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Preface 

Plants are the dominant members of living organisms in the earth, the basis for life 
providing food to sustain human and animal life as well as being exploited for 
biologicals and medicines. Plant science covers a wide range of scientific disciplines 
that study the structure, growth, reproduction, metabolism, development, diseases, 
ecology, and evolution of plants. In the current research era, it is highly precious to 
discuss on these aspects viz. plant and environment, plant and microbe and plant 
biotechnology. This book provides handful information to stimulate research activities 
in the field of Plant Science. Each chapter provides up-to-date references on the 
current issues, and summarizes the current understanding while identifying the 
knowledge gaps for future research. 

Taking into consideration the above concerns the book is organized to discuss on 
Section-I: Plant and Environment, describes the relationship between plants and 
environment, particularly enumerating species-environment relationship and 
response of plants to different environmental stress conditions. Section-II: Plant-
Microbe relation, embodies broadly on both positive and negative aspects of microbes 
on plants. Section-III: Plant Biotechnology, shed light on current biotechnological 
research to develop modern technology for producing biologicals and also increasing 
plant immunity in the present environmental conditions. 

We are extremely thankful to the contributors for sharing their vast research 
experience by contributing chapters to this book. We express our deep sense of 
gratitude to Ms Tanjana jevtic, Mr Marijan Polic and other officials for their constant 
help and cooperation during various phases for publication of the book and thanks for 
giving us the opportunity to edit the book. We offer our cordial thanks to Kalpana, 
Nilima and Swati for their constant support, cooperation and help.  

We have a strong belief this book will be helpful to a wider group of people; readers, 
scientists, researchers, conservation biologists and allied professionals.  



XIV Preface

Last but not least we have a message to all of our beloved readers 

Plants speak to men 
Only in whispers 

Their voice can be heard by those 
Who remain close to them 

Dr Sudam Charan Sahu 
Indian Institute of Science, Bangalore,  

India 

Dr Nabin Kumar Dhal  
CSIR-IMMT, Bhubaneswar  

India 
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© 2012 Malboobi et al., licensee InTech. This is an open access chapter distributed under the terms of the 
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits 
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. 

Plant Phosphate Nutrition and Environmental 
Challenges 

Mohammad Ali Malboobi, Ali Samaeian, Mohammad 
Sadegh Sabet and Tahmineh Lohrasebi 

Additional information is available at the end of the chapter 

http://dx.doi.org/10.5772/53424 

1. Introduction 

Since the ancient times, food production was exercised in farms where animals and plants 
were grown together (Figure 1). However, as a part of Green Revolution, the use of 
synthetic fertilizers turned out to be an integrated part of industrial agriculture which has 
progressively encouraged disintegration between cropping and animal husbandry. As a 
result, the consumptions of fertilizers have remarkably increased since half a century ago 
[1]. Indeed, disruptions in the cycles of nutrients have brought about environmental 
challenge that caused irreversible damages to natural ecosystems while reasonably justified 
by the real needs for food security for growing human population. As one of the main 
challenges in the world of agriculture, provision of phosphorus (P) for plant nutrition 
requires a closer look from several points of views. 

 
Figure 1. Painted grain and livestock growing together in ancient Egypt. 

© 2012 Malboobi et al., licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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In this chapter, we firstly explain the importance of P in living organisms and the evolved 
adaptive mechanisms, particularly from the molecular and genomic aspects. Subsequently, 
the cycle of exchanging P between physical and biological worlds will be described to show 
the extent of disturbance by current agricultural practices. Then, possible solutions to the 
experienced problems in industrialized agriculture will be discussed. The needs for 
introducing less-energy demanding production and consumption methods for P provision 
and the use of new generation of fertilizers, particularly organic and biological ones in 
combination with chemical P fertilizers will be described in details to address integrative 
measures for sustainable agriculture. 

2. Pi importance 

P, in the form of phosphate ion (Pi), is the most vital element for all living organisms 
playing major roles in the structures of essential biomolecules such as nucleic acids, 
phospholipids and phosphosugars, in almost all metabolic reactions including 
photosynthesis and respiration, in energy delivering molecules such as ATP, ADP or 
NADPH and in transduction of signals within the cells. To ensure functional metabolic 
reactions, Pi homeostasis must be kept between 5 to 20 mM in the cytoplasm. Plants absorb 
P only in its soluble inorganic form of Pi, H2PO4- or HPO42-, which occur in the soil between 
0.1 to 1 µM [2-4]. Therefore, it is one of the most needed nutrients for plant growth and 
development and considered as a major limiting factor in crop yield.  

3. Soil Pi and plants uptake 

Most soils contain a significant amount of P compounds, ranging from 200 to 3000 mg/kg, 
averaged at 1200 mg/kg [5]. P compounds in soil comprise a wide variety of organic and 
inorganic forms [6]. However, only a small proportion (generally less than 1%) is immediately 
available to plants as free Pi. The majority of inorganic compounds are predominantly 
associated with calcium (Ca) in alkaline soils or with iron (Fe) and aluminum (Al) in acidic 
soils [6]. Organic Pi accounts for 30 to 80 percent of soil P, among them monoester P occurs 
predominantly as cation derivatives of inositol hexakisphosphates (mainly as phytate), 
whereas sugar phosphates and diester phosphates (e.g. nucleic acids and phospholipids) 
constitute only a small proportions (~5%)[7, 8]. Factors that contribute to the accumulation and 
turnover of different forms of in/organic P in soil are complex and controlled by various 
competing processes that have been the subject of several reviews [6, 9-13]. 

High concentrations of Pi are generally found in the surface layer of soil profiles or in nutrient-
rich patches. Plants usually produce more roots in the surface soil than the subsoil. For 
instance, an analysis of traits associated with the rate of Pi uptake in wheat showed that root 
length density in the surface soil was the most important trait for Pi acquisition [14]. Because of 
that, drying the surface soil can cause ceased Pi uptake or ‘nutritional drought’ [15].  

Low solubility of Pi in water (0.5 mg/lit), slow diffusion rates of Pi in soil (10-12 to 10-15 m/s) 
and limited capacity for replenishment of soil Pi-solution are major factors that contribute to 
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its deficiency in plants [4, 16-18]. It is also influenced by biological processes such as the 
hydrolysis of ester bonds in organic Pi compounds by phosphatase enzymes.  

The uptake of Pi from soil by plants depends on both the rate of diffusion of Pi towards 
roots and the growth of the root system to access unexploited soil [19]. Roots rapidly deplete 
Pi in the soil solution so that its concentration at the root surface is estimated around 0.05–
0.2 mM [19]. Although this establishes a Pi-diffusion gradient from the rhizosphere to bulk 
soil [19-21], low Pi diffusion rate effectively limits its uptake [22]. It is believed that proper 
application of the fertilizers not only provides Pi, but also promotes root growth into 
unexploited soil [18]. 

4. Pi uptake and reallocation in plants 

Under experimental conditions, both high and low affinity Pi uptake mechanisms have been 
recognized in plants [23,24,25]. Nevertheless, it is generally accepted that if Pi level is within 
the micromolar range (1–10 µm), which corresponds to Pi concentrations in most cultivated 
soils, the high-affinity transporters handles Pi uptake. The Km for high-affinity transporters 
varies from 1.8 to 9.9 µM [25]. It is an energy mediated co-transport process, driven by 
protons generated by a plasma membrane H+-ATPase [23, 26]. Additional evidence for the 
involvement of protons in Pi uptake comes from the use of inhibitors that disrupts proton 
gradient across membranes causing the suppression of Pi uptake [25,27].  

Both experimental data and genome sequence analyses indicate that plants possess families 
of Pi transporter genes [24, 28-31]. Current data suggest that members of the PHT1 Pi 
transporter family mediate transfer of Pi into cells, whereas members of the PHT2, PHT3, 
PHT4, and pPT families are involved in Pi transfer across internal cellular and organelle 
membranes [32-35]. 

Members of the PHT1 Pi transporter gene family have been identified in a wide range of 
plant species including Arabidopsis, rice, medicago, tomato and soybean [28, 36-41]. 
Analysis of Arabidopsis whole genome sequences revealed a set of nine PHT1 transporters. 
Eight of them expressed in roots from which four are expressed in the epidermal cells. In 
contrast, there is less redundancy in the aerial tissues [42]. In rice, at least 10 of the PHT1 
transporters are expressed in roots [40].  

Overlapping expression patterns have also been reported for the PHT1 Pi transporters in 
other plant species [38,41,43-46]. The function of some PHT1 transporters have been 
analyzed either by expression in yeast Pi transport mutants or in plant cells [27,30,36,43,47]. 
In Arabidopsis two Pi transporters, PHt1;1 and PHt1;4, mediate 75% of the Pi uptake 
capacity of the roots system in a wide range of environmental conditions [48]. 

After uptake into the roots, Pi moves symplastically from root surface to xylem at a rate of 
about 2 mm/h and to the other organs afterwards [2]. Entering into the xylem for long-distance 
translocation to the shoot is facilitated by another set of transporter-like proteins [49-50]. Most 
of the absorbed Pi by the roots is transported through xylem to growing leaves of Pi-fed 
plants. In Pi-starved plants. Stored Pi in older leaves is retranslocated to both younger leaves 
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and growing roots, from where Pi can again be recycled to the shoot [51]. Consequently, the 
uptake and allocation of Pi in plants requires multiple transport systems that must function in 
concert to maintain homeostatic level of it throughout the plant tissues [52]. 

5. Plant adaptive strategies toward low Pi  

5.1. Morphological changes in root architecture  

Factors that affect the initiation and activity of the meristems have a large effect on the three 
dimensional patterns of roots in space, the so-called Root System Architecture (RSA) [53] 
which is greatly influenced by surroundings soil and particularly the availability and 
distribution of nutrients, including Pi [54]. Several studies demonstrated that Arabidopsis 
thaliana exposed to low available Pi have reduced primary root growth and at the same time 
increased lateral root formation and growth and, also, root hair production and elongation 
[55]. Under sever Pi starvation, root hairs disappeared entirely in tomato [56]. Modification 
of RSA enable plant roots to explore the upper parts of the soil, a strategy described as 
‘topsoil foraging’ [57]. Symbiotic associations with fungi (Vesicular-Arbuscular 
Mycorrhizae; see below) and formation of cluster roots are adaptive responses to increase Pi 
uptake in many plants which allow competent exploration of soils for fixed Pi [58-63].  

Detailed analysis demonstrated some differences in RSA responses among ecotypes [64]. 
Among 73 Arabidopsis ecotypes, half showed reduced primary root growth on low Pi 
suggesting that root growth inhibition is determined genetically rather than being 
controlled metabolically only [65].  

The first visible event upon Pi starvation is reduction of primary root cell elongation 
followed by a reduction of cell division as traced by rapid repressonof the cell cycle marker 
CYCB1;1. This is accompanied by a loss of quiescent center identity as detected by the QC46 
marker [66].  

Transcriptomics approach as well as mutations analyses have revealed an inventory of 
genes which are repressed or induced during Pi starvation. For example, PRD (Pi root 
development) gene is rapidly repressed in roots under low Pi conditions [67-70]. In this 
context, PRD repression mediated primary root growth arrest [66].  

5.2. Metabolic adaptations to Pi deficiency conditions 

As mentioned above, Pi is an essential macronutrient that plays a central role in virtually all 
metabolic processes in plants. This was clearly illustrated for Pi-induced inhibition of a 
major regulatory enzyme of starch biosynthesis, ADPGlc pyrophosphorylase. Similarly, a 
vacuolar acid phosphatase (APase) displayed strong activity inhibition by sufficient Pi [71-
73]. Conversely, the depletion of vacuolar Pi pools by extended Pi deprivation effectively 
relieved the inhibition of some APase expressions [74].  

A common feature of the plant response to long-term Pi starvation conditions is the 
development of dark-green or purple shoots due to anthocyanin accumulation. It is brought 
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about by Pi-induced biosynthetic enzymes in each step of the pathways leading to the 
synthesis of cyanidin, pelargonidin, flavonoids and anthocyanin [74-76].  

A reduction in the phospholipid content of Pi-starved plant membranes coincided with 
increased sulfolipid sulfoquinovosyldiacylglycerol and galactolipid digalactosyldiacylglycerol 
membrane lipids. SQD1 and SQD2 are Pi starvation inducible enzymes required for 
sulfolipid biosynthesis in Arabidopsis [74,77]. Consistently, an Arabidopsis sqd2 T-DNA 
insertional mutant showed reduced growth under Pi starvation conditions [78]. Galactolipid 
digalactosyldiacylglycerol accumulation was reduced in the roots of Pi-starved pldz1 single 
and pldz1/pldz2 double mutants [79]. PLDz generates phosphatidic acid that can be 
dephosphorylated by an APase to release Pi and diacylglycerol serving as a second 
messenger. The latter activates a protein kinase-mediated protein phosphorylation cascade 
which controls root growth. In contrast to PLDz function in roots, a non-specific 
phospholipase C5 is responsible for phospholipid degradation in leaves during Pi starvation 
[80].  

As a consequence of harsh Pi stress, large (up to 80%) reductions in intracellular levels of 
ATP, ADP, and related nucleoside phosphates also occur [81-82]. A noticeable feature of 
plant metabolism alterations is that some step in metabolic pathways could be bypassed to 
reduce dependence on Pi or ATP. This was confirmed by silencing of genes encoding 
enzymes traditionally considered to be essential. The growth and development of resulting 
transgenic plants were more or less normal [82] while it was expected to have inhibition of C 
flux. Protein phosphorylation and glycosylation were found responsible for controlling the 
activity and/or subcellular targeting of some enzymes involved in bypassed metabolic 
reactions in response to Pi deprivation [83-85]. 

5.3. Acid Phosphatases and Pi recycle  

A key plant response to Pi deprivation is the up-regulation of a large number of intracellular 
and secreted APase enzymes that hydrolyze Pi from a broad range of Pi compounds. 
Secreted APases are believed to function in scavenging nutritional Pi from many exogenous 
organic Pi substrates, including phytate, RNA, DNA, ATP, 3-phosphoglycerate, and various 
hexose phosphates that typically constitutes 20-85% of P compounds in soil [17,73-75,86-88]. 
Similarly, intracellular APases scavenge and remobilize Pi from expendable intracellular Pi 
monoesters and anhydrides. This is accompanied by marked reductions in levels of the 
cytoplasmic Pi-containing metabolites during extended Pi deprivation [75,81]. 

It is noteworthy that APase activity in rhizosphere or soil solution may also originate from 
fungi such as Aspergillus [89] and mycorriza [90] or from bacteria [89,90]. Microorganisms 
may produce both acid and alkaline phosphatase [89] while plants secrete APases only 
[89,92].  

5.4. Organic acid biosynthesis and secretion 

An adaptive strategy for Pi acquisition is the excretion of proton and organic acids from 
roots which results in acidification of rhizosphere. The importance of this mechanism was 
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roots which results in acidification of rhizosphere. The importance of this mechanism was 
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unknown until plasma membrane H+-pumping ATPases were shown to be involved in plant 
adaptation to Pi starvation [93]. Acidification was also correlated with the up-regulation of 
novel membrane channels needed to transport anions such as citrate and malate from root 
cells into the rhizosphere [94]. Organic acid excretion results in the chelating of metal cations 
that immobilize Pi (e.g. Ca2+, Al3+, Fe2/3+), thus, increasing free Pi concentrations in soil upto 
1000-fold. Acidification of rhizosphere also enhances the hydrolysis of organic Pi by 
secreted APases. As well, organic acids could function as carbon source for symbiotic 
rhizobacteria that facilitate root Pi acquisition [17,74,75,86].  

The amounts of exuded carbon as organic acids can be enormous, ranging from 10% to 
greater than 25% of the total plant dry weight [75]. Enhanced synthesis of organic acids in 
Pi-starved plants has been correlated with up-regulation of phosphoenolpyruvate 
carboxylase and its activation by reversible phosphorylation as well as malate 
dehydrogenase and citrate synthase and elevated rates of dark CO2 fixation [75,83].  

6. Genomic analysis of Pi adaptation mechanisms  

As sessile organisms, plants stand on their own potential to retrieve Pi from their 
surrounding soil and utilize it as efficient as possible. Perhaps, this is why they carry 
numerous loci encoding APases and Pi transporters. Some representative genomes are 
shown in Table 1.  
 

Organism Genome size (Mb) APases Pi transporters 
Oryza sativa 450 40 14 
Arabidopsis thaliana 125 58 15 
Glycine max 975 128 35 
Populus trichocarpa 10 51 22 

Table 1. Genome size and the number of APase and Pi transporter-encoding genes in four plant 
genomes with annotated sequenced. 

Genome-wide profiling methods has been employed to compare the transcriptional profiles 
of Pi-starved and Pi-fed plants [67-69,95-99]. These studies have shown that the changes in 
gene expression can be detected within hours after exposure to Pi starvation [67,68,95]. Wu 
et al. [67] found that within 72 h from the onset of Pi starvation, the expression of 1800 of 
6172 surveyed genes were changed over two-fold, which include more than 100 
transcription factors and cell signaling proteins. Furthermore, differential expression 
patterns in leaves and roots demonstrated distinct responses to Pi starvation in those organs. 
A similar conclusion was obtained from the microarray analysis of the Pi-starved rice 
seedlings [100]. Using an Arabidopsis whole genome Affymetrix chip which includes 22,810 
genes, Misson et al. [68] found that the expression of 612 genes were induced while 254 
genes were suppressed under Pi-limiting conditions. In addition to the Pi transporters, 
RNase and APase genes, the induced genes include those that function in sulfate and iron 
transport and homeostasis, Pi salvaging from organic compounds, phospholipids 
degradation and galacto- and sulfolipid synthesis, anthocyanin synthesis, phytohormone 
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responses, signal transduction, transcriptional regulation, protein degradation, cell wall 
metabolism and so on. The suppressed genes are involved in lipid synthesis, reactive 
oxygen controlling and protein synthesis. In another research, Morcuende et al. [69] showed 
P deprivation led to transcriptional alterations in over 1000 genes involved in Pi uptake, the 
mobilization of organic Pi, the conversion of phosphorylated glycolytic intermediates to 
carbohydrates and organic acids, the replacement of phospholipids with galactolipids and 
the repression of gene implicated in nucleotide/nucleic acid synthesis which were reversed 
within 3 h after Pi re-supply. In addition, analysis of metabolites confirmed that P 
deprivation leads to a shift towards the accumulations of carbohydrates, organic acids and 
amino acids. Pi deprived plants also showed large changes in the expression of many genes 
involved in secondary metabolism and photosynthesis. Hammond et al. [101]used an 
oligonucleotide potato microarray to investigate the transcriptional profile of potato leaves 
under Pi deficiency and compare their data with previously described transcriptional 
profiles for the leaves of Arabidopsis and rice. They identified novel components to these 
profiles, including the increased expression of potato patatin genes- with potential 
phospholipase A2 activity- in the leaves of Pi deficient potatoes. A set of 200 genes were 
identified that show differential expression patterns between fertilized and unfertilized 
potato plants.  

Müller et al. [102] investigated the effect of interaction of Pi and sucrose signals on the gene 
expression pattern in Arabidopsis. They found several genes that were previously identified 
to be either sugar-responsive or Pi-responsive genes. In addition, 150 genes were 
synergistically or antagonistically regulated by the two signals. 

In a comprehensive analysis, Lin et al. [103] conducted time course microarray experiments 
and co-expression-based clustering of Pi-responsive genes by pair wise comparison of genes 
against a customized data base. Three major clusters enriched in genes functioning in 
transcriptional regulation, root hair formation and developmental adaptations were 
distinguished in this analysis. The genome-wide transcriptional approach may be used to 
infer inclusive scenarios for involved mechanisms in the signaling and adaptation of plants 
to Pi deficiency.  

7. Pi sensing and gene expression 
Metabolic adjustments to Pi limitation are largely cellular responses to sensed by internal Pi 
status which trigger a systemically integrated regulating mechanisms involving microRNAs, 
non-coding RNAs and PHO2 downstream of PHR as revealed in recent studies. PHR1, a 
MYB transcription factor, binds to the promoters of most of the Pi-responsive genes that are 
positively or negatively affected by Pi starvation [104]. Despite its central role in controlling 
the expression of numerous Pi-responsive genes, the phr1 mutant showed no major 
phenotypic defects except for a slight difference in the root-to-shoot ratio and root hair 
induction [105]. Indeed, PHR1 works with another MYB factor, PHL1, to control most 
transcriptional activations and repressions in responses to Pi deficiency [104]. Furthermore, 
about two thirds of the genes repressed in Pi-deprived wild type seedlings were markedly 
de-repressed in Pi-starved phr1phl1 double mutants [104]. 
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responses, signal transduction, transcriptional regulation, protein degradation, cell wall 
metabolism and so on. The suppressed genes are involved in lipid synthesis, reactive 
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mobilization of organic Pi, the conversion of phosphorylated glycolytic intermediates to 
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status which trigger a systemically integrated regulating mechanisms involving microRNAs, 
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the expression of numerous Pi-responsive genes, the phr1 mutant showed no major 
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induction [105]. Indeed, PHR1 works with another MYB factor, PHL1, to control most 
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about two thirds of the genes repressed in Pi-deprived wild type seedlings were markedly 
de-repressed in Pi-starved phr1phl1 double mutants [104]. 
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In Arabidopsis, a number of miRNA molecules have been shown to be specifically and 
strongly induced by Pi limitation, including miRNA399, miRNA778, miRNA827 and 
miRNA2111[106-108], though only the role of miRNA399 in the regulation of Pi homeostasis 
has been elucidated [77,109]. miRNA399 is a component of the shoot-to-root Pi-deficiency 
signaling pathway that moves from shoot to root via the phloem where it targets the 
transcripts of PHO2 [103,110]. The repression of PHO2 expression by miRNA399 causes up-
regulation of root Pi transporters (e.g. PHT1;8 and PHT1;9).  

The Pi-signaling network also involves IPS (Induced by Pi Starvation) genes that carry short 
open reading frames [111-112]. It is postulated that their transcripts operate by a mechanism 
called ‘target mimicry’ as they contain a conserved 23-bp region complementary to 
miRNA399 and to fine-tune the PHO2–miRNA399 pathway [113]. Since homologs of 
Arabidopsis IPS and PHO2 genes are present in numerous other plants such a mechanism is 
probably widespread in plants [114].  

