
iéhc 2.62b | 1.57a 10.07¢c | 7.00c 0.95¢ 0.04a | 0.02a
= [4°C-8h| 84lc | 5.23c 6.34a | 3.63a 0.47a |4.26ab | 2.17c | 1.05a
7]
0 14°C-
- 16h 3.82a | 3.12a 12.91c | 10.34c | 0.75a | 5.12b | 4.59d | 1.03a
[=1
2 [21°C-
= gh 3.88a |3.99b | 3.38b | 8.43ab | 6.25b 1.68c | 2.37ab | 0.13a | 1.52b
§ 21°C
= 16h- 7.75¢ | 6.28d | 2.12a | 10.11b | 5.52b 1.34c | 3.64ab | 1.39b | 3.04c
§4°C—8h 491c | 616d | 84la | 4.04c | 4.43d | 8.86b 1.60a | 1.95a | 0.16a
g |4°C-
5411;1 434d | 447c | 10.28a | 291b | 2.32b | 10.59c | 1.28a | 1.67a | 0.09a
21
- gh 0.60a | 1.16a | 25.37b | 2.14a | 0.24a 7.46a 2.71b | 1.74a | 1.06b
2 e
o 16h- 4.86c | 3.99b | 32.03c | 4.66d | 3.88c | 16.36d | 3.82c | 3.19b
&4
Eddible carrot, 9 leaves
— [4°C-8h| 7.11c |88lb | 695a | 7.10c | 8.80b 6.92a 5.75¢
7]
80 140C-
= 16h 12.25d | 7.85a | 14.60b | 12.22d | 7.82a | 14.53b 5.01c
=1
2 [21°C-
- gh 1.63a 16.49¢ | 2.40a 16.43¢ 3.15a | 0.77b
|9
<)
g |21°C-
16h 4.61b 18.50d | 4.60b 18.43d 3.31a | 0.08a
7]
_%D 4°C-8h| 4.19d 24.01d | 6.48d | 2.23c | 11.12b | 3.83d | 1.00b
/]
Oy -
,§ :4C 3.49b 18.47¢ | 4.07¢ 7.79a 2.76¢c | 2.00c
£ 16h
9]
E] 21°C- 2.25a | 207b | 6.80a | 1.83a | 0.21a 2.34b | 0.49a
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g = Eddible carrot, 5 leaves
g 13)
& § Root-crop Apical meristem zone Leaves
— (5]
3] o
>
S = Fru Glu Suc Fru Glu Suc Fru Glu Suc
8h
21°C-
16h 3.69bcd | 1.39a | 9.20b | 3.57b | 0.88b 1.11a | 1.06b
% 4°C-8h| 4.60c | 3.42c | 18.27a | 5.82¢c | 2.47c |5.10bcd | 3.15d | 2.56b
"g 4°C-
8 |16n 432b |4.67d | 17.41a | 5.84c | 5.32d | 4.64b 295¢ | 3.12c
2 [21°C
o |8h 0.79a | 1.71b | 23.68b | 3.59d | 1.42b 1.95a | 1.96b | 2.17b
(]
2 [21°C-
2 1.03a | 0.25a | 26.33c | 2.15a | 0.42a 5.56d 1.35a | 0.40a
& [16h
Common caraway, 9 leaves
— [4°C-8h| 0.67c | 0.50b | 3.58a | 0.65c | 0.63b | 4.49a | 2.63b | 1.11c | 0.34ab
()]
¥ |4oC-
< 16h 1.16d | 027a | 543c | 1.12d | 0.33a | 4.71b | 2.19a | 0.40a | 0.60ab
=1
2 |21°C-
= gh 0.40b |211d | 7.85d | 0.37b | 2.63d | 10.01d | 3.28¢c | 0.87b | 0.87b
§ 21°C
M 16h- 0.22a | 1.02c | 5.10b | 0.23a | 1.23c 6.51c 2.29a | 1.58d | 0.21ab
= |4°C-8h| 0.40c | 0.30b | 2.03a | 2.60d | 0.50b 1.21a | 2.20a | 0.82c | 0.34ab
& [10C
-g 16h- 0.70d | 0.20a | 297b | 1.73¢ | 0.20a 5.43c 2.00a | 0.21a | 0.60ab
§ [areC
= gh ) 0.23b | 1.50d | 6.00c | 1.34b | 1.12c 389 | 297b | 0.65b | 0.87b
§ 21°C-
= 16h 0.10a | 0.60c | 3.03b | 0.71a | 1.50d | 6.82d | 1.90a | 1.10d | 0.21ab
:":;4°C—8h 0.26b | 1.01c | 5.43b | 1.47c | 0.24c 1.80d | 1.22d
'g 4°C-
& |16n 031c |1.20d | 7.40c | 1.08b | 0.97d | 1.30b 1.05¢ | 0.25a | 0.38b
E élllc_ 0.04a | 0.50a | 5.40b | 0.77a | 0.03a 0.08a 0.83a | 0.80c
]
2 [21°C-
.E 16h 0.04a | 0.80b | 2.43a | 1.16b | 0.10b 0.04a | 093b | 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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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
evocationstage | [T ‘ ‘ ‘ = ELFH
- evocationstage I - m
Tover i and it ‘ ‘ B ‘ ‘ i —] ‘
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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 CO; 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 (Opik, 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).