The role of miRNAs and non-coding RNAs appear to be extended to a possible role in its 
coordination with homeostasis of Pi and also other nutrients. For example, a hypothetical 
role was attributed to miRNA827, in the cross-talk between Pi-limitation and nitrate-
limitation signaling pathways that affect anthocyanin synthesis [108]. In a survey on small 
RNAs showing differential expression, miRNA169, miRNA395, and miRNA398 were found 
to be suppressed in response to Pi deficiency while they also responded to other nutritional 
stresses [106]. Furthermore, miRNA169 and miRNA398 target genes involved in drought 
tolerance and oxidative stress response [115]. Suppression of miRNA395 was suggested to 
up-regulate the expression of APS4 and SULTR2;1 leading to increased sulfate translocation 
and improved utilization of sulfolipid biosynthesis under Pi-deficient conditions [115].  

Taken together, the genome-wide surveys affirm the participation of miRNAs in 
coordination of homeostatic pathways of Pi and possible links between them and metabolic 
adjustment [106]. 

8. Limited Pi resources 

Despite the existence of high amounts of P in the soil [5], the concentration of available Pi in 
many soil solution averages at about 1 µM and seldom exceeds 10 µM [2] which is far below 
the cellular Pi concentrations (5–20 mM) required for optimal plant growth and 
development [73]. Such a limitation often lead to reduced productivity in natural 
ecosystems as well as cropping systems, unless it is supplied as fertilizer [74-75]. Whilst our 
limited global Pi reserves are non-renewable, P in many agricultural soils is being building 
up. This is because 80 to 90 percent of Pi applied as fertilizer is fixed by soil particles or 
compounds, rendering it unavailable for plants.  

9. Types of Pi mines  

There are over 200 P minerals existing on the earth but only a few can be used for 
commercial extraction of Pi [61]. Phosphate Rocks (PR) is the commercial term applied to all 
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Pi bearing minerals suitable for Pi production. The primary Pi minerals in PR are 
phosphorites that include fluor-apatite (Ca10(PO4)6F2), Hydroxy-apatite (Ca10(PO4)6(OH)2, 
carbonate-hydroxyl-apatites, and francolite (Ca10-x-y Nax Mgy(PO4)6-z(CO3)zF0.4zF2) which 
is a carbonated-substituted form of apatite mainly found in marine environments [116]. 

In PR industry the grade of the rocks are mostly reported as the percentage of P pentoxide 
(P2O5). Three major resources that can be profitably recovered today are as below [116-117]: 

1. Sedimentary Pi deposits which are widespread throughout the world, occurring almost 
on all continental shelves. Francolite and apatites are deposited in layers that might 
cover thousands of square miles in several chemical compositions and a wide range of 
physical forms [116,118].  

2. Igneous Pi deposits which are mostly found in continental shelf and on seamounts in 
the Atlantic and Pacific oceans (Russia, Canada, Brazil and South Africa). Their 
exploitation is economically non-feasible so that they have mostly remained untouched 
[118].  

3. Biogenic deposits, also known as island Pi, which are mainly old bird and bat 
droppings built up.  

About 80% of world Pi production comes from non-renewable sedimentary reserves, 15 to 
19% from igneous and about 1-5% from biogenic and other deposits such as island Pi which 
are near total depletion due to over exploitation during the past decade [116].  

10. Geographic distributions of Pi rocks 

Today, PR is produced in over 40 countries, with 12 countries producing over 92 % of the 
world’s total production [118]. US alone produce over 28% of the total production followed 
by China, Morocco and Russia. Among them, four major producers of PR (the United States 
of America, China, Morocco and Western Sahara, and the Russian Federation) produced 
about 72.0 percent of the world total. Twenty other countries produced the remaining 6-7 
percent of world production [119]. 

11. Methods of Pi production 

Production of fertilizers began in early 19th century when crushed bones were treated with 
acid and applied to soil. Since 1945 mining of PR was increased from 11.2 Mt to 145 Mt in 
1999 [120]. This was translated to increasing production rate of Pi fertilizers (as P2O5) from 4 
Mt by 1940’s to over 42 Mt annually today [121]. Ever since new technologies has been 
evolving to maximize the production rate and purity of the fertilizers. Here a brief 
description of the major production methods is given.  

11.1. Wet process  

The wet process or hemihydrate process is the newest and dominant production method 
used due to its ease, lesser investment size, energy efficient and higher yield [122]. Basically, 
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Pi bearing minerals suitable for Pi production. The primary Pi minerals in PR are 
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Mt by 1940’s to over 42 Mt annually today [121]. Ever since new technologies has been 
evolving to maximize the production rate and purity of the fertilizers. Here a brief 
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used due to its ease, lesser investment size, energy efficient and higher yield [122]. Basically, 
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this is the process where PR is treated with sulfuric acid to hydrolyze apatite minerals. 
Other acids can be used to harvest Pi depending on the costs and desired final product. For 
example, phosphoric acid addition yields TSP as the final product. Using of nitric acid and 
hydrochloric acid has also been reported but never industrialized. Phosphogypsium and 
silicon fluorine or HF are as the main side product in this method. Sulfuric acid added to 
PRs forms the soluble monocalcium Pi. This product can either go to the fertilizer 
production (i.e. MAP or DAP) or to concentrated forms for other applications [122-123]. 
Concentrating the product by evaporation can yield up to 53% phosphoric acid solution. 
The pollution of current technology wastes (4-5 tons phosphogypsium per one ton of P2O5) 
signifies the processing costs for the industry.  

11.2. Thermal process 

Thermal process is an older technology that is used in only a few factories in the world. 
High electricity and water consumption as well as higher investment size and lower product 
yield makes such process less desirable for investors. This process can be performed in 
desired scales, but requires detailed financial feasibility estimation depending on the 
production site location [122]. Before heating, Pi rock is converted to 1-2 cm pellets by wet 
granulation and sintering to prevent blocking of furnace. Next step involves mixing with 
cokes (reducing agent) and SiO2 (for slag formation) before feeding into furnace. Heating at 
1500C, Pi is reduced to P4 in gaseous state which is condensed afterward. Remaining CaO 
combines with SiO2 to form liquid slag that might be used for road construction [124].  

11.3. Bioprocess 

Bioprocessing of Pi rocks involves treatment of apatites with Pi solubilizing bacteria. This 
controlled fermentation process requires presence of a bacterial energy supply such as 
sugars which is consumed to produce organic acids to break down the PRs [125]. 
Optimization of this process is still under investigation of many scientific and financial 
institutes due to its promising outlook.  

Bioprocessing of insoluble soil Pi compounds is also carried out directly in agricultural 
fields by the use of biofertilizers (see below) which converts a portion of precipitated 
fertilizers as well as natural occurring insoluble Pi. This method is extremely feasible with 
regards of purchasing, application and higher crop yields [126].  

12. Emergence of Pi fertilizers  

As mentioned earlier in this chapter, Pi has been found to be the limiting macronutrient in 
most agricultural soils. The first surveys that revealed such deficiency was a simple study 
during early 19th century in England [127]. At that time the only source of artificially added 
Pi to the agricultural soils was farmyard manure, which resulted in higher crop yields near 
manure production sites. It was only a matter of time before it was realized that crushed 
bones might have a positive result on crop yield on some specific types of soils. Treating the 
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crushed bones with sulfuric acid to produce superphosphate was followed by the same 
treatment of PRs to produce current Pi fertilizers which was the beginning of a new era in 
the world agriculture history [127]. Since then, Pi fertilizers production processes, molecular 
types, application methods and feasibility assessments have been the subject of a wide range 
of researches and analyses. Table 2 summarizes popular Pi fertilizers that are currently used 
[128].  

13. Trend of Pi usage in the world 

In 2006, 167 Mt of PR were mined in the world, while China alone was responsible for 56 Mt 
of it. 23% of the total PR production was directly used as fertilizers which equals 12 Mt P2O5 

per year. Only 6% was used for production of elemental P, and almost the rest went through 
the wet process for production of phosphoric acid, which in turn is mostly (88-95%) used up 
for Pi fertilizers. World’s total Pi supply (P2O5) has been estimated to rise from 42 Mt in 2010 
to 45 Mt in 2015 (Table 3) [121]. It is expected that P fertilizer supply will have an increased 
trend of 3.2% annually with the major Pi balance (production minus consumption) surplus 
in North America and Africa and deficit in Latin America and Asia. With the current rate of 
consumption, various estimates showed that recoverable Pi mine will be vanished in 50 to 
100 years [129]. 

 

Material P N K S P compound 

Superphosphoric acid 30 to 
35 

----- ----- ----- H3PO4 

Wet Process phosphric 
acid 

23 to 
24 

----- ----- ----- H3PO4 

Concentrated 
superphosphate (TSP) 20 ----- ----- 1 to 1.5 Ca(H2PO4)2 

Diammonium 
phosphate (DAP) 

20 to 
21 

18 to 
21 

----- 0-2 (NH4)2HPO4 

Monoammonium 
phosphate (MAP) 

21 to 
24 

11 to 
13 

----- 0 to 2 NH4H2PO4 

Normal 
superphosphate 7 to 10 ----- ----- 12 Ca(H2PO4)2 

Phosphate Rock 12 to 
18 

----- ----- ----- 
[Ca3(PO4)2]3.CaFx. 

(CaCo3)x.(Ca(OH)2)x 
Monopotassium 
phosphate  

----- 35 ----- KH2PO4 

Dipotassium 
phosphate  

----- 54 ----- K2HPO4 

Table 2. Commonly used Pi fertilizers and the percentage of each elements (quoted from Havlin and 
Beaton [128]). 
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An IFDC estimates shows that resources of unprocessed PR of varying grades could be as 
high as 290 Mt [130] that could become reserves once all high grade PR are depleted. Even if 
this takes place, the price of Pi would not be affordable for many poor farmers and still 
pollution because of Pi accumulation and associated wastes in the soil and water are of 
concerns. 
 

2015 2014 2013 2012 2011 2010 Year 

47788 46439 45011 43966 42094 39600 Supply 
45015 44245 43435 42562 41679 41700 Demand 
2773 2194 1576 1404 415 -2100 Potential balance 

Table 3. World Pi supply, demand and balance according to FAO report (2008) [119]. 

It is noteworthy the extracted phosphoric acid, so-called green or wet process acid, contains 
upto 24% elemental P and is produced from the reaction of sulfuric acid and PR. It is used 
for agronomics means either by direct application to more alkaline soils or by reaction with 
PRs for partial or complete acidulation. Phosphoric acid is also produced by electric furnace 
to produce elemental P that in turn reacts with O2 and water to make phosphoric acid. This 
type of phosphoric acid, called white acid, is purified to make technical and food grades 
which is mostly used for non-agricultural purposes such as soft drinks due to its higher 
purity and expensive production costs [128].  

14. Effect of P fertilizers on crop yields 

Soil scientists recognize three kinds of Pi: (1) deposited Pi as chemical compounds in the 
soil; (2) available Pi or free Pi ion in the soil; and (3) absorbable Pi or free Pi ion in vicinity of 
root. Even though the average use of P2O5 (19 kg/ha) has been less than recommended 
amounts in the literature (30Kg/ha) [131], it has resulted in significant increase in crop yields 
around the world. For example, an increase between 9 to 60% compared to control was 
observed in Middle East countries on barley, wheat, and chickpea. Productivity Indexes of 
cereal crops were as high as 11.1 when up to 90 kg/ha P2O5 were added. Data on oil crops 
shows productivity index upto 6 in groundnut and mustard. In Indonesia, upto 10 fold 
increase was observed after soluble Pi was added to soybeans [131]. Such examples are very 
easy to find in the literatures dated early 19th to 20th centuries when the application of Pi 
fertilizers were becoming dominant. The resultant high yield is accompanied by Pi removal 
of 6 kg/ha for cereals and 20 Kg/ha for other crops from soil [61].  

15. The fate of Pi fertilizers in soil 

Two contrasting challenges of higher crop yield and environmental concerns necessitate 
tracing the fate of Pi fertilizer added to soil. As the Pi fertilizer granule or droplet is added to 
the soil, the moisture penetrates its way into the fertilizer. This results in the release of 
export of Pi into the soil which might expand as far as 3 to 5 cm from an average size 
granule [128]. As long as the original salt remains, a saturated solution is maintained around 
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the granule, which in turn absorbs water, increasing the soil moisture. In these areas Pi 
uptake can take place efficiently by plants. Depending on type of soil and its cations 
composition, the released Pi can re-precipitate within a few days or weeks [127-128]. This 
behavior indicate the proper time of Pi fertilizer application in order to reduce the chance of 
Pi accumulation in the soil. The use of such information also helps calculating the correct 
amount of Pi that should be applied for maintaining the P-level of the soil after a harvesting 
season which is extremely important for balanced fertilization. It has been shown repeatedly 
no increase in yield is detected when Pi fertilizers are over-used [124,127,128]. 

16. Need for Pi preservation and restoration  

Historically, since mid-19th century, the use of local organic matters was replaced by other 
sources such as guano, deposited bird droppings in remote islands. Growing world 
consumption rapidly vanished guano resources by the end of 19th century shifting trades to 
PR. In recent years, the PR production has grown to over 140-160 Mt per year for extraction 
of about 25 Mt elemental P per year [132].  

 
Figure 2. Predicted peak of elemental P production curve based on actual data in previous years. It 
illustrates global P reserves are likely to peak around year 2033 when current P production will not be 
economical any more (Quoted from Cordell et al. [129]). 

Since PRs are non-renewable, it is estimated that the economically recoverable reserves will 
be depleted by the end of this century [129]. The point is that production rate will peak at a 
maximum when high quality and accessible Pi resources are depleted and mining and 
processing become quite expensive. As shown in Figure 2, the consumption of P since 19th 
century follows a Guassian distribution curve. Assuming the total earth reserve of elemental 
P is approximately 3240 Mt, then its production will peak at 29 Mt in 2033 as modeled by 
Cordell et al. [129] (Figure 2). Although the actual timing depends on several conditions to 
be met, however, this is really alarming if considering that the non-renewable Pi reserves are 
finite and there is no substitute for PRs. Besides, one might presume that the energy cost 
will be increased and the average grade of Pi will decrease in future as it was experienced to 
decline from 15% to 13% between 1970 to 1996 [132]. As this challenge silently threaten the 
food security, a global comprehensive effort is necessary. Web sites such as Pi Knowledge 



 
Plant Science 14 

An IFDC estimates shows that resources of unprocessed PR of varying grades could be as 
high as 290 Mt [130] that could become reserves once all high grade PR are depleted. Even if 
this takes place, the price of Pi would not be affordable for many poor farmers and still 
pollution because of Pi accumulation and associated wastes in the soil and water are of 
concerns. 
 

2015 2014 2013 2012 2011 2010 Year 

47788 46439 45011 43966 42094 39600 Supply 
45015 44245 43435 42562 41679 41700 Demand 
2773 2194 1576 1404 415 -2100 Potential balance 

Table 3. World Pi supply, demand and balance according to FAO report (2008) [119]. 

It is noteworthy the extracted phosphoric acid, so-called green or wet process acid, contains 
upto 24% elemental P and is produced from the reaction of sulfuric acid and PR. It is used 
for agronomics means either by direct application to more alkaline soils or by reaction with 
PRs for partial or complete acidulation. Phosphoric acid is also produced by electric furnace 
to produce elemental P that in turn reacts with O2 and water to make phosphoric acid. This 
type of phosphoric acid, called white acid, is purified to make technical and food grades 
which is mostly used for non-agricultural purposes such as soft drinks due to its higher 
purity and expensive production costs [128].  

14. Effect of P fertilizers on crop yields 

Soil scientists recognize three kinds of Pi: (1) deposited Pi as chemical compounds in the 
soil; (2) available Pi or free Pi ion in the soil; and (3) absorbable Pi or free Pi ion in vicinity of 
root. Even though the average use of P2O5 (19 kg/ha) has been less than recommended 
amounts in the literature (30Kg/ha) [131], it has resulted in significant increase in crop yields 
around the world. For example, an increase between 9 to 60% compared to control was 
observed in Middle East countries on barley, wheat, and chickpea. Productivity Indexes of 
cereal crops were as high as 11.1 when up to 90 kg/ha P2O5 were added. Data on oil crops 
shows productivity index upto 6 in groundnut and mustard. In Indonesia, upto 10 fold 
increase was observed after soluble Pi was added to soybeans [131]. Such examples are very 
easy to find in the literatures dated early 19th to 20th centuries when the application of Pi 
fertilizers were becoming dominant. The resultant high yield is accompanied by Pi removal 
of 6 kg/ha for cereals and 20 Kg/ha for other crops from soil [61].  

15. The fate of Pi fertilizers in soil 

Two contrasting challenges of higher crop yield and environmental concerns necessitate 
tracing the fate of Pi fertilizer added to soil. As the Pi fertilizer granule or droplet is added to 
the soil, the moisture penetrates its way into the fertilizer. This results in the release of 
export of Pi into the soil which might expand as far as 3 to 5 cm from an average size 
granule [128]. As long as the original salt remains, a saturated solution is maintained around 

 
Plant Phosphate Nutrition and Environmental Challenges 15 

the granule, which in turn absorbs water, increasing the soil moisture. In these areas Pi 
uptake can take place efficiently by plants. Depending on type of soil and its cations 
composition, the released Pi can re-precipitate within a few days or weeks [127-128]. This 
behavior indicate the proper time of Pi fertilizer application in order to reduce the chance of 
Pi accumulation in the soil. The use of such information also helps calculating the correct 
amount of Pi that should be applied for maintaining the P-level of the soil after a harvesting 
season which is extremely important for balanced fertilization. It has been shown repeatedly 
no increase in yield is detected when Pi fertilizers are over-used [124,127,128]. 

16. Need for Pi preservation and restoration  

Historically, since mid-19th century, the use of local organic matters was replaced by other 
sources such as guano, deposited bird droppings in remote islands. Growing world 
consumption rapidly vanished guano resources by the end of 19th century shifting trades to 
PR. In recent years, the PR production has grown to over 140-160 Mt per year for extraction 
of about 25 Mt elemental P per year [132].  

 
Figure 2. Predicted peak of elemental P production curve based on actual data in previous years. It 
illustrates global P reserves are likely to peak around year 2033 when current P production will not be 
economical any more (Quoted from Cordell et al. [129]). 

Since PRs are non-renewable, it is estimated that the economically recoverable reserves will 
be depleted by the end of this century [129]. The point is that production rate will peak at a 
maximum when high quality and accessible Pi resources are depleted and mining and 
processing become quite expensive. As shown in Figure 2, the consumption of P since 19th 
century follows a Guassian distribution curve. Assuming the total earth reserve of elemental 
P is approximately 3240 Mt, then its production will peak at 29 Mt in 2033 as modeled by 
Cordell et al. [129] (Figure 2). Although the actual timing depends on several conditions to 
be met, however, this is really alarming if considering that the non-renewable Pi reserves are 
finite and there is no substitute for PRs. Besides, one might presume that the energy cost 
will be increased and the average grade of Pi will decrease in future as it was experienced to 
decline from 15% to 13% between 1970 to 1996 [132]. As this challenge silently threaten the 
food security, a global comprehensive effort is necessary. Web sites such as Pi Knowledge 



 
Plant Science 16 

Center (http://www.GreenPi.info) or Global Phosphorus Research Initiative 
(http://www.phosphorusfutures.net) could greatly help worldwide data sharing and 
collaborations amongst scientists and other players to seek integrative solutions.  

17. Environmental concerns about Pi production 

Removal of massive amounts of soil and extensive washing with huge amounts of water are 
major changes in the environment of the mining sites and the surrounding regions by 
themselves. However, the most important issue is disposal of side products that pollute the 
ecosystem at the stacking sites massively.  

Phosphogypsum, the side product of wet process, is deposited in large land areas called 
gypsum stacks. For the production of 50 Mt of P2O5 annually, about 250 Mt of gypsum is 
produced, out of which only 10 percent is used for other purposes (e.g. road construction, 
cement and housing) and the rest remains stacked [122].  

Presence of radioactive materials in side products is another issue for Pi production 
industry. PRs contain mainly uranium (20-300 ppm) and thorium (1 to 5 ppm) and their 
decay products. This would mean 0.35 kg U2O8 per Mt P2O5 or 2100 tons of unused uranium 
annually [122,133]. About 80 percent of this amount and their decay products are 
concentrated within the gypsum waste materials in wet process. These could be as high as 7 
to 100 pCi/g uranium, 11 to 35 pCi/g radium and 1.7 to 12 pCi/g radon, though radioactivity 
is different from stack to stack depend on the original PR. The fertilizers themselves might 
also exhibit radioactivity which might be as high as 33 pCi/g in US [133]. These concerns are 
reflected in a final rule of EPA issued in 1992 stating "phosphogypsum intended for 
agriculture use must have a certificated average concentration of radium-226 no greater than 
10 pCi/g" [133].  

18. Environmental impacts of Pi fertilizers consumption 

The ever growing population of the world has created an enormous pressure to cultivate 
larger agricultural lands and to increase production yields by improved mechanized 
methods and usage of fertilizers. Such practices not only alter chemical and physical 
properties of soils, but also affect macro and micro flora remarkably [122]. 

Application of Pi fertilizers to soil does not necessarily guarantee plant uptake due to their 
polycrystalline structure and their tendency to precipitate. An observation showed that if no 
crop is around, the addition of Pi fertilizer to soil increases the soluble P within the first 
couple of years, but it will decrease to a constant level later [127]. Studies in developed 
countries have also suggested that Pi application might not be as effective as it used to be in 
the past [125]. 

In addition to the effect of deposited Pi on the soil structure and microbial flora, leaching of 
Pi through the erosion of surface soil and organic matters to water streams and lakes cause 
vast eutrophication [17]. Discharged detergents sodium triphosphates as well as human or 
animal metabolic wastes must also be accounted for a portion of Pi inputs to surface and 
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underground waters [122]. Eutrophication and the consequent over-enrichment of aquatic 
ecosystems with nutrients, mostly Pi and nitrate lead to algal blooms and anoxic events that 
may initiate irreversible environmental damages. Although some lakes have recovered after 
sources of nutrient inputs were reduced, recycling of enriched Pi from sediments causes 
lakes to remain eutrophic for years [122]. 

Recycling of Pi from sewage systems, precision farming and agricultural and industrial 
treatment units has been exercised in developed countries such as Japan and Germany to 
reduce such effects [122,124]. Replacing Pi in detergents by aluminum silicate has also been 
considered as option, despite its much poorer performance. Crystallization of Pi in 
wastewater as struvite (ammonium magnesium phosphate), separation of urine and the use 
of sanitized faecal matters in municipalities have been attempted to recover or reuse wasted 
Pi [129]. 

Cordell et al. [129] warned about the peak time of Pi production (Figure 2) with assumption 
of PRs are the sole high-value Pi reserves. Taking into consideration the massive amounts of 
insoluble Pi compounds accumulated in the soil, a straightforward solution could be the 
utilization of PSMs in the form of biofertilizers [91,126]. Simplified application method and 
comparable cost of Pi biofertizers on one hand and increased quantity and quality of the 
yields, on the other hand, have already attracted the attention of farmers. 