Flowering initiation stages (%)
Treatment Flower initiation
Vegetative Evocation I Evocation II 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 wutilize a wide-spectrum of light to control
photomorphogenetic responses (Bjorn, 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 (P;) 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 Chla Chl b Carot. Chl a+b Glu COREL
1.48 0.50 0.58 1.98 7.73
Before LED +0.13 +0.03 0.05 +0.17 w006 | 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 2.27¢c 2.63¢ 0.1
445, 638, 731 nm 1.16a 0.42a 0.35a 1.42a 7.07e 0.4
638, 669, 731 nm 1.49bcd 0.62¢ 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 2 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 3.78 43.69 5.57 0.37 5.76 0.73 1.52
+0.09 +0.07 11.68 10.94 i 0.17 $0.25 +0.06 $0.21

445, 638, 669, 731 nm (Basal)
207b | 20.86e | 010a | 320d [017a | 225d | 7.10e | 144b [ 0.13a

445, 638, 669 nm

234b | 1095d | 0.86b | 234c [10.95d] 0.86b | 9.85f | 263c | 0.07a
445, 638, 731 nm

549d | 6.63c | 13.09d | 198> |117b | 037a | 3.40c | 7.07¢ | 1.05¢
638, 669, 731 nm

308c | 154b | 2578¢ | 1.98b | 1.67c | 047a | 444d | 424d | 0.90b
445, 638 nm

121a | 077a | 193c | 131a [087b ] 212d | 1.02a | 058a | 5.37e

638 nm

141a | 075a | 156c | 1.21a [083b | 1.60c | 1.23b | 071a | 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, CO; 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 g1, 40.25 mg g1 and 40.85 mg g1 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).

638nrn7
445, 638 rm |

]
]
445, 638, 669, 731 ren [T I~

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 HyMAP™ 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 CO:
fixation. The spatial variability of LUE results in enormous variations of net photosynthetic
productivity (NPP), which ranges from 30 to 1000 g C m2 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.
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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 VINIR), mounted to a black and white 2/3” CCD-video camera
(Vosskiihler 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.
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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= 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 m2, 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! in comparison to 8.3 t ha! 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 (Pefiuelas 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 ND VI belongs to the first
generation of indices which were based on empirical methods designs for a specific sensor,
i.e. Landsat MSS.

NDVI = (RNIR — RRed) (1)
(RNiR + Rgea)

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 ND VI is still one of the most common indices. A hyperspectral variant the NDVI
was used in this study:
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IWNDVI = (R827 — R668) (2)
(Rgz7 + Rees)

where Rgy7 and Ress 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

OSAVlis 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 OSAVT:

OSAVI = (RSOO — R668) (3)

where Rgo, and Rees 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)

PRI = M )
(R531 + R531)

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 (Méand 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:

D=1-R' ©)

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 (D, 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 D..