19. Cycle of P between the physical and biological worlds 

As shown in Figure 3, P like other mineral nutrients exists in soil, minerals, water as well as 
living organisms. Over time, geologic events bring ocean sediments to land and weathering  

 
Figure 3. Pi flow through food production and consumption. 
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carry Pi compounds to terrestrial habitats where the land cycles occurs. Pi is absorbed by 
plants from soil, consumed by animals and returned to soil as organic matters that slowly 
released as inorganic Pi or incorporated in more stable molecules as soil organic 
compounds. Depending on temperature and moisture, soil microorganisms break down 
these compounds by secreting organic acids and APase enzymes. Pi leaching due to soil 
erosion or water run-off to surface or underground waters finally discharge in lakes, seas 
and oceans where another sub-cycle between marine organisms and Pi sediments occurs. 
Human action for the utilization of Pi in fertilizers, pesticides, detergents and food 
industries are the main sources of disturbance of these natural cycles [134]. 

20. Sustainable Pi usage in agriculture 

The assessment of plant response to Pi level in a series of greenhouse pot trials over a wide 
range of soils with various characteristics established two values of soil Pi, (1) the critical 
value (Tc) below which it is recommended to apply Pi fertilizers in order to build up soil Pi 
fertility, and (2) the sufficient value (Ts) above which it is recommended not to apply it over 
a period of time. For Tc value, available soil Pi (measured by Olson method) ranged from 10 
to15 ppm P2O5 whereas it ranged from 50 to 55 ppm for the Ts value [131]. Of course, it is 
crucial to provide a certain ratio of each nutrient to establish a proper balance. Legumes 
need N:P:K nutrients in a ratio of 0:1:1, 1:2:2 or 1:2:3, root crops, a ratio of 2:1:2, and other 
crops, a ratio of 2:1:1 or 1:1:1 [131]. 

An old statistics between year 1960 to 1981 shows that Pi fertilizer consumption has been 
well established as the share of developed countries in the world was decreased for from 
75.1 % to 43.5% of the world consumption by practicing precision farming while it has 
increased from 6.5 to 21.3% in developing countries mainly because of the over usage [125]. 
The main alternative methods for Pi provision have been described below.  

20.1. Direct application of PRs as Pi fertilizer 

Direct application of Pi rocks as a source of Pi fertilizer has been practiced since early 19th 
century. Except for grinding to increase surface area in contact with soil, no other 
modifications are required to be made which makes it a relatively inexpensive source of Pi. 
The catch is, however, the lower Pi content of the rocks and required specific soils 
conditions such as having acidic pH (below 5.5) and low exchangeable Ca2+ [116]. Besides, 
some plants have higher capabilities in mobilization of Pi into their systems. For example, 
legumes and some crops of Cruciferae family enhance Pi solubilization and uptake by 
excretion of organic acids that lowers the soil pH and increases the cation exchange capacity 
of the soil. Acidifying the rhizosphere, secretion of APases and morphological changes are 
prerequisite adaptations that enable different crops to salvage Pi from PRs.  

20.2. The use of composted organic materials  

The increasing cost of chemical fertilizers has renewed interest of farmers across all sectors 
to utilize organic fertilizers as an alternative source of plant nutrients. Composted manure is 
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simply decomposed organic material that continuously occurs in nature, often without any 
assistance from mankind. The rate of decomposing depends on type of material, air, 
moisture, and temperature and soil pH.  

Manures improve the texture of both clay and sandy soil; indeed, it is the best additive to 
make either clay or sandy soil into rich, moisture holding, and loamy soil. They are rich in 
nitrogen and potassium but have very little Pi. Yet, the availability of soil Pi is enhanced due 
to chelating polyvalent cations by organic acids and other decay products. In addition, 
organic materials are rich substrates for propagation of beneficial microorganisms (see 
below). However, poorly available, being costly and the unbalanced levels of elements in 
manures have hindered the effectiveness and wide usage. In addition, these still need 
microbial activity to release the elements. 

20.3. The use of Pi solubilizing microorganism  

Pi solubilizing microorganisms (PSMs) are, as named, a group of soil fungi and bacteria 
involved in solubilization and mineralization of soil P from inorganic and organic pools as 
an integral part of the P cycle. In soil, Pi solubilizing bacteria out-number fungi with the 
same activity by 2–150 folds [135]. The majority of the PSMs solubilize Ca–P complexes in 
alkaline soils and only a few can solubilize Fe–P and Al–P in acidic soils. Nevertheless, 
PSMs can become effective in the latter soils when supplemented with PR.  

The principle mechanism for Pi solubilization is the secretion of organic acids and APases 
that play major role in the mineralization of both inorganic and organic Pi compounds in 
surrounding soil. Several mechanisms like lowering of pH by acidulation, ion chelating, or 
ion exchange reactions as well as enzymatic activities in the growth environment have also 
been proposed to play a role in Pi solubilization by PSMs [91,126,136,137]. 

Through receiving energetic carbon sources from plant, PSMs facilitate the uptake of Pi and 
also other nutrients such as zinc, molybdenum, copper and iron. Fungi have been reported 
to possess greater ability to solubilize rock Pi than bacteria, though they perform better in 
acidic soil conditions. Species of Aspergillus, Penicillium, Curvularia and yeast have been 
widely reported to solubiliz various forms of inorganic phosphates [137]. Another 
mechanism which indirectly leads to increased Pi acquisition by plants is the production of 
phytohormones (mainly auxins) by rhizobacteria that stimulate root growth [138-139]. 
Therefore, it makes more sense to name such bacteria as plant growth promoting 
rhizobacteris (PGPR) [140]. 

Among the soil Pi solubilizing bacteria communities, Pseudomonas putida, P. strata, Bacillus 
sircalmous and Pantoa agglomeranse could be referred to as the most important strains [91]. 
The positive effect of Pseudomonas inoculation on plant growth has been reported in many 
field trials [126]. The role of Pi solubilizing bacteria and their potential capacity to restore Pi 
cycle processes in plant-soil system cannot be ignored [138].  

Symbiotic relationship between mycorrhizal fungi and plants exists in almost all ecosystems 
[141]. Fungi species spread around their mycelium acquiring Pi from longer distances which 
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simply decomposed organic material that continuously occurs in nature, often without any 
assistance from mankind. The rate of decomposing depends on type of material, air, 
moisture, and temperature and soil pH.  

Manures improve the texture of both clay and sandy soil; indeed, it is the best additive to 
make either clay or sandy soil into rich, moisture holding, and loamy soil. They are rich in 
nitrogen and potassium but have very little Pi. Yet, the availability of soil Pi is enhanced due 
to chelating polyvalent cations by organic acids and other decay products. In addition, 
organic materials are rich substrates for propagation of beneficial microorganisms (see 
below). However, poorly available, being costly and the unbalanced levels of elements in 
manures have hindered the effectiveness and wide usage. In addition, these still need 
microbial activity to release the elements. 

20.3. The use of Pi solubilizing microorganism  

Pi solubilizing microorganisms (PSMs) are, as named, a group of soil fungi and bacteria 
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an integral part of the P cycle. In soil, Pi solubilizing bacteria out-number fungi with the 
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PSMs can become effective in the latter soils when supplemented with PR.  
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surrounding soil. Several mechanisms like lowering of pH by acidulation, ion chelating, or 
ion exchange reactions as well as enzymatic activities in the growth environment have also 
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also other nutrients such as zinc, molybdenum, copper and iron. Fungi have been reported 
to possess greater ability to solubilize rock Pi than bacteria, though they perform better in 
acidic soil conditions. Species of Aspergillus, Penicillium, Curvularia and yeast have been 
widely reported to solubiliz various forms of inorganic phosphates [137]. Another 
mechanism which indirectly leads to increased Pi acquisition by plants is the production of 
phytohormones (mainly auxins) by rhizobacteria that stimulate root growth [138-139]. 
Therefore, it makes more sense to name such bacteria as plant growth promoting 
rhizobacteris (PGPR) [140]. 

Among the soil Pi solubilizing bacteria communities, Pseudomonas putida, P. strata, Bacillus 
sircalmous and Pantoa agglomeranse could be referred to as the most important strains [91]. 
The positive effect of Pseudomonas inoculation on plant growth has been reported in many 
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cycle processes in plant-soil system cannot be ignored [138].  

Symbiotic relationship between mycorrhizal fungi and plants exists in almost all ecosystems 
[141]. Fungi species spread around their mycelium acquiring Pi from longer distances which 
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is then passed to plants in exchange for carbon compounds [142]. Nevertheless, limitations 
in mass production and restriction of this relationship to certain plant types have been 
unsolved issues for wide utilizations so far. 

20.4. Plant species with high Pi efficiency  

Genotypic variations for tolerance to Pi deficiency has been demonstrated for many food 
crops [143] which provide sources for developing cultivars superior in Pi acquisition and 
higher yield particularly in deficient conditions through plant breeding [144]. Pi-efficient 
plants are defined as plants which could produce higher yields per unit of applied or 
absorbed nutrient compared to other plants grown under similar agroecological conditions 
[145]. Screening for plant species or genotypes with increased Pi absorption involves criteria 
such as: (i) greater root growth and, thus, extended soil exploration; (ii) the exuding of 
proton and organic acids that increase the solubility of Pi by decreasing pH and/or 
chelating; and (iii) the secretions of elevated levels of APase enzymes that break down 
organic Pi [146].  

Most modern crop cultivars have been selected through conventional breeding approaches 
for better adaptation to deficient soil Pi by looking at root architectural traits which allow for 
more Pi acquisition from soil surface zone [147]. However, conventional plant breeding 
including phenotypic selection for improved root systems has proven to be difficult, prone 
to environmental effects, and time-consuming [148]. As tolerance to low Pi is a quantitative 
trait, an appropriate method to dissect its complex polygenic inheritance must be employed 
through quantitative trait loci (QTL) analysis. A number of QTL have been identified for 
tolerance mechanisms to low Pi in various food crops [149]. Molecular markers linked to the 
target traits are needed to be used for selection in the breeding process. 

20.5. Genetic engineering for Pi acquisition and utilization 

Researches on the molecular and physiological basis of Pi uptake, translocation, and internal 
utilization facilitate the design and generation of transgenic plants with enhanced Pi 
efficiency. For instance, over-expression of a Pi transporter gene in tobacco cell cultures 
resulted in an increased rate of Pi uptake when cells were grown under Pi limited conditions 
[47]. Several attempts have been made to improve soil Pi solubilization and acquisition 
processes in food crops through engineering of genes with bacterial, fungal or plant origins. 
Increasing knowledge on regulatory and signaling mechanisms involved in Pi acquisition 
might identify new useful genes. It is assumed that a combined overexpression of Pi-
transporter and dissolving encoding genes might result in synergistic effects [150].  

An overview of reported transgenic crop plants is given in Table 4. Generating plants with 
an enhanced metabolical Pi uptake capacity were attempted by engineered tobacco plants to 
produce more organic acids, specifically citrate [150]. The promising result was that these 
transgenic plants yielded more leaf and fruit biomass than controls when grown under Pi-
limited conditions [151]. Many studies reported transgenic plants with overexpression of 
phytase in various food crops. Phytases are exuded into the rhizosphere and are able to 
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hydrolyze phytates which constitutes up to 50% of the total organic Pi in soil [8]. 
Overexpression of phytase in potato, clover, soybean and tobacco resulted in increased Pi 
acquisition and content. These results point to possible manipulation of biochemical 
pathways that increase the ability of the plant to release organic acids or enzymes that 
improve Pi acquisition from soils.  

20.6. Mutagenesis 

Several mutant genes have been successfully introduced into commercial crop varieties that 
significantly enhance the nutritional value of crops. Mutants of barley, wheat, rice and 
soybean with low phytic acid have been released and can reduce both Pi pollution and 
increase bioavailability of Pi and micronutrient minerals in cereals and legumes [164]. 
A major QTL pup1, on chromosome 12 effective on Pi uptake from Pi‐deficient soils 
was fine‐mapped in rice. Liu and colleagues [165] demonstrated that chromosome 1R and 
7R of rye might carry genes responsible for tolerance to Pi starvation stress, while 5R carry 
unfavorable genes regarding Pi starvation tolerance. 

 

Gene Name Gene source Transformed 
crop species 

Main effect under P 
deficiency 

Reference 

Secretary phytase  synthetic Potato Increased P content and 
biomass if phytate 
available 

[152] 

Phytase  Aspergillus 
niger 

Clover Increased P uptake if 
phytate available 

[17] 

Phytase  A. niger Clover Increased P uptake in 
sterile media (phytate 
available)-no effect in 
soil 

[153] 

Phytase A. niger Tobacco Increased P uptake if 
phytate available 

[154] 

β-Propeller phytase Bacillus 
subtilis 

Tobacco Increased P content and 
biomass 

[155] 

Phytase A. ficuum Soybean Increased phytase 
activity and P content 
in root exudates 

[156] 

Phytase and acid 
phosphatase  

Medicago 
truncatula 

Clover Increased P content and 
biomass 

[157] 

Acid phosphatase white lupin Tobacco Increased P uptake and 
growth 

[158] 

Purple acid 
Phosphatase 18 

A. thaliana Arabidopsis 
thaliana and 

tobacco 

Increased P uptake, P 
content and biomass 

[158] 
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Gene Name Gene source Transformed 
crop species 

Main effect under P 
deficiency 

Reference 

High-affinity P-
transporter  

Barley Barley No effect [43] 

High-affinity P-
transporter  

tobacco Rice Increased P uptake [160] 

Malate 
dehydrogenase 
(MDH) 
overexpression 

 Alfalfa Increased organic acid 
exudation 

[161] 

Phosphoenolpyruvat
e carboxylase (PFPC) 
overexpression  

 Alfalfa No increase in organic 
acid exudation 

[161] 

Type I H+ 
-pyrophosphatase 
AVP1  

A. thaliana Rice and tomato More robust roots, 
higher shoot mass, 
higher yields 

[162] 

Aluminum resistance 
gene  

wheat Barley Increased P uptake and 
grain production (acid 
soils) 

[163] 

Table 4. An overview of some reported genetic engineering in crop species 

21. Conclusion  

Chemical fertilizers have played a significant role in the Green Revolution to have improved 
yield and to combat hunger to some extent [166]. However, poorly managed consumption 
of resources and even poor applications of Pi fertilizers and side products have endangered 
our environment. These factors have encouraged researchers to seek bio-friendly, 
economically feasible, and replaceable sources of Pi before the world consumption rate will 
rich to a no-return point. In order to secure agricultural sustainability through reduction in 
Pi fertilizer overuse, plant and soil scientists have tried to address solutions for retrieval of 
Pi from P-compounds in the rhizosphere, soils in the a close proximity of root. Two major 
approaches in the current research and technology world are: 

1. To bioengineer Pi efficient transgenic crops expressing enzymes such as phosphatases. 
This solution has been highly approached by many scientists (for a review see [84]). 
However, transgenic plants were found to be affected by the non-desired traits or 
epitasis among numerous APase-encoding genes. Even if a transgenic plant acquire 
release permission, still we are limited to use a lines variety of the transgenic crop.  

2. To bioengineer rhizosphere by the use of beneficial microorganisms as biofertilizers 
involved in solubilization of Pi in the soil, namely “Pi biofertilizers”. This approach is 
advantageous as Pi biofertilizers could be applied to wide range of crops and their 
varieties as desired. Besides, signaling of sufficient availability of Pi in the rhizosphere 
would regulate the expression and secretion of organic acids and/or APase enzymes by 
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the microorganisms. Such an elegant smart mechanism leads to natural growth and 
development of plants. 

To this end, years of researches on chemical, organic and biological Pi fertilizers have shown 
that none can replace the other. Practically, achieved higher yield and quality with 
combinations of all three in certain proportions address a call for precise farming with 
integrative plant nutrition programs prescribed based on crop and soil requirements. 
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1. Introduction 
Plants under natural conditions are frequently exposed to combined stressors including 
drought stress and desiccation, salt stress, chilling, heat shock, heavy metals, ultraviolet, 
radiation, air pollutants such as ozone and SO2, mechanical stress, nutrient deprivation, 
pathogen attack and high light stress [1]. A common result of most abiotic and biotic stresses 
is an increased production of reactive oxygen species (ROS), which frequently result in 
oxidative stress [2], [3]. The production of ROS results from pathways such as 
photorespiration, from the photosynthetic apparatus and from mitochondrial respiration [1].  

The reduction of molecular oxygen to H2O yields to intermediates reactive oxygen species 
(superoxide anion (O2•‾), hydroxyl radical (OH•), hydroperoxyl radical (HO2•), hydrogen 
peroxide (H2O2), singlet oxygen (1O2•‾), which are potentially toxic because they are relatively 
reactive compared with O2 [4]. Reactive oxygen species may lead to the unspecific oxidations of 
proteins, membrane lipids or DNA injury. Malonodialdehyd (MDA) content, as a product of 
lipid peroxidation, has been considered as an indicator of oxidative damage in the cell 
membrane, resulting in disruption of metabolic function and loss of cellular integrity [5], [6]. 
Many reports confirm lipid peroxidation has been associated with damages provoked by a 
variety of environmental stresses [7], i.e. with salt stress [8], [9], [10] and heavy metals [11], [12].  

However, there is evidence that ROS also plays important roles in the plant’s defence 
system against pathogens and any pathogenic factors, mark certain development stages 
such as tracheary element formations, lignification and other cross linking process in the cell 
wall and act as intermediate signalling molecules to regulate the expression of genes [4]. 
Thus it is very important for cells to control of level of reactive oxygen species but not 
eliminate them completely. Defence mechanisms against free radical-induced oxidative 
stress involve: (1) preventive mechanisms, (2) repair mechanisms, (3) physical defences, and 
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(4) antioxidant defences [13]. The plants defend against these ROS by the induction of 
activities of certain antioxidative enzymes such as catalase (CAT), glutathione peroxidase 
(GPx), glutathione reductase (GR), and superoxide dismutase (SOD), which scavenge 
reactive oxygen species [14], [15].  

Superoxide dismutase catalyses the reaction of dismutation of superoxide radicals: 2O2•‾ + 
2H+ →H2O2 + O2. SOD is a metaloprotein with metals Cu, Zn, Mn, and Fe as co-factor [16], 
Stroiński 1999). Cu-Zn-SOD (homodimer; 31-33 kD) is present in cytosol and chloroplasts. 
Mn-SOD (tetramer 90kD) was found in the matrix mitochondrium [17], [18], whilst Fe-SOD, 
commonly occurring in Procaryota, was detected only in some plants [19], [18]. On the other 
hand catalase catalyses the reaction: 2 H2O2 →2H2O + O2. This enzyme contains three 
isoenzymatic forms (CAT-l, CAT-2, and CAT-3). CAT-1 and CAT-2 occur mainly in 
glyoxisomes, peroxysomes, and cytosol, while CAT-3 in mitochondria and cytosol [20], [18].  

Another important factor decomposing H2O2 is peroxidase of ascorbic acid (APOX) (m.w. 
28-34 kD) which contains protoheme as a prosthetic group and 4 cysteines responsible for 
sensitivity of the enzyme to compounds blocking a thiol group [21], [18]. It occurs in 
chloroplasts and cytosol [22], [18], vacuole [23], [18], and in apoplasts [24], [18]. APOX, in 
particular the chloroplast isoenzyme, becomes labile if the concentration of ascorbic acid 
drops significantly and it decomposes under the influence of its own radical product. Under 
such circumstances both monodehydroascorbate (MDHAA) and dehydroascorbate (DHAA) 
are easily reduced along the Halliwell-Asada path [18], [25]. The cell defensive mechanism 
also depends on small-cellular antioxidants such as glutathion (GSH), proline (Pro) or 
ascorbic acid (AA) which also react with radicals generated in the oxidative-stress [18]. 

The origin of oxidative stress under salinity conditions is well documented in leaves, where 
the inhibition of Calvin cycle results in over-reduction of oxygen and formation of 
superoxides [26]. Salt stress limits also gas exchange and thereby CO2 supply to the leaf. One 
consequence is the over-reduction of photosynthetic-chain electron transport. This induces 
the generation of ROS [15]. Little is known about the origin of oxidative stress in roots, 
although salt stress-related impairment of mitochondrial function is likely to be involved 
[27]. Recent studies have revealed that salt-induced oxidative stress occurs in root 
mitochondria in a wild salt-tolerant tomato species as indicated by increased concentrations 
of H2O2 and MDA [28], [27]. It is now widely accepted that superoxide radicals produced 
during respiration, in response to salt stress, are the main precursors of mitochondrial H2O2 
and make an important contribution to the oxidative load experienced by the cell [26]. Root 
mitochondrial ROS production is increased as a result of high salinity as constraints are 
imposed on electron transport through mitochondrial complexes I and II [27]. 

Calcium as macroelement and important physiological chemical element reacts with heavy 
metals and is required for various roles in plant cell [29], [30]. It is implicated in the 
movement of cellular organelles such as the spindle apparatus and secretory vesicles, and 
may play a key role in integrating plant cell metabolism [31], [32]. However, the 
homeostasis of Ca is maintained principally by the action of extrusion proteins. The cytosol 
is strongly buffered against high concentrations of calcium by numerous ranges of calcium-
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binding proteins such as calmodulins and calmodulin-binding proteins [2]. Reports showed 
close interaction between intracellular H2O2 and cytosolic calcium in response to biotic and 
abiotic stresses -increase in cytosolic calcium boosts the generation of H2O2. The protein 
calmodulin binds to activates plant catalases in the present of calcium. It indicated a dual 
function of Ca in regulating H2O2 homeostasis [30].  

Metals are involved in the direct or indirect generation of free radicals (FR) and reactive 
oxygen species in the following ways: 1. direct transfer of electron in the single electron 
reduction; 2. disturbance of metabolic pathways resulting in an increase in the rate of FR 
and ROS formation; 3. inactivation and down regulation of the enzymes of the antioxidative 
defence system, and 4. depletion of low molecular weight of antioxidants [33]. 
Microelements such as Fe, Zn, Cu and Mn fulfil various roles in the metabolism of plant 
organism and are necessary for the regularity of physiological processes, however the excess 
and deficiency of these elements leads also to disturbance of ionic homeostasis [34]. Fe, Mn, 
Cu, and Zn as transition metals have frequently unpaired electrons and they are, therefore, 
very good catalysts of oxygen reduction. In aqueous solutions at neutral pH, O2•‾ can 
generate H2O2, which can subsequently decompose to produce •OH by the Haber-Weiss 
reaction in which Cu and Fe being involved: O2• + H2O2 → O2 + OH– + •OH. When iron is the 
transition metal in the Haber-Weiss reaction, it is called the Fenton reaction [35], [33].  

Toxic heavy metals Cd an Pb are considered as not essential metals for plant metabolism 
and stimulate formation of free radicals and reactive oxygen species [36], [37], [38]. The ROS 
formation by toxic metals is indirectly rather than directly [39]. The toxicity of Cd may result 
from its binding to sulfhydryl groups (S-H) of proteins leading to inhibition of activity and 
disruption of structure, due to perturbations in the nutrient balance and disturbance of 
cellular redox control 40]. Due to a Cd inhibitory effect on the Calvin cycle, there is a 
decrease in NADPH utilization, resulting in the one-electron reduction of a large number of 
oxygen molecules on the reducing side of PSI [39]. The reports of [41], [42], [43], [44], [45], 
[46], [47], and [48] have concluded that an oxidative stress could be involved in Cd toxicity, 
by either inducing oxygen free radical production, or by decreasing enzymatic and non-
enzymatic antioxidants.  

The subject of numerous studies for at least the past four decades has been physiological 
responses of plants for salinity and heavy metals in the controlled laboratory conditions. 
However, many of these determinations are concentrated to one type of pollutant, whilst 
plants in the natural conditions are subjected to many stressful differentiated 
ecophysiological sources and factors. Therefore there still remains a need for research on the 
interdependencies of plants with multiple biotic and abiotic factors in their natural habitats, 
their adaptation mechanisms and responses. The aim of this paper was thus to investigate 
the enzymatic antioxidant mechanisms and responses in plants subjected to destabilization 
of chemical elements management in the natural conditions. We thus studied antioxidant 
enzymes SOD, CAT, and APOX, and the content of malondialdehyde (MDA) variations in 
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Urtica dioica, Yarrow Achillea millefolium, and Burdock Arctium lappa in various types of 
environments: salted and alkaline anthropogenic environments, agricultural environments 



 
Plant Science 36 

(4) antioxidant defences [13]. The plants defend against these ROS by the induction of 
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binding proteins such as calmodulins and calmodulin-binding proteins [2]. Reports showed 
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and also pollution free environments of the Pomeranian region of Poland. We also 
investigated the halophyte Common glasswort Salicornia europaea from only salted 
environments. Simultaneously, we examined the levels of chemical elements Na, Ca, Fe, Zn, 
Cu, Mn, Cd, and Pb in roots and green parts of plants as probably the factor generated 
reactive oxidant species and thus activated enzymatic antioxidant mechanisms. We compare 
environmental and ecophysiological determinations of plant groups under salinity and 
acidity and their adaptation strategies. These studies were planned in order to understand 
whether the consideration of particular relationships between destabilization of free radicals 
homeostasis are connected with the excess of Na and Ca and pro-antioxidant balance. 

2. Study area 

The study area is situated in the Pomeranian Kujawy region (52-53°N, 18-20°E, central 
Poland) connected with Permian rock-salt uplifted in the form of salted domes and 
associated salt springs and saline ground waters, which had influence on the 
development of a sodium industry in districts of Janikowo and Inowrocław and non-
polluted and industrialized area of the Tuchola Forestry complex (54-53°N and 17°30’-
18°30’ E); Fig. 1.  
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Fig. 1.
 

Figure 1. Study area. Environments: C – control, AGRE – agricultural, WE – wetlands, AE – 
anthropogenic, SM – sodium manufactures (http://www.maps.google.pl/kujawsko-pomorskie, 
modified).  

The mainly human management caused secondary salinity and consequently alkalization of 
Kujawy areas as a result of inappropriate tightening of sediment traps causing wastes to 
infiltrate into the soil and grassland irrigation. Our research was done in selected habitats 
with a variety of anthropogenic disturb: 1) ”Sodium manufactures” (SM) - Inowrocław and 
Janikowo district, closely by sodium factories; 2) “Anthropogenic” (AE) waste dumping 
sites near Giebnia and neighboured polluted areas; 3) “Wetlands” (WE) floodplains near 
Noteć Channel and Pakoskie Lakeland; 4) “Agriculture” (AGRE) – agriculture areas near 
Borkowo and 5) “Control” – in Tuchola Forestry named “Bory Tucholskie” (see Fig. 1). 

3. Material and methods 
Field studies were carried out in 2008-2010 during summer (May-June-July). Plant species 
were estimated on the basis of the work by [49] and were divided onto glycophytes - 
Creeping thistle Cirisium arvense, Common nettle Urtica dioica, Yarrow Achillea millefolium, 
Burdock Arctium lappa and obligatory halophyte: Common glasswort Salicornia europea. 
Common glasswort appears only in salted habitats and is known as succulent [50]. It is one 
of the most saline tolerant plants in general and is capable to grow under highly saline 
conditions in the lowest part of salt marshes [51], [52]. Samples of roots and green parts of 
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Borkowo and 5) “Control” – in Tuchola Forestry named “Bory Tucholskie” (see Fig. 1). 

3. Material and methods 
Field studies were carried out in 2008-2010 during summer (May-June-July). Plant species 
were estimated on the basis of the work by [49] and were divided onto glycophytes - 
Creeping thistle Cirisium arvense, Common nettle Urtica dioica, Yarrow Achillea millefolium, 
Burdock Arctium lappa and obligatory halophyte: Common glasswort Salicornia europea. 
Common glasswort appears only in salted habitats and is known as succulent [50]. It is one 
of the most saline tolerant plants in general and is capable to grow under highly saline 
conditions in the lowest part of salt marshes [51], [52]. Samples of roots and green parts of 
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plants: leaves from glycophytes (No of samples N=220), and shoots of Common glasswort 
Salicornia europea (No of samples N=150), and samples of soils (No of samples N=300) from 
rhizosphera were collected from all studied environments (glycophytes) and only from 
anthropogenic salted areas (halophytes), because of their natural distribution.   

Samples of soil were air-dried to a constant mass up to 650C, homogenized and sieved 
through 1 mm mesh. The electrolythical conductivity (expressed as mS or μS) of soil (Ec) 
was measured by conductivity meter (Elmetron CC-401). Instead the soil acidity (pH) was 
determined in bidistilled water at soil solution ratio of 1:2.5 with a potentiometric glass 
electrode by used pH-meter (Elmetron C-501).  

Samples were collected from randomly selected plants at midday, and were kept cool in 
freezer bags for transfer to the laboratory. Green parts samples were then washed three 
times with deionized water; roots were gently separated from soils, then abundantly 
washed with tap water to eliminate soil particles, and also rinsed three times with deionized 
water. Root and washed shoot samples were divided into two parts. One was immediately 
stocked at −80°C until further biochemical analysis, while a second was cut into small pieces 
and dried in oven for 24 h [53], [54]. Mineralized samples of soil and plants were analyzed 
for Na, Ca, Fe, Zn, Cu, Mn, Cr, Ni, Cd, and Pb using inductively coupled plasma mass 
spectrometry ICP-MS (AGILENT 7500 CE; plasma ICP-MS spectrophotometer from Agilent 
Technologies Inc. (Palo Alto, CA, USA). The results were interpreted comparatively with 
standard well-known concentration, i.e. in relation to the analysis of reference materials. 
Parallel measurements were taken in the blind trials. The results were given in mg*kg-1 of 
dry weight.  

To determine the levels of superoxide dismutase (SOD) and catalase (CAT) roots and 
green parts of plants (1g) were homogenized in a 0.05 M phosphate buffer (pH 7.0) 
containing 1mM EDTA (3 ml). During homogenization polyvinyl-pyrrolidone (PVP) (0.25 
g) was added (modified by [40]). The homogenate was centrifugated twice for 10 min first 
at 10 000 x g and second at 20 000x g. For ascorbate peroxidase (APOX) assay the roots 
and green parts (1g) were homogenized according to [54], i.e. by adding 0.05 M phosphate 
buffer (pH 7.5) containing 1 mM EDTA, 1 mM sodium ascorbate, 1 mM DTT and 4.0% 
(w/v) polyvinyl-pyrrolidone (PVP), 1 mM EDTA (5 ml). The homogenate was 
centrifugated at 15 000x g for 20 min. Sodium ascorbate was added only in case of green 
parts. All assays were conducted at 4º C. The protein content in the supernatant was 
measured according to [55].The activity of all enzymes was expressed in units of mg-1 of 
protein. 

The activity of SOD was assayed by measuring its ability to inhibit the photochemical 
reduction of NBT, adopting the method of [56]. The reaction mixture consist of   50 mM 
phosphate buffer (pH 7.8) containing 0.1 mM EDTA, 120 μM riboflavine, 97.5 mM 
methionine, 2.25 mM NBT. After the addition of plant homogenate switching on a UV 
lamp for one minute the start of reaction is begin. The absorbance at 560 nm of wave length 
was measured. Fifty percent reduction in color was considered as one unit of enzyme 
activity.  
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The activity of CAT was assayed according [57], [58] in reaction solution (3 ml) composed of 
0.1 M phosphate buffer (pH 7.0) to which 30% (w/v) H2O2 was added until reaching an 
absorbance at 240 nm between 0.520 and 0.550. The reaction was initiated by the addition of 
10 μl of plant extract and the activity of CAT was monitored by the decreasing absorbance at 
240 nm at for 2 min. One unit of enzyme was the amount necessary to decompose 1 μmol of 
H2O2 per min at 25ºC (extinction coefficient 43.6 M-1*cm-1).   

The activity of APOX was measured according method of [59]. The soluble protein extract 
(25 μl) was added to 1.975 ml reaction mixture of 0.05 M phosphate buffer (pH 7.0), 0.5 mM 
sodium ascorbate, 0.1 mM H2O2 and the decrease absorbance of ascorbate at 290 nm for 2 
min was used to calculate APOX activity. Enzyme activity was expressed in enzyme unit of 
mg-1 protein. One unit of enzyme was the amount necessary to decompose 1 μmol of 
substrate per min at 25ºC (extinction coefficient 2.8 mM-1*cm-1).  

The intensity of lipid peroxidation was estimated following the method by [60]. 
Approximately 0.5 g of frozen plant tissue samples was cut into small pieces, homogenized 
with 2.5 ml of 5% trichloroacetic acid, and then centrifuged at 10000 g for 15 min. at room 
temperature. The equal volumes of supernatant and 0,5% thiobarbituric acid in 20% 
trichloroacetic acid were added in a new tube and incubated in 96°C for 25 minutes and 
then quickly cooled in an ice bath. After centrifugation at 8 000 g for 5 min, the absorbance 
of supernatant was recorded at 532 and 600 nm. The value for non-specific absorption at 600 
nm was subtracted. The concentration of MDA was calculated using coefficient of 
absorbance 155 mM-1 cm-1 and was expressed as μmol g-1 FW. 

3.1. Statistical analysis 

Arithmetic means and descriptive statistics of activation of antioxidant enzymes: SOD, 
CAT, APOX and concentrations of Na, Ca, Fe, Zn, Cu, Mn, Pb, and Cd in roots and green 
parts of plants were calculated. We also calculated arithmetic mean of concentrations of 
the same elements in soils from root zone of plants. The data did not show normal 
distribution, so non parametric tests were used. We used ANOVA Kruskal-Wallis test, 
followed by multiple Kruskal-Wallis comparison and U-Mann-Whitney test to estimate 
the significance of differences in the activation of antioxidant enzymes and 
concentrations of elements in roots and green parts from different environments, 
between organs and also groups of plants from the same environments (significance 
level at p<0.05), and also the differences between concentrations of metals in soil in 
particular environments. The dependence of activity of antioxidant enzymes and 
concentrations of elements in the roots and green parts of plants from different 
environments were calculated by correlation coefficient (r) according to the ranks of 
Spearman test (significance level at p<0.05) [61].  

This work required permits from General and Regional Nature Conservation Dpts. These 
were obtained and had the following respective numbers: DOPozgiz-4211/I-14/995/09/ep, 
RDOS.PN.6631/2/08/KLD, and RDOS.04.PN.6631/37/09/KLD.  
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4. Results 

4.1. Soil parameters 

As shown in Table 1, the soils at Kujawy region were in the various degree of alkalinity 
(sodium manufactures; strong alkaline), anthropogenic environments, wetlands, agriculture 
environment (moderate alkaline), whilst pH of soils from control was acid. The electrical 
conductivity of soils was higher in sodium manufactures and anthropogenic environments 
than in control (Table 1). 

As soils collected in SM and AE environments mainly consisted of tailings from nearby 
sodium factory and AGRE environment near field used agriculturally, heavy metal contents 
in the sample of soils were high and varied greatly in comparison with control and 
wetlands. The concentration of Na, Ca, Fe, Zn, Cu, and Mn were higher in soils at disturbed 
than control environments but in case of the same elements also from wetlands. However, 
concentration of toxic metals Pb, and Cd were higher in Tuchola Forestry than in Wetlands 
and did not differ with concentrations in soils from remaining environments (Table 1). 

4.2. Chemical elements in roots and green parts of glycophytes and Common 
glasswort Salicornia europaea  

4.2.1. Glycophytes 

We found lower concentrations of Na, Ca, Fe, Cu, and Pb in roots in control in compare with 
environments in Kujawy region in opposite to level of Zn (higher in control than in agricultural 
and did not differ in the remaining environments). Similar to Zn concentration, Cd level was 
also higher in non-polluted environment (control) in comparison with factory disturbed sodium 
manufactures and anthropogenic (Table 2). Simultaneously, sodium level in glycophytes from 
anthropogenic environments was higher than in those from remaining areas.  

Concentrations of Fe and Zn were lower in leaves from control but only in comparison with 
wetlands. Simultaneously, Pb level was lower in control areas than in wetlands and 
agriculture fields. It is interesting that the level of Cd, in opposite to Pb, was higher in the 
unpolluted environment (C) compared with all environments studied in Kujawy region, 
except anthropogenic areas. Similar concentration of Mn was also higher in the control (C) 
as compared with industrial disturbed SM and AE and also wetlands (Table 2). We did not 
find significant differences in the concentrations of Mn in roots and the level of Ca, and Cu 
in leaves among investigated environments (Table 2).  

4.2.2. Common glasswort Salicornia europaea  

We found only higher concentrations of Na in roots and Mn in leaves from anhropogenic 
than from sodium manufactures. Simultaneously, the roots and green parts of plants had 
higher concentrations of Pb in sodium manufactures than in the anthropogenic. 
Concentrations of Ca, Fe, Zn, Cu and Cd did not differ between both organs and amongst 
environments studied (Table 3).  
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Table 1. Soil characteristics of sodium manufacture (SM), anthropogenic environments (AE), wetlands 
(WE), agricultural environments (AGRE) and control (C); mean ± SD. Significant differences in the 
concentrations of Na, Ca, Fe, Zn, Cu, Mn, Pb, and Cd in soil among environments (p<0.05).  
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4. Results 

4.1. Soil parameters 

As shown in Table 1, the soils at Kujawy region were in the various degree of alkalinity 
(sodium manufactures; strong alkaline), anthropogenic environments, wetlands, agriculture 
environment (moderate alkaline), whilst pH of soils from control was acid. The electrical 
conductivity of soils was higher in sodium manufactures and anthropogenic environments 
than in control (Table 1). 

As soils collected in SM and AE environments mainly consisted of tailings from nearby 
sodium factory and AGRE environment near field used agriculturally, heavy metal contents 
in the sample of soils were high and varied greatly in comparison with control and 
wetlands. The concentration of Na, Ca, Fe, Zn, Cu, and Mn were higher in soils at disturbed 
than control environments but in case of the same elements also from wetlands. However, 
concentration of toxic metals Pb, and Cd were higher in Tuchola Forestry than in Wetlands 
and did not differ with concentrations in soils from remaining environments (Table 1). 

4.2. Chemical elements in roots and green parts of glycophytes and Common 
glasswort Salicornia europaea  

4.2.1. Glycophytes 

We found lower concentrations of Na, Ca, Fe, Cu, and Pb in roots in control in compare with 
environments in Kujawy region in opposite to level of Zn (higher in control than in agricultural 
and did not differ in the remaining environments). Similar to Zn concentration, Cd level was 
also higher in non-polluted environment (control) in comparison with factory disturbed sodium 
manufactures and anthropogenic (Table 2). Simultaneously, sodium level in glycophytes from 
anthropogenic environments was higher than in those from remaining areas.  

Concentrations of Fe and Zn were lower in leaves from control but only in comparison with 
wetlands. Simultaneously, Pb level was lower in control areas than in wetlands and 
agriculture fields. It is interesting that the level of Cd, in opposite to Pb, was higher in the 
unpolluted environment (C) compared with all environments studied in Kujawy region, 
except anthropogenic areas. Similar concentration of Mn was also higher in the control (C) 
as compared with industrial disturbed SM and AE and also wetlands (Table 2). We did not 
find significant differences in the concentrations of Mn in roots and the level of Ca, and Cu 
in leaves among investigated environments (Table 2).  

4.2.2. Common glasswort Salicornia europaea  

We found only higher concentrations of Na in roots and Mn in leaves from anhropogenic 
than from sodium manufactures. Simultaneously, the roots and green parts of plants had 
higher concentrations of Pb in sodium manufactures than in the anthropogenic. 
Concentrations of Ca, Fe, Zn, Cu and Cd did not differ between both organs and amongst 
environments studied (Table 3).  
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Table 1. Soil characteristics of sodium manufacture (SM), anthropogenic environments (AE), wetlands 
(WE), agricultural environments (AGRE) and control (C); mean ± SD. Significant differences in the 
concentrations of Na, Ca, Fe, Zn, Cu, Mn, Pb, and Cd in soil among environments (p<0.05).  
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Table 2. Elements concentrations, activity of antioxidant enzymes, and degree of lipoperoxidation  in 
organs of populations of glycophytes in sodium manufacture (SM), anthropogenic environments (AE), 
wetlands (WE), agricultural environments (AGRE) and control (C); mean ± SD. Significant differences 
among environments (p<0.05). 
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  SM (N=70) AE (N=80)   
  Mean SD Mean SD Z p 
roots     
SOD 152,34 207,76 127,13 104,47 0,00    1,000 
CAT 0,25 0,30 0,17 0,14 0,03    0,975 
APOX 81,59 42,20 98,08 77,09 -0,03    0,975 
MDA 5,19 1,73 5,08 0,91 -0,10    0,922 
Na 10266,67 6637,63 18772,32 7713,88 -2,14    0,032 
Ca 6112,00 5671,56 3900,34 1462,37 -0,09    0,926 
Fe 467,42 391,22 470,88 274,67 -0,59    0,555 
Zn 19,49 13,36 17,39 7,22 0,28    0,780 
Cu 5,80 5,09 6,33 3,01 0,28    0,780 
Mn 30,46 19,87 24,72 7,81 0,96    0,335 
Pb 2,64 1,71 1,01 0,29 3,13    0,002 
Cd 0,16 0,24 0,14 0,09 -0,84    0,401 
green parts           
SOD 110,04 100,51 171,65 146,89 -1,93    0,053 
CAT 0,39 0,32 0,15 0,14 1,88    0,061 
APOX 34,44 34,77 21,68 17,38 0,55    0,583 
MDA 2,48 0,69 4,04 0,98 -3,64    0,000 
Na 44235,06 32261,31 49327,20 22546,83 -0,78    0,436 
Ca 22766,03 20946,63 25326,90 12844,86 -0,49    0,624 
Fe 378,85 482,21 239,69 159,86 -0,38    0,707 
Zn 19,98 10,44 13,38 6,51 1,82    0,069 
Cu 8,25 18,29 4,07 1,62 -0,89    0,371 
Mn 36,92 36,70 127,42 84,06 -3,20    0,001 
Pb 1,32 0,55 0,27 0,08 4,13    0,000 
Cd 0,20 0,29 0,20 0,18 -0,49    0,624 

Table 3. Elements concentrations, activity of antioxidant enzymes, and degree of lipoperoxidation in 
the organs of populations of Common glasswort Salicornia europaea in sodium manufacture (SM), and 
anthropogenic environments (AE); mean ± SD. Significant differences among environments at p<0.05. 

4.3. Antioxidant enzymes activity and lipoperoxidation 

Our results indicated significant differences only in the activity of SOD (glycophytes) in both 
organs. SOD activity was higher in roots from agricultural environments comparatively with 
sodium manufactures and wetlands. Simultaneously, SOD activity was lower in leaves from 
wetlands in comparison with remaining environments. We also found lower MDA content in 
roots from agricultural environments than from remaining examined areas. Instead the 
highest degree of lipid peroxidation was in the green parts of plants from anthropogenic 
environments (Table 2). We did not found differences in the biochemical parameters in 
organs of Common glasswort Salicornia europaea except of MDA content in the green parts of 
plants (higher level in the AE than in the SM) from different environments (Tables 4, 5). 
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APOX 34,44 34,77 21,68 17,38 0,55    0,583 
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Na 44235,06 32261,31 49327,20 22546,83 -0,78    0,436 
Ca 22766,03 20946,63 25326,90 12844,86 -0,49    0,624 
Fe 378,85 482,21 239,69 159,86 -0,38    0,707 
Zn 19,98 10,44 13,38 6,51 1,82    0,069 
Cu 8,25 18,29 4,07 1,62 -0,89    0,371 
Mn 36,92 36,70 127,42 84,06 -3,20    0,001 
Pb 1,32 0,55 0,27 0,08 4,13    0,000 
Cd 0,20 0,29 0,20 0,18 -0,49    0,624 

Table 3. Elements concentrations, activity of antioxidant enzymes, and degree of lipoperoxidation in 
the organs of populations of Common glasswort Salicornia europaea in sodium manufacture (SM), and 
anthropogenic environments (AE); mean ± SD. Significant differences among environments at p<0.05. 

4.3. Antioxidant enzymes activity and lipoperoxidation 

Our results indicated significant differences only in the activity of SOD (glycophytes) in both 
organs. SOD activity was higher in roots from agricultural environments comparatively with 
sodium manufactures and wetlands. Simultaneously, SOD activity was lower in leaves from 
wetlands in comparison with remaining environments. We also found lower MDA content in 
roots from agricultural environments than from remaining examined areas. Instead the 
highest degree of lipid peroxidation was in the green parts of plants from anthropogenic 
environments (Table 2). We did not found differences in the biochemical parameters in 
organs of Common glasswort Salicornia europaea except of MDA content in the green parts of 
plants (higher level in the AE than in the SM) from different environments (Tables 4, 5). 
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4.4. The impact of metals on the antioxidant enzymes activity in roots and leaves 
of plants  

Spearman coefficient analyses were performed with concentrations of each of the metals 
studied in roots and green parts of glycophytes and Common glasswort Salicornia europaea 
versus the activity of antioxidant enzymes and degree of lipoperoxidation. The activity of 
enzymes was also correlated with MDA content. However, these relationships were 
depending on the type of environment (Tables 4-6). 