D, =— ©)

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 m2, the CAI is known to
saturate at chlorophyll contents higher than 1.5 g m-? (Oppelt 2002). With increasing chloro-
phyll content its absorption feature at 680 nm flattens and narrows. OSAVI and hNDVTI 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 m2 and 800 mg m2.
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Fig. 5. Linear relationships between vegetation indices and measured canopy chlorophyll;
the regression equations are given as well as the coefficient of determination (R?) and the
root mean square error (rmse).
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Fig. 6. CAl 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 ANDVI 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 (R?) 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 hINDVI 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 LAl 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 ND VI through Equation 8
(Myneni et al., 1999).

jAPAR = APAR
PAR

a NDVI ®)
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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 ND VI 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

PSN,,, =GPP-R ®)

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 PSNpet 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.
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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)

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 C; 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.
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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 CO; 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 CO,
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 CAl-abs remote sensing product. Then, DM is modelled using the con-
stant value (abs.onst = 0.83, Oppelt (2010)) until a remotely sensed abs (absrs) map is available.
Then on, the absgs 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 absgs values are traced back to abs..s: 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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(Dohler, 2007). Thus the absgs is used for a time period of three weeks before abscost 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+ADM+H )

where LF represents the biomass discarded periodically (e.g. litter or dead leaves), ADM 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 CAlys 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
(Figure 9).
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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 absgs is used instead of abscoust. 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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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.

30 30
248 - g . ¥ . 25 - 'E,J . .
20 & . 20 7 :
E s0t oAt g $0 et
15 3 Loh o 15 3 Lot
E . . o . .-o: % . - - . :-:
10-<- ° _ 10-=-+ ° ) _
L T Ri=0.E47 e ! . - ni=pans
. v rmza =058 . s e rmza =055
0s .1 0s i |
i].‘ Modelled DM [ka/m® sll Modelled DM [kg/m®
D{] 1 1 1 D{] 1 1 1

oo o0& 10 15 20 25 30 00 0&F 10 15 20 25 30

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 absgs 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 absonst.

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? while PRI and CAI were not affected by
saturation. PRI showed the highest degree of correlation (R? = 0.725), but CAI proved the
most precise estimation (rmse = 81.1 mg m?).

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 ND VI 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 (R? = 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 (R? = 0.93 compared to R? =
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 (R? = 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 EnNMAP 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 (Devinsky et al., 1990; Balgavy
& Devinsky, 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 Ilgow (g = 2.0046, ABpp, = 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 D, protein on the donor side of PS 2 (Debus et al., 1988a) and (ii) EPR
signal Ivery fast (g = 2.0046, ABpp = 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 D; 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).

amT

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:
Krélové 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 pmol dm=3 did not inhibit electron transport activity, whereas the
unsaturated fatty acids (oleic acid [18:1], linoleic acid [18:2] and a-linolenic acid [18:3])
inhibited electron transport activity by ~50%. The monounsaturated fatty acid completely
inhibited electron transport at 50 pmol 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 Cis 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-(34-
dichlorophenyl)-1,1-dimethylurea (DCMU), namely Qp. 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 Il 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, D; protein ~60 min and D, 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. muscicols, which is toxic to other cyanobaceria and
photoautotrophic organisms (Bagchi & Marwah, 1994; Hagmann & Jiittner, 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 Cy5 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.



Effects of Bioactive Natural and Synthetic Compounds
with Different Alkyl Chain Length on Photosynthetic Apparatus 169

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 (ICsp ~ 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-!) compared to plastoquinone
(895.3 kcal mol) to dock into the Qp-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°Z2)-8",11",14"-pentadecatriene]resorcinol (ICso = 0.09 pmol dm-3)
and 4-methoxy-6-ethoxy-2-[(8"Z,11"2)-8",11",14"-pentadecatriene]resorcinol (ICsp = 0.20 pmol
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).