4.4.1. Glycophytes 

We found more relationships between activity of antioxidant enzymes and metals in the 
green parts than in roots, depending on the type of environment. However, concentrations 
of Na (SM), Fe (AE, WE), Cu (SM, AE, WE, C) and Pb (AE) were positively correlated with 
SOD activity. Instead, CAT activity had also positive relationships with Na, Cu (AE) and 
Zn, Mn (C). Simultaneously, the activity of another enzyme, APOX, was positively related 
with level of Na (SM, AGRE), Zn, and Mn (AE) and negatively – with Cu (C), and Cd 
(AGRE, C). 

Our results indicated positive correlations of SOD activity with concentrations of Zn (SM, 
AGRE), Cu (SM) and Cd (SM, WE, AGRE) but also negative with Mn (AGRE, C) and Pb 
(AGRE). Concentrations of Na were also related with SOD activity, but were positive (AE) 
or negative (C). We found negative relationships between CAT activity and concentrations 
of Ca (WE), Fe (SM, WE, AGRE), Mn (SM), and Pb (WE, AGRE) but also positive with Zn 
(AGRE). The level of Cu was positive related with activity of CAT in the leaves of plants 
from sodium manufactures but also negative in the leaves from anthropogenic areas. APOX 
activity was positively correlated with Ca concentrations in the leaves of plants from all 
environments and with Fe in the leaves collected at wetland and agriculture environments. 
However, the activity of this enzyme was negatively related with Na, Zn (C) and Cd (SM, 
AE, C). Concentrations of Cu had both positive (WE) and negative (AE) relationships with 
APOX in the leaves.  

We found positive relations between concentrations of Na (AE), Cu, (AE, C), Pb (WE) and 
Cd (WE, C) and degree of lipoperoxidation processes in roots. However, we also found 
correlations between Na, Zn, Mn, and Cd but in the control environment (Na), AE, WE (Ca), 
AE (Zn, Cd), and SM (Mn). It should be emphasized that we did not state relation between 
concentrations of Na, and also Mn, and Pb and MDA content in the leaves. Concentrations 
of Ca were positively correlated with level of MDA (AE, WE) in the green parts in opposite 
to metals – Zn and Cd (AE, AGRE). Iron and copper stimulated lipoperoxidation (Fe in 
AGRE, Cu in WE) and was mutually negatively correlated (SM, SM, C) with content of 
MDA but it depend on the type of environment (Tables 4, 5, Figs. 2, 3). MDA content was 
positively correlated with CAT activity in roots (AE, AGRE) and APOX in leaves (AE, WE, 
AGRE). On the other hand, we found negative relations between MDA and the activity of 
APOX in roots (AE) and SOD, and CAT in leaves (AGRE); Table 4.  
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SM (N=34)     AE (N=49) WE (N=72) AGRE (N=34) C (N=31)     
relations R  p relations R p relations R p relations R p relations R  p 
roots         
SOD & Cu  0,43 0,011 SOD & Fe  0,46 0,001 SOD & Fe  0,29 0,015 APOX  & Cu  -0,37 0,031 SOD & Cu  0,364 0,044 
SOD & Na  0,61 0,000 SOD & Cu  0,59 0,000 SOD  & Cu  0,42 0,000 APOX   & Cd  -0,51 0,002 APOX  & Cu  -0,565 0,001 
APX  & Na  0,36 0,036 SOD & Pb  0,34 0,016 MDA & Cu  0,37 0,001 APOX   & Na  0,61 0,000 APOX  & Cd  -0,360 0,040 
MDA & Mn  -0,35 0,040 APX & Mn  0,32 0,024 MDA & Cd  0,39 0,001 CAT  & MDA 0,63 0,000 CAT & Mn  0,421 0,040 
    APX & Zn  0,32 0,025 MDA & Pb  0,33 0,005    CAT & Zn  0,528 0,040 
    CAT & Cu  0,43 0,002 MDA & Na  0,32 0,006    MDA & Cu  0,498 0,040 
    CAT & Na  0,34 0,018 MDA & Ca  -0,27 0,021    MDA & Cd  0,720 0,040 
    MDA & Cu  0,35 0,014       MDA & Na  -0,510 0,040 
    MDA & Zn  -0,43 0,002           
    MDA & Cd  -0,32 0,023           
    MDA & Na  0,49 0,000           
    MDA & Ca  -0,41 0,003           
    APOX & MDA -0,51 0,000           
    CAT  & MDA 0,55 0,000           
green parts         
SOD & Cu  0,34 0,047 SOD & Na  0,35 0,013 SOD & Cd  0,42 0,000 SOD & Mn  -0,41 0,017 SOD & Mn  -0,521 0,003 
SOD & Zn  0,38 0,025 APOX  & Cd  -0,45 0,001 APOX  & Fe  0,34 0,003 SOD & Zn  0,60 0,000 SOD & Na  0,411 0,022 
SOD & Cd  0,35 0,044 APOX  & Ca  0,59 0,000 APOX  & Cu  0,29 0,014 SOD & Cd  0,57 0,000 APOX  & Zn  -0,473 0,007 
APOX  & Cd  -0,36 0,036 CAT & Cu  -0,35 0,012 APOX  & Ca  0,31 0,008 SOD & Pb  -0,48 0,004 APOX  & Cd  -0,649 0,000 
APOX  & Ca  0,41 0,017 MDA & Zn  -0,43 0,002 CAT & Fe  -0,33 0,004 APOX  & Fe  0,39 0,024 APOX  & Na  -0,367 0,043 
CAT & Mn  -0,50 0,002 MDA & Cd  -0,43 0,002 CAT & Pb  -0,31 0,007 APOX  & Ca  0,38 0,029 APOX  & Ca  0,545 0,002 
CAT & Fe  -0,40 0,020 MDA & Ca  0,50 0,000 CAT & Ca  -0,23 0,049 cat & Fe  -0,47 0,005 MDA & Cu  -0,628 0,000 
CAT & Cu  0,38 0,028 APOX & MDA 0,54 0,000 MDA & Cu  0,24 0,040 CAT & Zn  0,50 0,002 MDA & Zn  -0,378 0,036 
MDA & Fe  -0,46 0,006    MDA  & Ca  0,40 0,000 MDA & Mn  0,34 0,048     
MDA & Cu  -0,60 0,000    APOX & MDA 0,42 0,000 MDA & Fe  0,59 0,000     
          MDA & Zn  -0,52 0,002     
          MDA & Cd  -0,61 0,000     
          MDA & Cd  -0,61 0,000     
          SOD  & MDA -0,49 0,003     
          APOX & MDA 0,51 0,002     
                  CAT & MDA -0,63 0,000       

Table 4. Concentration of element–activity of enzyme, content of MDA interactions and content of 
MDA–activity of enzyme interaction related changes of elements level and antioxidant enzymes 
activity, the level of lipoperoxidation in roots and green parts of glycophytes in different environments. 

 
SM (N=70) AE (N=80)   
Relations R p relations R p 
Roots   
SOD & Fe  0,66 0,036 CAT & Fe  -0,77 0,002 
SOD & Cu  0,64 0,046 CAT & Cu -0,76 0,003 
SOD & Zn  0,74 0,015 CAT & Zn -0,62 0,023 
APOX & Cd  -0,82 0,004 CAT  & Cd  -0,67 0,012 
APOX & MDA -0,64 0,048 CAT  & Na  -0,71 0,006 
green parts           
SOD & Zn  0,65 0,023 ns    
SOD & Cd  0,82 0,001     
APOX & Fe  0,59 0,044     
APOX & Cu  0,65 0,023     
APOX  & Cd  0,79 0,002     
APOX  & Ca  0,60 0,041     
CAT & Pb  0,60 0,039       

Table 5. Concentration of element–activity of enzyme, content of MDA interactions and content of MDA–
activity of enzyme interactions related changes of elements level and antioxidant enzymes activity, level of 
lipoperoxidation in roots and green parts of Common glasswort Salicornia europaea in different environments. 
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4.4. The impact of metals on the antioxidant enzymes activity in roots and leaves 
of plants  

Spearman coefficient analyses were performed with concentrations of each of the metals 
studied in roots and green parts of glycophytes and Common glasswort Salicornia europaea 
versus the activity of antioxidant enzymes and degree of lipoperoxidation. The activity of 
enzymes was also correlated with MDA content. However, these relationships were 
depending on the type of environment (Tables 4-6). 

4.4.1. Glycophytes 

We found more relationships between activity of antioxidant enzymes and metals in the 
green parts than in roots, depending on the type of environment. However, concentrations 
of Na (SM), Fe (AE, WE), Cu (SM, AE, WE, C) and Pb (AE) were positively correlated with 
SOD activity. Instead, CAT activity had also positive relationships with Na, Cu (AE) and 
Zn, Mn (C). Simultaneously, the activity of another enzyme, APOX, was positively related 
with level of Na (SM, AGRE), Zn, and Mn (AE) and negatively – with Cu (C), and Cd 
(AGRE, C). 

Our results indicated positive correlations of SOD activity with concentrations of Zn (SM, 
AGRE), Cu (SM) and Cd (SM, WE, AGRE) but also negative with Mn (AGRE, C) and Pb 
(AGRE). Concentrations of Na were also related with SOD activity, but were positive (AE) 
or negative (C). We found negative relationships between CAT activity and concentrations 
of Ca (WE), Fe (SM, WE, AGRE), Mn (SM), and Pb (WE, AGRE) but also positive with Zn 
(AGRE). The level of Cu was positive related with activity of CAT in the leaves of plants 
from sodium manufactures but also negative in the leaves from anthropogenic areas. APOX 
activity was positively correlated with Ca concentrations in the leaves of plants from all 
environments and with Fe in the leaves collected at wetland and agriculture environments. 
However, the activity of this enzyme was negatively related with Na, Zn (C) and Cd (SM, 
AE, C). Concentrations of Cu had both positive (WE) and negative (AE) relationships with 
APOX in the leaves.  

We found positive relations between concentrations of Na (AE), Cu, (AE, C), Pb (WE) and 
Cd (WE, C) and degree of lipoperoxidation processes in roots. However, we also found 
correlations between Na, Zn, Mn, and Cd but in the control environment (Na), AE, WE (Ca), 
AE (Zn, Cd), and SM (Mn). It should be emphasized that we did not state relation between 
concentrations of Na, and also Mn, and Pb and MDA content in the leaves. Concentrations 
of Ca were positively correlated with level of MDA (AE, WE) in the green parts in opposite 
to metals – Zn and Cd (AE, AGRE). Iron and copper stimulated lipoperoxidation (Fe in 
AGRE, Cu in WE) and was mutually negatively correlated (SM, SM, C) with content of 
MDA but it depend on the type of environment (Tables 4, 5, Figs. 2, 3). MDA content was 
positively correlated with CAT activity in roots (AE, AGRE) and APOX in leaves (AE, WE, 
AGRE). On the other hand, we found negative relations between MDA and the activity of 
APOX in roots (AE) and SOD, and CAT in leaves (AGRE); Table 4.  
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SM (N=34)     AE (N=49) WE (N=72) AGRE (N=34) C (N=31)     
relations R  p relations R p relations R p relations R p relations R  p 
roots         
SOD & Cu  0,43 0,011 SOD & Fe  0,46 0,001 SOD & Fe  0,29 0,015 APOX  & Cu  -0,37 0,031 SOD & Cu  0,364 0,044 
SOD & Na  0,61 0,000 SOD & Cu  0,59 0,000 SOD  & Cu  0,42 0,000 APOX   & Cd  -0,51 0,002 APOX  & Cu  -0,565 0,001 
APX  & Na  0,36 0,036 SOD & Pb  0,34 0,016 MDA & Cu  0,37 0,001 APOX   & Na  0,61 0,000 APOX  & Cd  -0,360 0,040 
MDA & Mn  -0,35 0,040 APX & Mn  0,32 0,024 MDA & Cd  0,39 0,001 CAT  & MDA 0,63 0,000 CAT & Mn  0,421 0,040 
    APX & Zn  0,32 0,025 MDA & Pb  0,33 0,005    CAT & Zn  0,528 0,040 
    CAT & Cu  0,43 0,002 MDA & Na  0,32 0,006    MDA & Cu  0,498 0,040 
    CAT & Na  0,34 0,018 MDA & Ca  -0,27 0,021    MDA & Cd  0,720 0,040 
    MDA & Cu  0,35 0,014       MDA & Na  -0,510 0,040 
    MDA & Zn  -0,43 0,002           
    MDA & Cd  -0,32 0,023           
    MDA & Na  0,49 0,000           
    MDA & Ca  -0,41 0,003           
    APOX & MDA -0,51 0,000           
    CAT  & MDA 0,55 0,000           
green parts         
SOD & Cu  0,34 0,047 SOD & Na  0,35 0,013 SOD & Cd  0,42 0,000 SOD & Mn  -0,41 0,017 SOD & Mn  -0,521 0,003 
SOD & Zn  0,38 0,025 APOX  & Cd  -0,45 0,001 APOX  & Fe  0,34 0,003 SOD & Zn  0,60 0,000 SOD & Na  0,411 0,022 
SOD & Cd  0,35 0,044 APOX  & Ca  0,59 0,000 APOX  & Cu  0,29 0,014 SOD & Cd  0,57 0,000 APOX  & Zn  -0,473 0,007 
APOX  & Cd  -0,36 0,036 CAT & Cu  -0,35 0,012 APOX  & Ca  0,31 0,008 SOD & Pb  -0,48 0,004 APOX  & Cd  -0,649 0,000 
APOX  & Ca  0,41 0,017 MDA & Zn  -0,43 0,002 CAT & Fe  -0,33 0,004 APOX  & Fe  0,39 0,024 APOX  & Na  -0,367 0,043 
CAT & Mn  -0,50 0,002 MDA & Cd  -0,43 0,002 CAT & Pb  -0,31 0,007 APOX  & Ca  0,38 0,029 APOX  & Ca  0,545 0,002 
CAT & Fe  -0,40 0,020 MDA & Ca  0,50 0,000 CAT & Ca  -0,23 0,049 cat & Fe  -0,47 0,005 MDA & Cu  -0,628 0,000 
CAT & Cu  0,38 0,028 APOX & MDA 0,54 0,000 MDA & Cu  0,24 0,040 CAT & Zn  0,50 0,002 MDA & Zn  -0,378 0,036 
MDA & Fe  -0,46 0,006    MDA  & Ca  0,40 0,000 MDA & Mn  0,34 0,048     
MDA & Cu  -0,60 0,000    APOX & MDA 0,42 0,000 MDA & Fe  0,59 0,000     
          MDA & Zn  -0,52 0,002     
          MDA & Cd  -0,61 0,000     
          MDA & Cd  -0,61 0,000     
          SOD  & MDA -0,49 0,003     
          APOX & MDA 0,51 0,002     
                  CAT & MDA -0,63 0,000       

Table 4. Concentration of element–activity of enzyme, content of MDA interactions and content of 
MDA–activity of enzyme interaction related changes of elements level and antioxidant enzymes 
activity, the level of lipoperoxidation in roots and green parts of glycophytes in different environments. 

 
SM (N=70) AE (N=80)   
Relations R p relations R p 
Roots   
SOD & Fe  0,66 0,036 CAT & Fe  -0,77 0,002 
SOD & Cu  0,64 0,046 CAT & Cu -0,76 0,003 
SOD & Zn  0,74 0,015 CAT & Zn -0,62 0,023 
APOX & Cd  -0,82 0,004 CAT  & Cd  -0,67 0,012 
APOX & MDA -0,64 0,048 CAT  & Na  -0,71 0,006 
green parts           
SOD & Zn  0,65 0,023 ns    
SOD & Cd  0,82 0,001     
APOX & Fe  0,59 0,044     
APOX & Cu  0,65 0,023     
APOX  & Cd  0,79 0,002     
APOX  & Ca  0,60 0,041     
CAT & Pb  0,60 0,039       

Table 5. Concentration of element–activity of enzyme, content of MDA interactions and content of MDA–
activity of enzyme interactions related changes of elements level and antioxidant enzymes activity, level of 
lipoperoxidation in roots and green parts of Common glasswort Salicornia europaea in different environments. 
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Figure 2. Interrelationships between SOD activity and the concentration of Cu, and Na (mg*kg-1) in 
roots of glycophytes from sodium manufacture. 

 
Figure 3. Interrelationships between APOX activity and the concentration of Ca, and Cd in (mg*kg-1) 
the green parts of glycophytes from anthropogenic environment. 
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4.4.2. Common glasswort Salicornia europaea 

Our results indicated relationships between activity of antioxidant enzymes and 
concentrations of metals in roots of plants in both environments and only in shoots from 
sodium manufactures. Concentrations of Fe, Cu, and Cd were positively related with SOD 
activity in the roots of plants from sodium manufactures in opposite to activity of CAT in 
roots of plants from anthropogenic areas. However, Na and Cd concentrations were also 
negatively correlated with CAT activity in shoots of plants from anthropogenic 
environments. We also found negative relations between concentrations of Cd and APOX 
activity in roots of plants from sodium manufactures. On the other hand, the activity of 
antioxidant enzymes was positively correlated with concentrations of Zn, Cd (SOD), Pb 
(CAT), Ca, Fe, Cu, and Cd (APOX) in shoots of plants. We did not find relations between 
MDA content and chemical elements concentration in both studied organs of Common 
glasswort Salicornia europaea (Tables 4, 5, Figs. 4, 5). However, we found negative relations 
between MDA content and APOX activity in the roots of plants from sodium 
manufactures.  

 
 
 

 
 
 
Figure 4. Interrelationships between CAT activity and the concentration of Cu, and Zn in roots (mg*kg-1) 
of Common glasswort Salicornia europaea from anthropogenic environment. 
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Figure 2. Interrelationships between SOD activity and the concentration of Cu, and Na (mg*kg-1) in 
roots of glycophytes from sodium manufacture. 

 
Figure 3. Interrelationships between APOX activity and the concentration of Ca, and Cd in (mg*kg-1) 
the green parts of glycophytes from anthropogenic environment. 
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4.4.2. Common glasswort Salicornia europaea 

Our results indicated relationships between activity of antioxidant enzymes and 
concentrations of metals in roots of plants in both environments and only in shoots from 
sodium manufactures. Concentrations of Fe, Cu, and Cd were positively related with SOD 
activity in the roots of plants from sodium manufactures in opposite to activity of CAT in 
roots of plants from anthropogenic areas. However, Na and Cd concentrations were also 
negatively correlated with CAT activity in shoots of plants from anthropogenic 
environments. We also found negative relations between concentrations of Cd and APOX 
activity in roots of plants from sodium manufactures. On the other hand, the activity of 
antioxidant enzymes was positively correlated with concentrations of Zn, Cd (SOD), Pb 
(CAT), Ca, Fe, Cu, and Cd (APOX) in shoots of plants. We did not find relations between 
MDA content and chemical elements concentration in both studied organs of Common 
glasswort Salicornia europaea (Tables 4, 5, Figs. 4, 5). However, we found negative relations 
between MDA content and APOX activity in the roots of plants from sodium 
manufactures.  

 
 
 

 
 
 
Figure 4. Interrelationships between CAT activity and the concentration of Cu, and Zn in roots (mg*kg-1) 
of Common glasswort Salicornia europaea from anthropogenic environment. 
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Figure 5. Interrelationships between Cd concentration (mg*kg-1) and SOD, and APOX (U/mg) activity 
in the green parts of Common glasswort Salicornia europaea from sodium manufacture. 

4.5. Differences between glycophytes and Common glasswort Salicornia 
europaea in their natural environments 

We found significant higher activity of APOX in roots of glycophytes than in Common 
glasswort Salicornia europaea from both examined environments (SM, AE) in opposite to 
green parts. CAT activity was similarly higher in the green parts of glycophytes than in the 
halophyte (Common glasswort Salicornia europaea) but only in the anthropogenic 
environments. Instead, the level of MDA was higher in the glycophytes except green parts 
in the anthropogenic areas. Common glasswort Salicornia europea cumulated more sodium in 
both organs in all environments studied and also had higher level of Zn, Cu, Mn, and Cd in 
the green parts from AE than glycophytes. However, Cu and Pb concentrations were also 
higher in the green parts of this halophyte in sodium manufactures. On the other hand, 
glycophytes accumulated more calcium in roots from both environments, and more copper 
in roots from sodium manufactures and also Pb in both organs from anthropogenic 
environments than Common glasswort Salicornia europaea. The differences between Fe 
concentration and SOD activity in the organs of examined plants from two various 
environments did not differ (Table 6). 
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  SM   AE   SM   AE   

  roots       green parts   

 Z p Z p Z p Z p 

SOD  ns  ns  ns  ns   

CAT  ns  ns  ns  -2,02 * 

APX 3,23 ** 3,54 *** -2,14 * -2,06 * 

MDA -3,25 ** -4,00 *** -5,20 *** -5,82 *** 

Na  4,19 *** 5,24 *** 5,09 *** 5,32 *** 

Ca  -2,53 * -3,86 *** ns  ns   

Fe  ns  ns  ns  ns   

Zn  ns  ns  ns  -3,66 *** 

Cu  -2,53 * ns  -2,51 * -3,53 *** 

Mn  ns  ns  ns  3,86 *** 

Pb  ns  -3,10 *** 3,01 ** -5,00 *** 

Cd  ns   0,14   ns   2,22 *** 

Table 6. Differences among biochemical parameters: activity of enzymes (SOD, CAT, APOX), content 
of MDA, concentrations of elements between root and green part of glycophytes and Common 
glasswort Salicornia europaea from different environments (p<0.005). 

4.6. Differences between enzymes activity, lipoperoxidation and concentrations 
of elements in plants 

We noted higher activity of SOD and APOX in the green parts of glycophytes from sodium 
manufactures. However MDA level was significantly higher only in green parts of 
glycophytes than in roots from AE and AGRE. On the other hand, APOX activity in shoots 
of Common glasswort Salicornia europaea was lower, similarly to MDA level of these plants 
from SM, but the intensity of lipoperoxidation was significantly higher in roots also at AE. 
Concentrations of Na were higher in roots of glycophytes in opposite to halophyte. 
Simultaneously, Ca concentrations were higher in leaves of both glycophytes and Common 
glasswort in opposite to level of Fe, which was rather cumulated in roots (not significant at 
SM in Common glasswort Salicornia europea). Simultaneously, Zn was found in higher 
concentrations only in glycophytes but in non salted environments (WE, AGRE, C). Cu and 
Mn were rather mobile metals but we found significant higher Cu concentrations in roots of 
glycophytes (SM) and – for both elements – in roots of Common glasswort (AE). Lead, as 
toxic metal was accumulated in roots of plants. Glycophytes also accumulated Cd in roots 
but it is interesting that we did not find the differences among organs in plants from control 
environments. Instead, concentrations of Cd were not differs amongst organs of Common 
glasswort Salicornia europea from both environments (Table 7). 
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Figure 5. Interrelationships between Cd concentration (mg*kg-1) and SOD, and APOX (U/mg) activity 
in the green parts of Common glasswort Salicornia europaea from sodium manufacture. 

4.5. Differences between glycophytes and Common glasswort Salicornia 
europaea in their natural environments 

We found significant higher activity of APOX in roots of glycophytes than in Common 
glasswort Salicornia europaea from both examined environments (SM, AE) in opposite to 
green parts. CAT activity was similarly higher in the green parts of glycophytes than in the 
halophyte (Common glasswort Salicornia europaea) but only in the anthropogenic 
environments. Instead, the level of MDA was higher in the glycophytes except green parts 
in the anthropogenic areas. Common glasswort Salicornia europea cumulated more sodium in 
both organs in all environments studied and also had higher level of Zn, Cu, Mn, and Cd in 
the green parts from AE than glycophytes. However, Cu and Pb concentrations were also 
higher in the green parts of this halophyte in sodium manufactures. On the other hand, 
glycophytes accumulated more calcium in roots from both environments, and more copper 
in roots from sodium manufactures and also Pb in both organs from anthropogenic 
environments than Common glasswort Salicornia europaea. The differences between Fe 
concentration and SOD activity in the organs of examined plants from two various 
environments did not differ (Table 6). 
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  SM   AE   SM   AE   

  roots       green parts   

 Z p Z p Z p Z p 

SOD  ns  ns  ns  ns   

CAT  ns  ns  ns  -2,02 * 

APX 3,23 ** 3,54 *** -2,14 * -2,06 * 

MDA -3,25 ** -4,00 *** -5,20 *** -5,82 *** 

Na  4,19 *** 5,24 *** 5,09 *** 5,32 *** 

Ca  -2,53 * -3,86 *** ns  ns   

Fe  ns  ns  ns  ns   

Zn  ns  ns  ns  -3,66 *** 

Cu  -2,53 * ns  -2,51 * -3,53 *** 

Mn  ns  ns  ns  3,86 *** 

Pb  ns  -3,10 *** 3,01 ** -5,00 *** 

Cd  ns   0,14   ns   2,22 *** 

Table 6. Differences among biochemical parameters: activity of enzymes (SOD, CAT, APOX), content 
of MDA, concentrations of elements between root and green part of glycophytes and Common 
glasswort Salicornia europaea from different environments (p<0.005). 

4.6. Differences between enzymes activity, lipoperoxidation and concentrations 
of elements in plants 

We noted higher activity of SOD and APOX in the green parts of glycophytes from sodium 
manufactures. However MDA level was significantly higher only in green parts of 
glycophytes than in roots from AE and AGRE. On the other hand, APOX activity in shoots 
of Common glasswort Salicornia europaea was lower, similarly to MDA level of these plants 
from SM, but the intensity of lipoperoxidation was significantly higher in roots also at AE. 
Concentrations of Na were higher in roots of glycophytes in opposite to halophyte. 
Simultaneously, Ca concentrations were higher in leaves of both glycophytes and Common 
glasswort in opposite to level of Fe, which was rather cumulated in roots (not significant at 
SM in Common glasswort Salicornia europea). Simultaneously, Zn was found in higher 
concentrations only in glycophytes but in non salted environments (WE, AGRE, C). Cu and 
Mn were rather mobile metals but we found significant higher Cu concentrations in roots of 
glycophytes (SM) and – for both elements – in roots of Common glasswort (AE). Lead, as 
toxic metal was accumulated in roots of plants. Glycophytes also accumulated Cd in roots 
but it is interesting that we did not find the differences among organs in plants from control 
environments. Instead, concentrations of Cd were not differs amongst organs of Common 
glasswort Salicornia europea from both environments (Table 7). 
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glycophytes Common glasswort 
  SM   AE WE AGRE C SM AE   
SOD  -1,98 * ns  ns  ns  ns  ns  ns   
CAT  ns  ns  ns  ns  ns  ns  ns   
APX -2,46 * ns  ns  ns  ns  2,67 * 3,78 *** 
MDA ns  -3,26 ** ns  -4,02 *** ns  3,73 *** 2,38 * 
Na  5,61 *** 3,091 ** 6,41 *** 6,38 *** 4,55 *** -3,13 ** -2,75 ** 
Ca  -2,59 ** -5,492 *** -7,79 *** -5,01 *** -5,14 *** -2,14 * -4,22 *** 
Fe  5,17 *** 5,372 *** 5,86 *** 4,63 *** 3,01 ** ns  2,09 * 
Zn  ns  ns  -4,25 *** -4,94 *** -2,25 * ns  ns   
Cu  3,05 ** ns  ns  ns  ns  ns  2,26 * 
Mn  ns  ns  ns  ns  ns  ns  -4,16 *** 
Pb  5,83 *** 5,642 *** 4,26 *** 2,39 * 3,63 *** 2,27 * 4,22 *** 
Cd  5,15 *** 4,860 *** 4,37 *** 3,72 *** ns   ns   ns   

Table 7. Differences among the content of biochemical parameters: MDA, proline and concentration of 
elements in organs of plant groups from the same environment (p<0.005). 

5. Discussion and conclusions  

The presence of a sodium factory and industrialization of Kujawy region affected the 
salinity, alkalinity and higher content of Na, Ca but also Fe, Cu, and Zn in the environments 
of this region, especially neighbored with sodium manufactures and waste dumping sites. 
On the other hand, higher concentration of microelements in the agricultural environments 
than in controls was probably reflected the use of fertilizers in the agricultural practices. It 
should be emphasized that we did not find differences in the concentration of toxic elements 
(Pb, Cd) in plants and soils between control and disturbed environments (SM, AE); Table 1. 
However, concentration of chemical elements studied in plants differed among 
environments but relations were not directly similar to those occurred in soils (Tables 2, 3). 
It probably depends on the environmental conditions. We should consider that 
bioavailability of chemical elements by plant is affected by numerous basal environmental 
characteristics of soil: pH, red-ox potential, salinity, the content of organic matter, etc. [62], 
[63]. Simultaneously, different factors than edaphic conditions of soils, i.e. seasonal 
physiology, the condition of plants, species-species capacities for uptake, translocation and 
compartmentalization, may contribute to the differential bioaccumulation of elements [64]. 
The roots of glycophytes accumulated about 3 fold higher concentrations of Na than 
collected at control environments, whilst green parts of plants – even 17 fold higher (Table 
2). We can thus conclude that at sodium manufactures, especially anthropogenic excess of 
sodium affects ionic balance and primarily impacts upon metabolic processes [65]. Instead, 
calcium concentration in the organs of plants do not exceed average concentrations 
recommended by [66]; 0.2-5% d.w. However, the higher Ca concentrations, especially in 
salted environments, could be related with higher level of this element in these 
environments. On the other hand, increased intake of calcium could be connected with 
excess of sodium and mobilization of defence mechanisms [67]. Simultaneously, our results 
indicated that concentration of Zn and Cu in roots and leaves of examined plants do not 
exceed the phytotoxic range recommended by [68] and [69], i.e., 100-400 mg*kg-1; 30 mg*kg-1, 
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respectively). Similar level of Pb, and Cd in plant’s organs in our study was below ranges of 
30-300 mg*kg-1, and 5-30 mg*kg-1, respectively, considered by [68] as phyototoxic. However, 
iron and manganese concentration in the range of 40-500 mg*kg-1 and 50-500 mg*kg-1, 
respectively, according to [70] are found as toxic for plants, so our result indicate that Fe 
level is high in both organs of plants, but high concentrations of Mn in roots and green parts 
of glycophytes was connected with environmental factors.  

Stressful factors (acidity, salinity, toxic heavy metals) adversely affects the associated 
ecological balance and increases the level of free radicals and reactive oxygen species (ROS), 
which is related with changes in activities of antioxidant enzymes [71], [72], [73]. Most 
studies show that the higher activities of these enzymes were positively correlated with 
plant stress-resistance [74], [6], [73]. However, the changes of enzyme activities also depend 
on plant genotypes and stress intensity [74], [75].  

Based on the results obtained by us, we can conclude that physiological activity of 
important antioxidant enzymes can maintain oxidative homeostasis and also reduce the 
membrane damages in the plant organism (mainly by lipoperoxidation). Moreover, SOD, 
CAT, and APOX is related with concentration of examined elements (Na, Ca, Fe, Zn. Cu, 
Mn, Pb, Cd), depending on the status of the environment. These relations were positive and 
negative, and they depend on the ecological group of plants, the type of organ and on stress 
intensity (various degree of anthropogenic impact). Glycophytes studied by us were 
subjected on many stressors at disturbed environments in Kujawy region. These plant 
species strive to maintain their oxidative homeostasis and develop efficient antioxidative 
responses. Thus we found positive relationships between sodium concentrations and the 
content of MDA as indicator of oxidant injury, but also between CAT activity in roots of 
plants from anthropogenic environments, and also similar between calcium concentrations 
and the level of lipoperoxidation and APOX in green parts of plants from anthropogenic 
and wetland environments. Copper concentration was also related with APOX activity and 
MDA level in the wetlands. Instead, Fe was correlated with MDA and APOX in the 
agricultural areas (Table 4). We can thus concluded that Na, Ca, Cu and also Fe stimulated 
lipoperoxidation processes but also mobilization antioxidant mechanisms of glycophytes in 
Kujawy region. Furthermore, negative relation of Cd with APOX in both organs from 
controls and also positive correlations with degree of lipoperoxidation in roots (Table 4) 
indicate that discrimination of one of important enzymes involved in antioxidant 
mechanism and impact on ROS generation. Similar to Cd, also Cu stimulated higher level of 
MDA and negatively affect the activity of APOX in opposite to activity of SOD in roots of 
glycophytes in control sites (Table 4). In the organs of Common glasswort Salicornia europea 
we did not find these relations (Table 5). Reports of [8], [76], and [6] showed correlations 
between stress level and MDA content. Moreover, lipid peroxidation and H2O2 levels, and 
also SOD, CAT, APOX and GR activities increased in pea roots and leaves under Cd stress 
[77], whilst APOX and CAT decreased at high Cd concentrations [78]. Also [47] reported 
that Cd-induced oxidative stress in Arabidopsis is due to H2O2 accumulation. 

It should be emphasized that we found more correlations between concentrations of 
chemical elements and studied biochemical parameters (Tables 4, 5), which indicate the 
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glycophytes Common glasswort 
  SM   AE WE AGRE C SM AE   
SOD  -1,98 * ns  ns  ns  ns  ns  ns   
CAT  ns  ns  ns  ns  ns  ns  ns   
APX -2,46 * ns  ns  ns  ns  2,67 * 3,78 *** 
MDA ns  -3,26 ** ns  -4,02 *** ns  3,73 *** 2,38 * 
Na  5,61 *** 3,091 ** 6,41 *** 6,38 *** 4,55 *** -3,13 ** -2,75 ** 
Ca  -2,59 ** -5,492 *** -7,79 *** -5,01 *** -5,14 *** -2,14 * -4,22 *** 
Fe  5,17 *** 5,372 *** 5,86 *** 4,63 *** 3,01 ** ns  2,09 * 
Zn  ns  ns  -4,25 *** -4,94 *** -2,25 * ns  ns   
Cu  3,05 ** ns  ns  ns  ns  ns  2,26 * 
Mn  ns  ns  ns  ns  ns  ns  -4,16 *** 
Pb  5,83 *** 5,642 *** 4,26 *** 2,39 * 3,63 *** 2,27 * 4,22 *** 
Cd  5,15 *** 4,860 *** 4,37 *** 3,72 *** ns   ns   ns   

Table 7. Differences among the content of biochemical parameters: MDA, proline and concentration of 
elements in organs of plant groups from the same environment (p<0.005). 

5. Discussion and conclusions  

The presence of a sodium factory and industrialization of Kujawy region affected the 
salinity, alkalinity and higher content of Na, Ca but also Fe, Cu, and Zn in the environments 
of this region, especially neighbored with sodium manufactures and waste dumping sites. 
On the other hand, higher concentration of microelements in the agricultural environments 
than in controls was probably reflected the use of fertilizers in the agricultural practices. It 
should be emphasized that we did not find differences in the concentration of toxic elements 
(Pb, Cd) in plants and soils between control and disturbed environments (SM, AE); Table 1. 
However, concentration of chemical elements studied in plants differed among 
environments but relations were not directly similar to those occurred in soils (Tables 2, 3). 
It probably depends on the environmental conditions. We should consider that 
bioavailability of chemical elements by plant is affected by numerous basal environmental 
characteristics of soil: pH, red-ox potential, salinity, the content of organic matter, etc. [62], 
[63]. Simultaneously, different factors than edaphic conditions of soils, i.e. seasonal 
physiology, the condition of plants, species-species capacities for uptake, translocation and 
compartmentalization, may contribute to the differential bioaccumulation of elements [64]. 
The roots of glycophytes accumulated about 3 fold higher concentrations of Na than 
collected at control environments, whilst green parts of plants – even 17 fold higher (Table 
2). We can thus conclude that at sodium manufactures, especially anthropogenic excess of 
sodium affects ionic balance and primarily impacts upon metabolic processes [65]. Instead, 
calcium concentration in the organs of plants do not exceed average concentrations 
recommended by [66]; 0.2-5% d.w. However, the higher Ca concentrations, especially in 
salted environments, could be related with higher level of this element in these 
environments. On the other hand, increased intake of calcium could be connected with 
excess of sodium and mobilization of defence mechanisms [67]. Simultaneously, our results 
indicated that concentration of Zn and Cu in roots and leaves of examined plants do not 
exceed the phytotoxic range recommended by [68] and [69], i.e., 100-400 mg*kg-1; 30 mg*kg-1, 
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respectively). Similar level of Pb, and Cd in plant’s organs in our study was below ranges of 
30-300 mg*kg-1, and 5-30 mg*kg-1, respectively, considered by [68] as phyototoxic. However, 
iron and manganese concentration in the range of 40-500 mg*kg-1 and 50-500 mg*kg-1, 
respectively, according to [70] are found as toxic for plants, so our result indicate that Fe 
level is high in both organs of plants, but high concentrations of Mn in roots and green parts 
of glycophytes was connected with environmental factors.  

Stressful factors (acidity, salinity, toxic heavy metals) adversely affects the associated 
ecological balance and increases the level of free radicals and reactive oxygen species (ROS), 
which is related with changes in activities of antioxidant enzymes [71], [72], [73]. Most 
studies show that the higher activities of these enzymes were positively correlated with 
plant stress-resistance [74], [6], [73]. However, the changes of enzyme activities also depend 
on plant genotypes and stress intensity [74], [75].  

Based on the results obtained by us, we can conclude that physiological activity of 
important antioxidant enzymes can maintain oxidative homeostasis and also reduce the 
membrane damages in the plant organism (mainly by lipoperoxidation). Moreover, SOD, 
CAT, and APOX is related with concentration of examined elements (Na, Ca, Fe, Zn. Cu, 
Mn, Pb, Cd), depending on the status of the environment. These relations were positive and 
negative, and they depend on the ecological group of plants, the type of organ and on stress 
intensity (various degree of anthropogenic impact). Glycophytes studied by us were 
subjected on many stressors at disturbed environments in Kujawy region. These plant 
species strive to maintain their oxidative homeostasis and develop efficient antioxidative 
responses. Thus we found positive relationships between sodium concentrations and the 
content of MDA as indicator of oxidant injury, but also between CAT activity in roots of 
plants from anthropogenic environments, and also similar between calcium concentrations 
and the level of lipoperoxidation and APOX in green parts of plants from anthropogenic 
and wetland environments. Copper concentration was also related with APOX activity and 
MDA level in the wetlands. Instead, Fe was correlated with MDA and APOX in the 
agricultural areas (Table 4). We can thus concluded that Na, Ca, Cu and also Fe stimulated 
lipoperoxidation processes but also mobilization antioxidant mechanisms of glycophytes in 
Kujawy region. Furthermore, negative relation of Cd with APOX in both organs from 
controls and also positive correlations with degree of lipoperoxidation in roots (Table 4) 
indicate that discrimination of one of important enzymes involved in antioxidant 
mechanism and impact on ROS generation. Similar to Cd, also Cu stimulated higher level of 
MDA and negatively affect the activity of APOX in opposite to activity of SOD in roots of 
glycophytes in control sites (Table 4). In the organs of Common glasswort Salicornia europea 
we did not find these relations (Table 5). Reports of [8], [76], and [6] showed correlations 
between stress level and MDA content. Moreover, lipid peroxidation and H2O2 levels, and 
also SOD, CAT, APOX and GR activities increased in pea roots and leaves under Cd stress 
[77], whilst APOX and CAT decreased at high Cd concentrations [78]. Also [47] reported 
that Cd-induced oxidative stress in Arabidopsis is due to H2O2 accumulation. 

It should be emphasized that we found more correlations between concentrations of 
chemical elements and studied biochemical parameters (Tables 4, 5), which indicate the 
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complexity of antioxidative processes and simultaneously the participation of chemical 
elements in stimulation and modification of lipoperoxidation processes and SOD, CAT or 
APOX activities. Simultaneously, the same elements could impact upon the activation of 
many oxidative pathways in organs of glycophytes (Fig. 5) and it depends on the 
environmental conditions. In disturbed sodium manufactures the level of Na stimulated 
activity of SOD and APOX, but in the other environments it stimulated the activity of CAT. 
Similarly, copper concentration is positively correlated with CAT in roots but negatively in 
the green parts of plants from anthropogenic environments. Furthermore, Na and Ca 
concentrations stimulated activity of antioxidant mechanisms, especially in disturbed 
environments. On the other hand, calcium is also related with APOX activity in all studied 
environments. Simultaneously, concentrations of transition metals could impact the increase 
or decrease of antioxidant enzymes activity (Figs. 2-5). We suggest it depends on the 
interactions amongst elements, the intensity of stressors or impact of other not examined 
factors. However, more analysis will require for estimation these problems. We also should 
consider that Cu, Zn, Mn, and also Fe are cofactors of metalloprotein, i.e. SOD. 
Simultaneously, cadmium and lead as toxic metals especially defected the activity of APOX 
and CAT, respectively, in the organs of glycophytes, which is in opposite to SOD activity 
(Tab. 4). Similarly, Fe, Zn, and Cu stimulate activity of SOD in sodium manufactures in roots 
and shoots of Common glasswort Salicornia europea. Moreover, the same metals decrease 
CAT activity in roots from anthropogenic environments. Cadmium and lead concentration 
are also defected the activity of APOX and CAT and impacted the increase of SOD. We also 
found correlations between APOX and Ca concentrations in shoots of Common glasswort 
Salicornia europaea in sodium manufactures, alike as in the green parts of glycophytes. 
Moreover, sodium concentrations influence the decrease of CAT in roots of this halophyte 
(Table 5). Similarly, CAT activity is also higher in green parts of glycophytes than in 
halophytes. This indicate that glycophytes are better adaptation to stressful conditions, 
however there are many indistinct questions required to estimation.  

There is much evidence that salinity and heavy metals enhanced or decreased activity of 
antioxidant enzymes but usually under control conditions. Both increase as well as decrease 
in the activity of SOD has been reported in plants in response to salinity stress [8], [79]. It 
appears that the activity of SOD under salinity varies depending upon plant species, organ 
analyzed as well as upon the level of salinity [80], [81]. [9] showed that in Cotton Gossypium 
hirsutum L. under salted NaCl stress the increases of SOD activities occurs, as well as 
decreases of the activities of catalase and ascorbate peroxidase. In the leaves of rice plant, 
salt stress preferentially enhances the content of H2O2 and the activities of SOD, APOX, 
whereas it decreases catalase activity [82]. These authors reported that NaCl treatment 
increases the activities of catalase but does not affected the activity of SOD in cucumber 
plants. The tomato under high salt concentration showed higher among others antioxidant 
enzyme activities such as SOD, catalase, and ascorbate peroxidase [83]. Similarly, [84] 
showed that activity of cytosolic CuZn-SOD II, chloroplastic CuZn- SOD II, and 
mitochondrial and/or peroxisomal Mn-SOD were correlated with increasing concentration 
of NaCl in pea at the higher NaCl concentrations.  
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We can consider that heavy metals toxicity is occurred in the ability to bind strongly the 
oxygen, nitrogen and sulphur ions. This process is related with the free enthalpy of the 
formation of the product of metals and ligands. By this features heavy metals can inactivate 
the enzymes by binding to cysteine residues. Heavy metals can also displace one metal with 
another, which can lead to inhibition or loss the enzyme activities [4], [13]. On the other hand, 
[85] examined the role of antioxidative enzyme system. They investigated the relation to Cd 
stress in hyperaccumulator plants of the genus Alyssum. In both species superoxide 
dismutase activity was elevated at high cadmium concentrations, whilst ascorbate peroxidase 
activity remained unchanged [7], whilst [86] indicated that activity of antioxidant enzymes 
was estimated as a function of time and concentrations of Pb in roots of lupin. The results of 
[25] suggested that lead induces oxidative stress in growing rice plants and that SOD and 
APOX could serve as important components of antioxidative defence mechanism against Pb 
induced oxidative injury in rice. They observed a Pb dependent increase in the activities of 
SOD from root tip extract, whilst CAT and APOX activities decreased at higher lead 
concentrations. Cadmium treatment induced lipooxygenase with simultaneous inhibition of 
antioxidative enzymes, SOD and CAT [41]. In particular, CAT activity often decreased 
following exposure to elevated cadmium concentrations [78], [46]. On the other hand, [87] 
indicated that CAT activities and specific isoenzymes of SOD increased in the leaves and 
roots of a resistant variety of radish, following exposure to increasing (between 0.25 and 1 
mM) concentrations of cadmium. A severe suppression of SOD and CAT, and almost 
complete loss of APOX activities after 48 h of exposure to 50 μM Cd was observed in pine 
roots [88]. Cd-induced inhibition of APOX and CAT was also associated with H2O2 
accumulation and growth retardation in the poplar roots [4]. Also [89] studied the 
involvement of H2O2 and O2.- in the signaling events that resulted in variation of the 
transcript levels of CAT, GR and Cu-Zn-SOD in pea plants under Cd stress.  

Considering the influence of chemical elements on the defence mechanisms of plants [90] we 
can conclude the unique importance of Ca2+ for stabilization of membranes. High salinity 
results in increased cytosolic Ca2+, which is transported from the apoplast and the 
intracellular compartments [91]. This transient increase in the cytosolic Ca2+ initiates stress-
signal transduction leading to salt adaptation. Adequate levels of calcium are necessary for 
the membrane to its normal function [31].  