2.3 Hydroxydietrichequinone, tenuazonic acid and platelet activating factor
The natural quinone, hydroxydietrichequinone ((8Z)-3-heptadec-8-enyl-2-hydroxy-5-
methoxybenzo-1,4-quinone) is a secondary metabolite of Cyperus javanicus. This natural
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quinone has a long aliphatic chain (Ci7) 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 Qp (secondary quinone acceptor) for Qg-niche of the D; protein.
Competition experiments between non-labeled TeA and [4C] atrazine showed that TeA has
a similar site of action as atrazine, which binds to the Qs-site since atrazine binding to Qs-
site could be prevented by TeA (Chen et al., 2007). After TeA treatment an increase of non-
Qareducing 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
ug cm3 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-Cio-Cio and Rha-Cip-Cyo) 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 Qg
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-24,6-
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 plsy value (negative logarithm of ICsp, i.e. compound
concentration causing 50 % inhibition with respect to the control) showed that dodecyl
(plso = 8.4) and tridecyl (plso = 8.1) NTHBA derivatives as well as octyl (plso = 8.7) and decyl
(plso = 8.3) NTHTBA derivatives were ten times more active than DCMU (pls = 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 (PNOS), classified as a phenol-
type PS 2 inhibitor, caused degradation of the D; protein of PS 2 reaction centre into two
fragments of 23 and 9 kDa in complete darkness while the D, 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, Qg, prevented the D; protein from PNO8-
induced degradation. These results indicate a selective and specific cleavage of the D
protein triggered by binding of PNOS to the Qg 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 (plso = 7.4) and
then remaining at constant level (plso = 7.3) until the chain reached Cio. 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
(Rt = R2 = hexyl) compared with that which had the same total number of carbon atoms in
the side chains (R! = ethyl, R? = decyl), suggested that an asymmetric distribution of
lipophilic groups about the phloroglucinol nuclei might be preferable for high activity
(Yoneyama et al., 1989D).
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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 Ky, between 6.54 and 8.12),
whereas herbicidal activity peaked with the n-hexyl compound (log K = 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 Qs and Qs 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 Qg 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 Qg 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 Qg
site such that these positions point toward the natural isoprenyl tail-binding pocket that
extends out of the Qg site. The requirement that the tail must extend out of the Qg 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 Qg 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
D; protein on the donor side of PS 2, however OEC, the intermediate Z* and PS 1 were not
injured (Sergefi et al., 2000).

The most active PET inhibitor was methylthio derivative (ICsp = 8.5 pmol 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 (Serseii 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 (Kralova et al., 1992a), 7-9 carbon atoms in the alkyl chain of
dimethylaminoethylesters (Krdl'ova et al., 1992b) and 8-9 carbon atoms in the alkyl chain of
piperidinopropylesters of alkoxyphenylcarbamic acids (Kralovéa et al., 1995a; Serfen &
Kralova, 1996). Similar results were obtained with morpholinoethylesters of 2-, 3- and 4-
alkoxy substituted phenylcarbamic acids (Kralova 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 (Mitterhauszerova 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 (Mitterhauszerova 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 (Kralova 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, ie. for N-[2-(2-heptyloxyphenylcarbamoyloxy)-ethyl]-N-alkylpiperidinium
bromides (Kral'ova 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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(OER) in spinach chloroplasts at relatively low effector concentration, causing
photophosphorylation uncoupling due to protonophore properties of these amphiphilic
compounds (Serdeti & Kral'ova, 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
(Mitterhauszerova et al., 1991b; Kral'ova et al., 1992a, 1992c; Sergent & Kralova, 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 (Mitterhauszerova 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 ICsp 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 pmol dm?3 (for octyl) to 6.24 mmol dm= (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 (Kral'ové et al., 1997).

Fig. 1 presents EPR spectra of untreated spinach chloroplasts (Fig. 1a) and of chloroplasts
treated with 0.05 mol dm? 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 Ilsjow, 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, AB = 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 (Kralov4 et al., 2001). They inhibited also PET in spinach chloroplasts and
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the corresponding ICs values varied in the range from 4.8 pmol dm=3 to 69.1 pmol dm- and
the lipophilicity of the most active compounds was about log P = 5.0-5.5 (Miletin et al.,
2001). EPR spectroscopy confirmed that these anilides interacted with the intermediate D*
(Tyrp) and in a pronouncedly lesser extent also with the intermediate Z° (Tyrz). The
intensive interaction of these compounds with Tyrp 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 (Miletin et al., 2001).