Most of the interest in calcium participation in plants has centered on its role in the 
cytoplasm in controlling the developmental processes [92]. [32] reported the effects of 
calcium chloride on the sodium chloride-stressed plants of Mung bean Vigna radiatae (L.). 
We could confirm that when CaCl2 was combined with NaCl, CaCl2 altered the overall plant 
metabolism to ameliorate the deleterious effects of NaCl stress and increased the vegetative 
growth of plants. [93] indicated that Ca2+ prevented Cd-induced increasing of the activity of 
SOD and restored CAT activity. These results suggested that exogenous application of Ca2+ 
could be advantageous against Cd2+ toxicity, and could confer tolerance to heavy metal’s 
stress in plants. 

Our results confirm also the disruption of oxidative homeostasis related with environments 
of glycophytes through higher degree of lipid peroxidation in leaves in the anthropogenic 
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complexity of antioxidative processes and simultaneously the participation of chemical 
elements in stimulation and modification of lipoperoxidation processes and SOD, CAT or 
APOX activities. Simultaneously, the same elements could impact upon the activation of 
many oxidative pathways in organs of glycophytes (Fig. 5) and it depends on the 
environmental conditions. In disturbed sodium manufactures the level of Na stimulated 
activity of SOD and APOX, but in the other environments it stimulated the activity of CAT. 
Similarly, copper concentration is positively correlated with CAT in roots but negatively in 
the green parts of plants from anthropogenic environments. Furthermore, Na and Ca 
concentrations stimulated activity of antioxidant mechanisms, especially in disturbed 
environments. On the other hand, calcium is also related with APOX activity in all studied 
environments. Simultaneously, concentrations of transition metals could impact the increase 
or decrease of antioxidant enzymes activity (Figs. 2-5). We suggest it depends on the 
interactions amongst elements, the intensity of stressors or impact of other not examined 
factors. However, more analysis will require for estimation these problems. We also should 
consider that Cu, Zn, Mn, and also Fe are cofactors of metalloprotein, i.e. SOD. 
Simultaneously, cadmium and lead as toxic metals especially defected the activity of APOX 
and CAT, respectively, in the organs of glycophytes, which is in opposite to SOD activity 
(Tab. 4). Similarly, Fe, Zn, and Cu stimulate activity of SOD in sodium manufactures in roots 
and shoots of Common glasswort Salicornia europea. Moreover, the same metals decrease 
CAT activity in roots from anthropogenic environments. Cadmium and lead concentration 
are also defected the activity of APOX and CAT and impacted the increase of SOD. We also 
found correlations between APOX and Ca concentrations in shoots of Common glasswort 
Salicornia europaea in sodium manufactures, alike as in the green parts of glycophytes. 
Moreover, sodium concentrations influence the decrease of CAT in roots of this halophyte 
(Table 5). Similarly, CAT activity is also higher in green parts of glycophytes than in 
halophytes. This indicate that glycophytes are better adaptation to stressful conditions, 
however there are many indistinct questions required to estimation.  

There is much evidence that salinity and heavy metals enhanced or decreased activity of 
antioxidant enzymes but usually under control conditions. Both increase as well as decrease 
in the activity of SOD has been reported in plants in response to salinity stress [8], [79]. It 
appears that the activity of SOD under salinity varies depending upon plant species, organ 
analyzed as well as upon the level of salinity [80], [81]. [9] showed that in Cotton Gossypium 
hirsutum L. under salted NaCl stress the increases of SOD activities occurs, as well as 
decreases of the activities of catalase and ascorbate peroxidase. In the leaves of rice plant, 
salt stress preferentially enhances the content of H2O2 and the activities of SOD, APOX, 
whereas it decreases catalase activity [82]. These authors reported that NaCl treatment 
increases the activities of catalase but does not affected the activity of SOD in cucumber 
plants. The tomato under high salt concentration showed higher among others antioxidant 
enzyme activities such as SOD, catalase, and ascorbate peroxidase [83]. Similarly, [84] 
showed that activity of cytosolic CuZn-SOD II, chloroplastic CuZn- SOD II, and 
mitochondrial and/or peroxisomal Mn-SOD were correlated with increasing concentration 
of NaCl in pea at the higher NaCl concentrations.  
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We can consider that heavy metals toxicity is occurred in the ability to bind strongly the 
oxygen, nitrogen and sulphur ions. This process is related with the free enthalpy of the 
formation of the product of metals and ligands. By this features heavy metals can inactivate 
the enzymes by binding to cysteine residues. Heavy metals can also displace one metal with 
another, which can lead to inhibition or loss the enzyme activities [4], [13]. On the other hand, 
[85] examined the role of antioxidative enzyme system. They investigated the relation to Cd 
stress in hyperaccumulator plants of the genus Alyssum. In both species superoxide 
dismutase activity was elevated at high cadmium concentrations, whilst ascorbate peroxidase 
activity remained unchanged [7], whilst [86] indicated that activity of antioxidant enzymes 
was estimated as a function of time and concentrations of Pb in roots of lupin. The results of 
[25] suggested that lead induces oxidative stress in growing rice plants and that SOD and 
APOX could serve as important components of antioxidative defence mechanism against Pb 
induced oxidative injury in rice. They observed a Pb dependent increase in the activities of 
SOD from root tip extract, whilst CAT and APOX activities decreased at higher lead 
concentrations. Cadmium treatment induced lipooxygenase with simultaneous inhibition of 
antioxidative enzymes, SOD and CAT [41]. In particular, CAT activity often decreased 
following exposure to elevated cadmium concentrations [78], [46]. On the other hand, [87] 
indicated that CAT activities and specific isoenzymes of SOD increased in the leaves and 
roots of a resistant variety of radish, following exposure to increasing (between 0.25 and 1 
mM) concentrations of cadmium. A severe suppression of SOD and CAT, and almost 
complete loss of APOX activities after 48 h of exposure to 50 μM Cd was observed in pine 
roots [88]. Cd-induced inhibition of APOX and CAT was also associated with H2O2 
accumulation and growth retardation in the poplar roots [4]. Also [89] studied the 
involvement of H2O2 and O2.- in the signaling events that resulted in variation of the 
transcript levels of CAT, GR and Cu-Zn-SOD in pea plants under Cd stress.  

Considering the influence of chemical elements on the defence mechanisms of plants [90] we 
can conclude the unique importance of Ca2+ for stabilization of membranes. High salinity 
results in increased cytosolic Ca2+, which is transported from the apoplast and the 
intracellular compartments [91]. This transient increase in the cytosolic Ca2+ initiates stress-
signal transduction leading to salt adaptation. Adequate levels of calcium are necessary for 
the membrane to its normal function [31].  

Most of the interest in calcium participation in plants has centered on its role in the 
cytoplasm in controlling the developmental processes [92]. [32] reported the effects of 
calcium chloride on the sodium chloride-stressed plants of Mung bean Vigna radiatae (L.). 
We could confirm that when CaCl2 was combined with NaCl, CaCl2 altered the overall plant 
metabolism to ameliorate the deleterious effects of NaCl stress and increased the vegetative 
growth of plants. [93] indicated that Ca2+ prevented Cd-induced increasing of the activity of 
SOD and restored CAT activity. These results suggested that exogenous application of Ca2+ 
could be advantageous against Cd2+ toxicity, and could confer tolerance to heavy metal’s 
stress in plants. 

Our results confirm also the disruption of oxidative homeostasis related with environments 
of glycophytes through higher degree of lipid peroxidation in leaves in the anthropogenic 
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environments and lower level of MDA in roots of plants from wetlands than from 
remaining environments. However, we found a higher SOD activity in the roots of 
glycophytes from agriculture areas in comparison with sodium manufactures and wetlands. 
Simultaneously, the activity of the same enzymes in green parts of plants was lower in 
wetland areas than in remaining environments (Table 2). All of these results indicated that 
plants probably can mitigate the oxidative damage initiated by ROS (especially at 
agriculture) by the complex of defensive antioxidative system [71]. Moreover, [15] indicated 
that both roots and shoots of plants had malonyldialdehyde (MDA) contents cultivated at 
the optimal salt concentration (50 mM NaCl) were lower than in the control areas. This was 
related to enhanced activities of antioxidant enzymes, like superoxide dismutase, catalase 
and peroxidase, especially in shoots. SOD and CAT activities have been reported to be 
negatively correlated with the degree of damage to plasmalemma, chloroplasts and 
mitochondrial membrane systems and positively correlated with stress resistance indices 
[7], [32]. Simultaneously, we can not exclude other factors as draught or climate conditions, 
which could generate free radicals or reactive oxygen species (i.e., draught, climate 
conditions) and thus impact on high activity of antioxidant enzymes in organs in the control 
environments (C). We should also note that the level of cadmium was higher in leaves of 
plants from Tuchola Forestry than from remaining environments. Similarly, in roots of 
plants from these areas, cadmium concentrations did not differ from other environments, 
but was higher than in the agricultures. Cadmium is probably a factor, which can indirectly 
upset cell membrane. Simultaneously, we found relationships between biochemical 
parameters and concentrations of Na, Ca, Cu, Zn and Mn, which stimulated the activity of 
CAT, and Na-SOD and Ca-SOD and APOX. Instead, we found differences between the 
content of MDA (higher in shoots of plants from anthropogenic than from sodium 
manufactures) but the activity of SOD, CAT and APOX did not differ in the organs of 
Common glasswort Salicornia europaea between two examined environments. It could 
indicate that Common glasswort, as obligatory halophyte, is adapted to high salted 
environments (sodium manufactures). Thus mutual and differentiated relationships 
between chemical elements and antioxidant enzymatic mechanisms as plant responses to 
the environmental disturbs, are probably another factor influenced the higher level of 
lipoperoxidation in anthropogenic environments.  

We also found that Na, Fe, and Pb are accumulated in higher level in roots of glycophytes in 
opposite to Ca. Zn, Cu and Mn at all examined environments and they showed more 
mobility, which depends on the type of environment. Interestingly, the concentrations of Cd 
and Pb, as toxic elements were also higher in roots of plants at all environments of Kujawy 
region but not at the control sites, whilst the activity of antioxidant enzymes did not differ 
significantly between organs of plants in the examined environments, except of SOD and 
APOX at SM. We found higher level of these enzymes in the leaves than in roots of plants. It 
was probably related with the concentrations of Ca and also Cu, Zn, and Cd. We could also 
conclude that Zn and Cu are co-factors of SOD so further analyses are needed. However, the 
location of chemical elements rather not deflected on the activity of enzymes in glycophytes. 
On the other hand, the concentrations of Na were higher in shoots than roots of Common 
glasswort Salicornia europaea, which is connected with adaptation to life in high salinity (e.g., 
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osmoregulation); [13]. It is interesting we found the higher level of MDA and higher lead 
concentrations in roots, similar to activity of APOX. However, we could not confirm 
relations among these parameters because we did not find significant correlation. 
Furthermore, the roots are more markedly affected by saline conditions than leaves, because 
of being the first part at the plant to encounter soil salinity [94]. [81] confirm that roots of 
halophyte Sea fennel Crithmum maritimum were distinguished from leaves by 
malondialdehyde concentration, however activity of APOX was higher in leaves, despite the 
fact that stress factor was only a high salinity. Simultaneously, [95] and [96] stated that root 
tissues markedly exhibited by higher APOX activity in comparison of shoots of plants under 
salinity stress.  

The mechanisms of salt tolerance are of two main types: those minimizing the entry of salt into 
the plant, and those minimizing the concentration of salt in the cytoplasm. Halophytes, as 
naturally salt tolerant plants, have both types of mechanisms. They exclude salt well, but 
effectively compartmentalize in vacuoles the salt that inevitably gets in. This allows them to 
growth of long period of time in saline soil. Instead, glycophytes avoid sodium to maintain ionic 
homeostasis [13], [15]. We can thus conclude basing also on our results showed in Table 5 that 
higher concentrations of sodium in roots and leaves of Common glasswort Salicornia europea than 
in glycophytes are resulting from the saline determinations of the environment and 
predominantly from the interactions with sodium. We also conclude that glycophytes are 
subjected on higher salinity stress, which cause probably higher level of ROS, and 
lipoperoxidation in the organs (except green parts at AE) than in halophytes. On the other hand, 
activity of APOX is higher in the roots of halophyte than in glycophytes in both environments in 
opposite to green parts. We could suspect that this were connected with higher concentrations of 
Ca, elevated salinity effect [32] and indicated the activity of APOX in the green parts of plants 
more sensitive on salt damages than roots [97]. Similar activity of CAT is also higher in green 
parts of our glycophytes than halophyte. It is indicated that glycophytes are well adapted to 
stressful conditions however there are still many indistinct topics, required to estimation.  

The area of mutual relationships: plants-environmental stressors and conducted research in 
this field has been gaining ground in the recent years. However, in the view of considerable 
variations in the protective mechanisms against activated oxygen species in different plant 
species, the further work, especially in natural conditions under many stressors is required 
to establish the general validity of various regularities and processes in salinity tolerance 
and also disturbed ionic homeostasis. 

The positive and negative correlations between the level of chemical elements and 
antioxidative responses of plants indicate the complexity of enzymatic antioxidative 
processes and simultaneously the participation of chemical elements, which does not 
influence lipid peroxidation but stimulate or injure SOD, CAT or APOX activity. However, 
the concentrations of Na, Ca, Cu and Fe stimulate lipoperoxidation but can also mobilize 
antioxidant responses of glycophytes in natural salted Pomeranian region, whilst Cd in the 
control environment influence MDA content and increasing APOX activity in roots of 
glycophytes. Simultaneously this toxic metal may impact the activation of many oxidant 
ways in organs of glycophytes and it depend on the environmental conditions (pH, Ec). Na 
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environments and lower level of MDA in roots of plants from wetlands than from 
remaining environments. However, we found a higher SOD activity in the roots of 
glycophytes from agriculture areas in comparison with sodium manufactures and wetlands. 
Simultaneously, the activity of the same enzymes in green parts of plants was lower in 
wetland areas than in remaining environments (Table 2). All of these results indicated that 
plants probably can mitigate the oxidative damage initiated by ROS (especially at 
agriculture) by the complex of defensive antioxidative system [71]. Moreover, [15] indicated 
that both roots and shoots of plants had malonyldialdehyde (MDA) contents cultivated at 
the optimal salt concentration (50 mM NaCl) were lower than in the control areas. This was 
related to enhanced activities of antioxidant enzymes, like superoxide dismutase, catalase 
and peroxidase, especially in shoots. SOD and CAT activities have been reported to be 
negatively correlated with the degree of damage to plasmalemma, chloroplasts and 
mitochondrial membrane systems and positively correlated with stress resistance indices 
[7], [32]. Simultaneously, we can not exclude other factors as draught or climate conditions, 
which could generate free radicals or reactive oxygen species (i.e., draught, climate 
conditions) and thus impact on high activity of antioxidant enzymes in organs in the control 
environments (C). We should also note that the level of cadmium was higher in leaves of 
plants from Tuchola Forestry than from remaining environments. Similarly, in roots of 
plants from these areas, cadmium concentrations did not differ from other environments, 
but was higher than in the agricultures. Cadmium is probably a factor, which can indirectly 
upset cell membrane. Simultaneously, we found relationships between biochemical 
parameters and concentrations of Na, Ca, Cu, Zn and Mn, which stimulated the activity of 
CAT, and Na-SOD and Ca-SOD and APOX. Instead, we found differences between the 
content of MDA (higher in shoots of plants from anthropogenic than from sodium 
manufactures) but the activity of SOD, CAT and APOX did not differ in the organs of 
Common glasswort Salicornia europaea between two examined environments. It could 
indicate that Common glasswort, as obligatory halophyte, is adapted to high salted 
environments (sodium manufactures). Thus mutual and differentiated relationships 
between chemical elements and antioxidant enzymatic mechanisms as plant responses to 
the environmental disturbs, are probably another factor influenced the higher level of 
lipoperoxidation in anthropogenic environments.  

We also found that Na, Fe, and Pb are accumulated in higher level in roots of glycophytes in 
opposite to Ca. Zn, Cu and Mn at all examined environments and they showed more 
mobility, which depends on the type of environment. Interestingly, the concentrations of Cd 
and Pb, as toxic elements were also higher in roots of plants at all environments of Kujawy 
region but not at the control sites, whilst the activity of antioxidant enzymes did not differ 
significantly between organs of plants in the examined environments, except of SOD and 
APOX at SM. We found higher level of these enzymes in the leaves than in roots of plants. It 
was probably related with the concentrations of Ca and also Cu, Zn, and Cd. We could also 
conclude that Zn and Cu are co-factors of SOD so further analyses are needed. However, the 
location of chemical elements rather not deflected on the activity of enzymes in glycophytes. 
On the other hand, the concentrations of Na were higher in shoots than roots of Common 
glasswort Salicornia europaea, which is connected with adaptation to life in high salinity (e.g., 
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osmoregulation); [13]. It is interesting we found the higher level of MDA and higher lead 
concentrations in roots, similar to activity of APOX. However, we could not confirm 
relations among these parameters because we did not find significant correlation. 
Furthermore, the roots are more markedly affected by saline conditions than leaves, because 
of being the first part at the plant to encounter soil salinity [94]. [81] confirm that roots of 
halophyte Sea fennel Crithmum maritimum were distinguished from leaves by 
malondialdehyde concentration, however activity of APOX was higher in leaves, despite the 
fact that stress factor was only a high salinity. Simultaneously, [95] and [96] stated that root 
tissues markedly exhibited by higher APOX activity in comparison of shoots of plants under 
salinity stress.  

The mechanisms of salt tolerance are of two main types: those minimizing the entry of salt into 
the plant, and those minimizing the concentration of salt in the cytoplasm. Halophytes, as 
naturally salt tolerant plants, have both types of mechanisms. They exclude salt well, but 
effectively compartmentalize in vacuoles the salt that inevitably gets in. This allows them to 
growth of long period of time in saline soil. Instead, glycophytes avoid sodium to maintain ionic 
homeostasis [13], [15]. We can thus conclude basing also on our results showed in Table 5 that 
higher concentrations of sodium in roots and leaves of Common glasswort Salicornia europea than 
in glycophytes are resulting from the saline determinations of the environment and 
predominantly from the interactions with sodium. We also conclude that glycophytes are 
subjected on higher salinity stress, which cause probably higher level of ROS, and 
lipoperoxidation in the organs (except green parts at AE) than in halophytes. On the other hand, 
activity of APOX is higher in the roots of halophyte than in glycophytes in both environments in 
opposite to green parts. We could suspect that this were connected with higher concentrations of 
Ca, elevated salinity effect [32] and indicated the activity of APOX in the green parts of plants 
more sensitive on salt damages than roots [97]. Similar activity of CAT is also higher in green 
parts of our glycophytes than halophyte. It is indicated that glycophytes are well adapted to 
stressful conditions however there are still many indistinct topics, required to estimation.  

The area of mutual relationships: plants-environmental stressors and conducted research in 
this field has been gaining ground in the recent years. However, in the view of considerable 
variations in the protective mechanisms against activated oxygen species in different plant 
species, the further work, especially in natural conditions under many stressors is required 
to establish the general validity of various regularities and processes in salinity tolerance 
and also disturbed ionic homeostasis. 

The positive and negative correlations between the level of chemical elements and 
antioxidative responses of plants indicate the complexity of enzymatic antioxidative 
processes and simultaneously the participation of chemical elements, which does not 
influence lipid peroxidation but stimulate or injure SOD, CAT or APOX activity. However, 
the concentrations of Na, Ca, Cu and Fe stimulate lipoperoxidation but can also mobilize 
antioxidant responses of glycophytes in natural salted Pomeranian region, whilst Cd in the 
control environment influence MDA content and increasing APOX activity in roots of 
glycophytes. Simultaneously this toxic metal may impact the activation of many oxidant 
ways in organs of glycophytes and it depend on the environmental conditions (pH, Ec). Na 
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and Ca concentrations rather stimulate enzymatic antioxidant mechanisms activity, 
especially in disturbed environments, and they can also stimulate the transition metals 
which causing increase or decrease of antioxidant enzymatic activity. However, Cd and Pb 
can defect the activity of APOX and CAT in organs of glycophytes, which is opposite to 
SOD activity. Similarly, in the organs of Common glasswort Salicornia europaea, Fe, Zn, and 
Cu level can stimulate SOD activity but they can also inhibit CAT activity. These processes 
depend on the environmental factors (pH, Ec) and types of plant organs and toxic heavy 
metals Cd and Pb concentration. They defect APOX and CAT activity but influence the 
increase of SOD. We also found correlation between APOX and calcium concentration 
(alcalinity) in shoots of Common glasswort and in green parts of glycophytes.  

The differences in MDA content and SOD activity either in roots or in green parts of 
glycophytes indicate that plants can probably mitigate the oxidative damage initiated by 
reactive oxygen species (ROS) by complexes of defensive enzymatic antioxidative system. 
Instead we found only differences between MDA content (higher in shoots from 
anthropogenic than in more salted environments) but the activity of SOD, CAT and APOX 
didn’t differ in organs of Common glasswort Salicornia europaea, which indicates that the 
impact of other factors than examined elements influenced higher level of lipoperoxidation in 
anthropogenic environments. Antioxidant enzymatic activity didn’t differ significantly 
between plants organs in examined environments except of SOD and APOX in strong salted 
environment (SM). We found higher level of these enzymes in leaves than in roots of plants 
studied. It was probably related with Ca and also Cu, Zn, and Cd concentrations. However, 
the level of lipoperoxidation was significant higher in green parts of glycophytes 
(anthropogenic, agricultural environments), which is opposite to common glasswort (both 
environments). Instead in glycophytes avoiding sodium to maintain ionic homeostasis we 
found higher Na concentrations in roots and leaves of halophytes (Common glasswort 
Salicornia europaea) than in glycophytes. We can conclude that glycophytes subjected to higher 
salinity stress develop probably higher level of ROS, thus lipoperoxidation in their organs 
(except of green parts in AE) is higher than in halophytes. On the other hand, APOX activity is 
higher in roots of halophytes than in glycophytes in both environments in opposite to their 
green parts. We thus can suspect that this is connected with higher concentrations of Ca 
(alcalinity) and elevated salinity effect indicated APOX activity in green parts of plants more 
sensitive on salt damages than roots. Similarly, CAT activity is also higher in green parts of 
glycophytes than in halophytes. This indicate that glycophytes are better adaptation to 
stressful conditions, however there are many indistinct questions which require further study. 
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and Ca concentrations rather stimulate enzymatic antioxidant mechanisms activity, 
especially in disturbed environments, and they can also stimulate the transition metals 
which causing increase or decrease of antioxidant enzymatic activity. However, Cd and Pb 
can defect the activity of APOX and CAT in organs of glycophytes, which is opposite to 
SOD activity. Similarly, in the organs of Common glasswort Salicornia europaea, Fe, Zn, and 
Cu level can stimulate SOD activity but they can also inhibit CAT activity. These processes 
depend on the environmental factors (pH, Ec) and types of plant organs and toxic heavy 
metals Cd and Pb concentration. They defect APOX and CAT activity but influence the 
increase of SOD. We also found correlation between APOX and calcium concentration 
(alcalinity) in shoots of Common glasswort and in green parts of glycophytes.  