3.6 Alkyl substituted benzothiazole derivatives

Several series of alkyl substituted benzothiazole derivatives were investigated also for their
photosynthesis-inhibiting activity (Krdlova et al., 1992d, 1993; Sidéova et al., 1998, 1999;
Serget et al., 1993). The dependence of the negative logarithm of ICsy 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) (Kralova 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) (Kralova 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 (Kralové 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 (Kralova et al.,
1993).

PET inhibition in spinach chloroplasts was observed also by 2-(6-acetamido-
benzothiazolethio)acetic acid esters (Sid6éova 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 (ICsp = 47 pumol dm3).
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 (Serseti et al., 1993).
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Fig. 3. Dependence of negative logarithm of ICsp 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= of 2-alkylthio-6-R-benzothiazoles (B). (R = formamido (o), acetamido (C),
benzoylamino (0), bicyclo[2.2.1]hept-5-ene-2,3-dicarboximino () and bicyclo[2.2.1]hept-5-
ene-2,3-dicarboximidomethylamino (=). (Source: Krél'ova 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 RsN+-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.
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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-= 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
dm3 1-hexyl-1-ethylpiperidium bromide (B) or with 1-tetradecyl-1-ethylpiperidinium
bromide (C). (Source: Kralova 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 (Krdlova et al., 1992¢). 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 umol
dm3) 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 (Cy5-Cis).

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(Il), C), indicating injury of OEC, which is
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situated on the donor side of PS 2 (Kral'ova 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 (Serseti
et al., 1992). The dependence of the biological activity (expressed by log ICso) 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 Sergeni 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.
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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- (o) and
hexyl- (A) derivatives (A) and on the alkyl chain length of ADAO at the constant
concentration of ADAO 50 pymol dm-3 (B); S was evaluated from EPR spectra of CAT 16 (o)
and 16 DSA () spin labels. (Source: Serset 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=). 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 (tc) 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 1. of 16 DSA spin label located in the thylakoid membrane on the
alkyl chain length of ADAO at constant compound concentration 50 mmol dm- (Fig. 6B)
was similar to that obtained for order parameter S (Fig. 5B), i.e. the lowest t. exhibited
dodecyl derivate. The dependence of ICso, S and 1. (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.
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Fig. 6. Dependences of rotational time t. 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 pmol dm-3 (B).
(Source: Sergeti 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 (Serdeti & Devinsky, 1994; Sersen &
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
(ApH) 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 (Serseit & Devinsky, 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 Sergeti 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
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Fig. 7. The dependence of the DCPIP reduction ([J) 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: Serget &
Lacko, 1995).
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of membrane structure (Apostolova, 1988; Devinsky et al., 1990; Balgavy & Devinsky, 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 (Kral'ova 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 (Devinsky et al., 1990;
Balgavy & Devinsky, 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 (Devinsky et al., 1990; Balgavy & Devinsky, 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
(Kral'ova 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(11), C) derivatives).
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Several homologous series of cationic gemini surfactants, namely N,N"-bis(alkyldimethyl)-
1,6-hexanediammonium dibromides (HDDBr) (Kralova & Sereii, 1994), isosteric N,N’-
(alkyldimethyl)-3X-1,5-pentanediammonium dibromides (PDDBr) (Krélova et al., 1995b)
and 3,8-diaza-4,7-dioxodekane-1,10-diylbis(alkyldimethylammonium) bromides (DDDBr)
(Kral'ové 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 = CH,, NCHj3, 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 (ICs 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 (Kralova
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 (Kralova & Sergen,
1994; Kréalova 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 (Krél'ova 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 (Kralova 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 ICsy value for this
diamide was found to be 4.0 mmol dm= and the corresponding ICsp 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 ICs values of these
surfactants (e.g. 69.7 umol dm3 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 D; and D, 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 Qg 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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(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 4 as a primary photosynthetic pigment, one
group utilizes chlorophyll ¢ 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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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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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.
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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 (O). 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



The Xanthophyll Cycle in Aquatic Phototrophs
and Its Role in the Mitigation of Photoinhibition and Photodynamic Damage 195

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, 4475, 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).

« Diadinoxanthin High light

Diatoxanthin

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-13,!3-carotene-3,3'-diol), antheraxanthin ((3S,
5R, 6S, 3'R )-56-epoxy-5,6-dihydro-B,I3-carotene-3,3'-diol), and zeaxanthin ((3R, 3'R)-
13,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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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 ((35,5R, 65,3 '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-
13,13-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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Table 2. Distribution of major and taxonomically significant pigments in algal
divisions/ classes

Group 1 Group 2 Group 3
Zeaxanthin Zeaxanthin Diadinoxanthin
No xanthophyll cycle | Violaxanthin Diatoxanthin
Cyanobacteria Phacophyceae | Diatoms
Rodophyceae Chlorophyceae | Chrysophyceae
Cryptophyceae ? Chrysophyceae | Xanthophycea
Glaueystophyceae | Xanthophyceae | Chloromonads
Mosses Dinoflagellates
Ferns Euglenophyceae
Gymnosperms
Angiosperms

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 ql, 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 ApH and the
operation of the xanthophyll cycle. The qT refers to the part of the quenching resulting from
state transitions, while ql 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 ql is not clearly defined
except for some higher plants, and it requires special conditions (Demmig-Adams & Adams,
2006). Although the relationship between gE 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 ApH, 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 & Kiibler, 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
ApH 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
(Mtiller 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 (Miiller 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 1, 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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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

Sunlight
Heat

Fluorescence

Photochemist

Fig. 5. The paths of energy dissipation and the use of harvested light energy in phototrophs.
The o 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).

Thermal
Dissipation

P8I Center PSIi Antennae

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 CO, 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 Dunaliells, 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 ¢ decreases to the same extent as
fucoxanthin, some subunits could be specifically rich in diadinoxanthin while others could
mainly bind fucoxanthin and Chl ¢ (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 (Floder
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 pmol
quanta m?2 s, 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 & Biichel, 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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Leaf Photosynthetic Responses to Thinning

Qingmin Han
Forestry and Forest Products Research Institute
Japan

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; Mufioz 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 DBH  |Thinning treatments |Gas exchange Source
location |(cm) measured after
thinning
Chamaecyp |36°3’N, |6.5 From 3000 to 1500  |1st growing season |Han et al 2006
aris obtusa |140°7'E trees ha at 10 years |2nd to 4th growing |Han and Chiba
old season 2009
Pinus taeda |31°11’N, |na From 2990 to 731 5th growing season |Gravatt
92°41'E trees ha at 8 years et al 1997
old 6th growing season |Tang et at 1999
8th growing season |Tang et al 2003
36°78'N, |14.2 From basal area 16.8 |1st to 2nd growing |Ginn et al 1991
80°08'W to9.4m2halat8 season
years old 3rd to 7th growing  |Peterson
season et al 1997
Pinus 35°15'N, |na Basal area thinned  |1st to 2nd growing  |Skov et al 2004
ponderosa  |111°42'W from 33.0, 38.0 to season
18.0, 22.0 m2 ha! at
250 years old
46°5'N, |na From 420 to 280 trees [8th to 9th growing  |Sala et al 2005
114°15W ha? at 70 years old |season
44°25’-  |58.4- |Basal area thinned |7th to 15th growing |McDowell
30'N, 79.2 from 31.4-60.0 to 8.4- [season et al 2003
121°37’- 12.2 m2 ha? at 250
40'W years old
35°16'N, |40.9, Basel area 32nd growing Kolb et al 1998
111°44'W |30.5, maintained to 6.9, season
267, |18.4,27.6,78.2 m2 ha-
10.7 1 by thinning for 32
years commencing at
43 years old
Eucalyptus |43°21'S, |na From 1430 to 250 2nd to 3rd growing |[Medhurst and
nitens 146°54'E trees halat 8 years |[season Beadle 2005
old
Betula na na From 11000-31000 to |2nd to 3rd growing |Wang et al 1995
papyrifera 400, 1000 and 3000  [season
stems ha at 9-13
years old
Juglans 40°19'N, |23.1 From 612 to 74 trees |1st to 2nd growing |Gauthier and
nigra 86°42'W halat19yearsold |season 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 (CO,)
to diffuse into the leaf, water is lost through transpiration. Water supply and demand
interactions regulate conductance of CO; 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, PP