The differences in MDA content and SOD activity either in roots or in green parts of 
glycophytes indicate that plants can probably mitigate the oxidative damage initiated by 
reactive oxygen species (ROS) by complexes of defensive enzymatic antioxidative system. 
Instead we found only differences between MDA content (higher in shoots from 
anthropogenic than in more salted environments) but the activity of SOD, CAT and APOX 
didn’t differ in organs of Common glasswort Salicornia europaea, which indicates that the 
impact of other factors than examined elements influenced higher level of lipoperoxidation in 
anthropogenic environments. Antioxidant enzymatic activity didn’t differ significantly 
between plants organs in examined environments except of SOD and APOX in strong salted 
environment (SM). We found higher level of these enzymes in leaves than in roots of plants 
studied. It was probably related with Ca and also Cu, Zn, and Cd concentrations. However, 
the level of lipoperoxidation was significant higher in green parts of glycophytes 
(anthropogenic, agricultural environments), which is opposite to common glasswort (both 
environments). Instead in glycophytes avoiding sodium to maintain ionic homeostasis we 
found higher Na concentrations in roots and leaves of halophytes (Common glasswort 
Salicornia europaea) than in glycophytes. We can conclude that glycophytes subjected to higher 
salinity stress develop probably higher level of ROS, thus lipoperoxidation in their organs 
(except of green parts in AE) is higher than in halophytes. On the other hand, APOX activity is 
higher in roots of halophytes than in glycophytes in both environments in opposite to their 
green parts. We thus can suspect that this is connected with higher concentrations of Ca 
(alcalinity) and elevated salinity effect indicated APOX activity in green parts of plants more 
sensitive on salt damages than roots. Similarly, CAT activity is also higher in green parts of 
glycophytes than in halophytes. This indicate that glycophytes are better adaptation to 
stressful conditions, however there are many indistinct questions which require further study. 
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1. Introduction
It is extremely important to reduce the action of man-made factors on the environment
and vegetables and crops grown in greenhouses. On the one hand, the whole year round,
greenhouse technologies provide the production of vegetables and other crops, which contain
micro- and macroelements necessary for the vital activity of human being. On the other hand,
the use of the technologies implies the use of mineral fertilizers for extra root and foliar
nutrition in order to intensify the production. However, despite the use of drop irrigation
and small doses of mineral feeding, the concentrations of various heavy metal compounds,
radioactive and poisonous substances in the soil of greenhouses reach the limit values after
2–3 years of its service. Then the exhausted soil should be disposed and replaced by new soil,
and this is hundreds and thousands of tons.

At the same time, the problem of the neutralization of the used soil arises, since it cannot
simply be stored in the open air due to the formation of the dust fractions of the above
compounds. In the rain and during snow melting, water-soluble substances penetrate into soil
and water sources together with run-off water. From the aforesaid it follows that searching
new ways for the nutrition of plants, which allow reducing soil contamination, is urgent. In
this regard, the technologies for plant nutrition from the gas phase are quite promising, since
the plants receive significant portion of nutrients (up to 80%) through their foliage and stems.
It should be noted that controlled gas media have already been used for quite a long time for
storing vegetables and fruit. The method is based on the formation of special concentrations
of nitrogen, oxygen, carbon dioxide and water vapours in order to reduce the intensity of
respiration and metabolism.

Join Stocks Company Nord, (Perm, Russia) has developed a new nanobiotechnology
involving nanoparticles for the production of ecologically pure vegetables in greenhouses.
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2 Will-be-set-by-IN-TECH

The main feature of the method is the generation of a special controlled gas medium
containing nanoparticles of the main macro- and microelements, which freely penetrate into
the foliage and stems of crops providing their metabolic activity. The source of the gas
medium is the products of self-spreading high-temperature synthesis [1–5].

Figure 1. The diagram of the use of gas-generator (1): a) the general view of an industrial greenhouse; b)
nanoaerosol gas medium (2) surrounding greenhouse plants (3).

Figure 1 demonstrates the use of a large-size gas-generator for the special controlled gas media
(CGM) formation in an industrial greenhouse. CGM is complex media with specially selected
concentrations of inorganic compounds in the form of nanoparticles for protecting living
systems. They are used for the foliar nutrition of plants with macro- and microelements, the
control of living system diseases, the protection of plants against frosts, the seed treatment,
etc. The method comprises the creation of a controlled gas medium containing nanoparticles
(Figure 2) which can easily penetrate into foliage and stems of plants providing their
metabolic activity. The results of the application of the above technology show the absence
of carcinogens, heavy metals and other dangerous substances both in foliage and fruits.

The use of this technology for growing various vegetables and crops in greenhouses of Russia,
Byelorussia, the Ukraine, China and another countries shows that the controlled gas medium
positively influences the metabolism of crops. It increases their productivity, improves their
taste properties, reduces the content of harmful substances in them (for example, the content
of nitrates is reduced by a factor of ten) and extends the vegetation period, etc. In addition, the
use of such a technology cuts the amount of mineral fertilizers applied for the root systems in
half. The experimental investigations show that the concentrations of useful substances in a
crop leaf increase in two or more times after two-hour exposure to the "nutrient" gas medium.
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It should be noted that the high efficiency of the technology of the plant nutrition from the
gas medium determines a pressing need to establish certain theoretical aspects and kinetics of
the processes taking place when a plant interacts with the substances of the gas medium. It
is also necessary to establish the mechanisms of the nanoparticle formation and the evolution
regularities for the dynamic interaction processes of condensed nanosystems and plants. In
this connection, the experimental investigations and mathematical modeling of the above
processes is rather urgent since it allows efficient and many-sided studying the behavior
of nanosystems. The analyses of these problems were the purposes of this investigation.
Research of processes of occurrence and movement of nanoparticles, being a base element
of technology is especially important.

Figure 2. Main steps of biological processes of plant nutrition from controlled gas medium containing
nanoparticles: 1 – generation sources, 2 – burning generation sources, 3 – the gas mixture movement
from its generation source over the space where the plants are 4 – plant nutrition from gas medium.

2. The task definition. Theoretical base of multilevel simulation and
experimental investigations

There are 8 main stages of the processes of the plant nutrition from the gas medium, which
follow each other in time (Figure 3):

1. Combustion of a highly condensed system and gas mixture motion from a source, that
generates it, in space where the plants are situated.

2. The building-up of molecular formations containing the above elements.

3. Merging atoms and molecules into nanoparticles at cooling the gas mixture to normal
temperature.

4. The movement of the nanoparticles formed in the gas medium.

5. The sedimentation of the nanoparticles on the plants.

6. The penetration of the nanoparticles inside the plant from its surface.
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4 Will-be-set-by-IN-TECH

7. The movement of the nanoparticles inside the plant along its microchannels and through
its pores, and through its cellular and intercellular spaces.

8. The decomposition of the nanoparticles inside the plant into the component molecules and
atoms.

Figure 3. The main steps of the processes of the plant nutrition from the gas phase.

It should be noted that the tasks of modelling the processes of the plant nutrition from the
gas phase are multilevel tasks, and each level requires special physical and mathematical
approaches. Let us consider the methods for modelling the above successive processes. The
calculation of the configuration of the molecular formations containing nitrogen, potassium
and phosphorus (step 2) and the decomposition of the nanoparticles into component
molecules and atoms inside the plant (step 8) require "ab initio" calculations. The simulation
of the process of the molecule joining-up in nanoparticles at cooling the gas mixture to normal
temperature (step 3) can be carried out with the help of the molecular dynamics methods.
The calculation of the processes of the nanoparticle movement in the gas mixture, the
sedimentation of the nanoparticles on the plant surface, the penetration of the nanoparticles
inside the plant from its surface and the movement of the nanoparticles inside the plant
along its microchannels, through its pores, cellular and intercellular spaces (steps 4–7) requires
mesodynamics.

It is important that some of the processes could be considered within the framework of
the continuum mechanics. They are the processes of the gas mixture movement over the
space where the plants are (step 1) and steps 4 and 5 of the model under discussion as well.
The theoretical base of multilevel simulation of the formation, movement, integration and
disintegration of nanoparticles’ systems in gas medium depending on the thermodynamic
conditions of the medium are presented. The modelling is performed with the use of the
methods of quantum mechanics, molecular dynamics and mesodynamics. As follows from
the above-described process of application of nanoaerosols, nanoparticles are formed in a
complex gas medium. Usually such problems are modeled by the molecular dynamics
tools [6, 7]. However, their solution only within the framework of molecular dynamics
requires much time and computational power. So, for example, due to a small mass of
interacting atoms in order the integration scheme is stable the integration step should be taken
of about 10−15 s, which leads to slow integration of the equations of molecular dynamics.
Moreover, a collective behavior of atoms, molecules, and nanoparticles is observed at different
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stages of application of nanoaerosols. This causes a multilevel character of the simulation
problems to which there correspond different physical and mathematical approaches [8, 9].
The main problems of such simulation are:

• multilevel related problems;

• large number of variables;

• change of scales both in space and time;

• characteristic times of the processes at different levels differ by orders of magnitude;

• change of problem variables at different levels of simulation;

• coordination of the boundary conditions in transition from one level of simulation to
another with change in the problem variables;

• stochastic behavior of nanosystems.

This leads to the necessity of using different mathematical approaches and models at
different levels of formation and application of nanoaerosols. Calculation of the configuration
of molecular formations that constitute nanoparticles requires "ab initio" calculations, i.e.,
quantum-mechanical methods of simulation [10]. These methods model nanoobjects most
fully and accurately, with account for quantum effects. However, they require huge
computational resources. At present the application of quantum-mechanical methods of
calculation to nanosystems is limited by a number of atoms that enter the nanosystem not
higher than 1000–2000 atoms. The process of aggregation of molecules to nanoparticles can
be calculated by the methods of molecular dynamics [11–13]. These methods allow one to
consider the systems that involve 10 and more millions of atoms but they do not take into
account quantum phenomena.

Calculation of the motion processes of nanoparticles in a gas mixture and their aggregation
is the problem of mesodynamics [14, 15]. A characteristic feature of mesodynamics is
simultaneous use of the methods of molecular and classical dynamics. One should also
mention that a number of processes, especially those occurring at the completing stages of
nanoaerosol technologies, can be considered within the framework of continuum mechanics.
Each method mentioned has its advantages and limitations. The use of one or another method
of simulation or their combination as applied to specific problems of aerosol nanotechnology
depends on the required accuracy of calculations. The main reasons and aims of transition
from one method of simulation to another at different stages of nanoaerosol technologies are:

1. Decrease of the number of nanosystem variables due to transition from calculation of
motion of separate atoms to the analysis of motion of nanoparticles or groups of them.

2. Decrease of the number of bonds between different elements of the nanosystem due to
a decrease of the number of "nearest neighbors" occurring in the region of interaction of
elementary cells of the nanosystem.

3. Increase of the computational size of the nanosystem due to enlargement of the elementary
reference cell.

4. Broadening of the scale of nanosystem calculation in time due to an increase of the time
step of integration of the nanosystem equations.
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from one method of simulation to another at different stages of nanoaerosol technologies are:

1. Decrease of the number of nanosystem variables due to transition from calculation of
motion of separate atoms to the analysis of motion of nanoparticles or groups of them.

2. Decrease of the number of bonds between different elements of the nanosystem due to
a decrease of the number of "nearest neighbors" occurring in the region of interaction of
elementary cells of the nanosystem.

3. Increase of the computational size of the nanosystem due to enlargement of the elementary
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4. Broadening of the scale of nanosystem calculation in time due to an increase of the time
step of integration of the nanosystem equations.
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We consider the above-presented methods of simulation step by step and indicate the
methods of the correlated application of them to different stages of the problems of aerosol
nanotechnologies.

2.1. Quantum-chemical methods of simulation

Quantum-chemical methods of simulation use the quantum mechanics tools and are based
on the solution of the Schrödinger equation [16]. In using this method one considers a
full electronic and atomic structure of objects (atoms, molecules, ions), takes into account
a detailed configuration of all electron clouds. In this case, complete information on the
behavior of the considered system of N particles (nuclei of atoms and electrons) in the system
of coordinates x1, x2, x3 is determined by the wave function Ψ that depends on 3N coordinates
of all particles of the atomic system, projections of their spines on the axis and time t

Ψ = Ψ (x11, x21, x31, sx31 , x12, x22, x32, sx32 ; ...; , x1N , x2N , x3N , sx3N , t) . (1)

Variation of the wave function Ψ in space and time is determined by the Schrödinger wave
equation

i h
∂Ψ
∂t

=
�

HΨ, (2)

where h is the Planck constant; i =
√−1;

�

H =
N

∑
k=1

{
− h2

2mk
∇2

k + Uk (x1k, x2k, x3k, sx3k , t)
}
+

+
N

∑
k=1

N

∑
j �=k=1

Ukj

(
x1k, x2k, x3k, sx3k x1j, x2j, x3j, sx3j , t

) (3)

where
�

H is the Hamilton operator (an analogue of the classical Hamilton function) for the
considered atomic system, Uk (x1k, x2k, x3k, sx3k , t) is the potential of the external field that acts

on the kth particle, and Ukj

(
x1k, x2k, x3k, sx3k x1j, x2j, x3j, sx3j , t

)
is the potential of interaction

between the particles j and k.

Equation (3) holds when two conditions are met: elementary particles do not disappear and
no new elementary particles appear in the evolution process of the nanosystem; the velocity of
elementary particles is small compared with the velocity of light. For an aerosol nanosystem
containing Na atomic nuclei and Nel electrons the Hamilton operator (in the stationary case
without account for spines of electrons) has the form

�

H = −�

KNa − �

KNel + UNa Na + UNa Nel + UNel Nel , (4)

where
�

KNa = − h2

2mi

Na

∑
i=1

∇2
k (5)
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is the operator of the kinetic energy of atomic nuclei,

�

KNel = − h2

2mel

Nel

∑
i=1

∇2
k (6)

is the operator of the kinetic energy of electrons,

UNa Na = e2
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rkl
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(7)

is the potential energy of interaction of atomic nuclei,
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(8)

is the potential energy of interaction between the nuclei of atoms and electrons,

UNel Nel = e2

(
Nel

∑
i=1

1
rij

)
(9)

is the potential energy of interaction of electrons; e is the electron charge, mel is the electron
mass, Zk, Zl is the number of protons in the atomic nucleus, rkl , rik, rij are the distances
between the atomic nuclei, between the nuclei of atoms and electrons, and between the
electrons, respectively. With account for (5)–(9) the Hamilton operator (3) takes the form

�

H = − h2

8πmel

Nel

∑
i=1

∇2
k −

h2

8πmi

Na
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∇2
k − e2(
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−
Nel

∑
i=1

1
rij

−
Na

∑
l=1
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∑
k=1,k �=l

ZkZl
rkl

). (10)

In the general case, the Schrödinger equation does not have an analytical solution and is
usually solved by numerical methods. Here, the main specific feature of the Schrödinger
equation is that the function exists only for the entire system as a whole. An individual particle
(atomic nucleus or electron) cannot be in the state which can be described by the wave function
for a separate particle and the common wave function cannot be presented as a product of
wave functions of separate particles. Therefore, direct solution of the Schrödinger equation
requires huge computational capacities of computers. For the considered nanosystem
consisting of atomic nuclei Na and Nel electrons, the Schrödinger function should be
determined in the configuration space 3Na Nel dimensions. With a number of integration
points over each dimension equal to 10n, summation should be made by 10 f elements of the
volume of the configuration space, where f = 3nNa Nel . It is obvious that this is a very large
number even for a small object. For example, for a nanoparticle containing 100 atoms and
100 electrons for 100 integration points over each coordinate the number of elements of the
volume of the configuration space is 1060000. At present the main efforts of researches are
directed to the development of approximate calculation methods which will be considered
during calculation of specific nanosystems.
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Equation (3) holds when two conditions are met: elementary particles do not disappear and
no new elementary particles appear in the evolution process of the nanosystem; the velocity of
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containing Na atomic nuclei and Nel electrons the Hamilton operator (in the stationary case
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In the general case, the Schrödinger equation does not have an analytical solution and is
usually solved by numerical methods. Here, the main specific feature of the Schrödinger
equation is that the function exists only for the entire system as a whole. An individual particle
(atomic nucleus or electron) cannot be in the state which can be described by the wave function
for a separate particle and the common wave function cannot be presented as a product of
wave functions of separate particles. Therefore, direct solution of the Schrödinger equation
requires huge computational capacities of computers. For the considered nanosystem
consisting of atomic nuclei Na and Nel electrons, the Schrödinger function should be
determined in the configuration space 3Na Nel dimensions. With a number of integration
points over each dimension equal to 10n, summation should be made by 10 f elements of the
volume of the configuration space, where f = 3nNa Nel . It is obvious that this is a very large
number even for a small object. For example, for a nanoparticle containing 100 atoms and
100 electrons for 100 integration points over each coordinate the number of elements of the
volume of the configuration space is 1060000. At present the main efforts of researches are
directed to the development of approximate calculation methods which will be considered
during calculation of specific nanosystems.
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2.2. Methods of molecular dynamics

Molecular dynamics, as applied to nanoaerosol technologies, can be successfully used for
formation of the spatial structure and molecular atomic composition of nanoparticles which
condense in gas mixture cooling. The molecular dynamics method was developed in the
works by Hill, Dostovsky, Hughes, Ingold, Westheimer, Meyer, Alter, Older Vineyard, and
other scientists in the period from 1946 to 1960 [17], and was intensely developed by the efforts
of many scientists applied to different problems of simulating the processes in condensed,
liquid, and gas media at the atomic level. This method is based on the concept of the
Born-Oppenheimer force surface that is a multidimensional space describing the system
energy as a function of the position of nuclei and atoms that form the system [17]. Thus, in
the molecular dynamics method motion only of atomic nuclei of the nanosystem, but not the
motion of electrons, is considered. The motion of atomic nuclei is determined by the Hamilton
equations

dx̄i
dt

=
∂H
∂p̄i

, (11)

dp̄i
dt

= − ∂H
∂x̄i

, (12)

where

H =
N

∑
k=1

{
p2

k
2mk

+ Uk (x1k, x2k, x3k, t)

}
+

+
N

∑
k=1

N

∑
j �=k=1

Ukj

(
x1k, x2k, x3k, x1j,2j , x3j, t

)
−

N

∑
k=1

αkp̄k x̄k

(13)

is the Hamilton function, x̄i is the vector of the coordinates (x1i, x2i, x3i), and p̄i is the vector
of moment

(
mi

dx1i
dt , mi

dx2i
dt , mi

dx3i
dt

)
.

Having substituted (13) into Eqs. (11) and (12), we obtain the equations of the motion of
nanosystem atoms in the form of the Newton equations

mi
dV̄i
dt

=
Na

∑
j=1

F̄ij + F̄g
i (t)− αimiV̄i, i = 1, 2, .., Na,

dx̄i
dt

= V̄i, (14)

where mi is the mass of the ith atom, F̄ij are the forces of interatomic interaction, αi is the
coefficient of "friction" in the atomic system, F̄g

i (t) are the external forces, and t is the time.

As a rule, a random force F̄g
i (t) that affects the ith atom and is specified by the Gauss

distribution. The Gauss distribution is the δ-correlated in time Gaussian random process with
the following properties:

a mean value of the random force is 0
〈

F̄g
i (t)

〉
= 0; (15)
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F̄g
i (t) does not correlate with the velocity dx̄i

dt of the atom under consideration, thus
〈

F̄g
i (t)

dx̄i
dt

〉
= 0; (16)

〈
F̄g

i (t) F̄g
i (0)

〉
= 2kBT0αimiδ (t) , (17)

where kB is the Boltzmann constant, δ (t) is the Dirac delta function, and T0 is the temperature.
Thus, the interaction of the atomic molecular system with the external medium (the heat
reservoir), which consists of the following two parts: the systematic friction force

Na

∑
j=1

F̄ f
i (t) = −αimiV̄i, (18)

and the random force F̄g
i (t) (noise) is described. In this case, the equations of motion are

called the Langevin equations and the molecular dynamics method of calculation by these
equations is given the name of the Langevin dynamics method.

Nanoparticles start formation from the gas medium that at the initial instant consists of the
atoms of different materials and molecules. In cooling, due to condensation the gas medium is
supplemented with time by nanoparticles. This process occurs in a macro-volume including a
large number of atoms and molecules. Simulation of such system by the methods of molecular
dynamics is impossible due a large number of variables, therefore simulation occurs in a
calculated cell occupying nano- or microvolume with the specific boundary conditions of
the Born-Karman surface of the cell [7, 17]. In this case, the molecular dynamics tools allow
obtaining of not only general characteristics of the system, but also make it possible to follow
the trajectories of each atom and nanoparticle. The essence of these boundary conditions is
explained in Figure 4. The space modeled is divided to 27 equal cells. The central cell is the
calculated cell, other cells are the "images" of it. In this case, simulation is made in the central
cell only. All other cells-images contain the same set of atoms, molecules and nanoparticles
as the calculated cell has. The total number of the images of the calculated cell is 26. The
molecular dynamics equations (14) are written only in the calculated cell. The trajectories of
motion of atoms, molecules, and nanoparticles in the images of the calculated cell are specified
by absolutely similar trajectories of their motion in the calculated cell according to Eqs. (14).

When any atom, molecule, or nanoparticle from the inner space crosses any boundary, a
similar atom, molecule, or nanoparticle with the same properties and velocity appears in
the calculated cell from the opposite boundary. When an atom, molecule, or nanoparticle
approaches the inner boundary of the cell the atoms, molecules, and nanoparticles of the
images begin to affect them. Thus, the entire calculated space is presented in the form of the
set of equal calculated volumes and motion of microobjects and occurrence of any processes
in them are taken to be identical and the effect of the calculated cell edges is eliminated.
Thanks to the hypothesis on the periodicity of the modeled region, the periodic boundary
conditions allow a decrease of the calculated volume and, thus, a considerable decrease
of the computation expenses in simulation. We consider a mathematical formulation of
the Born-Karman periodic boundary conditions. A set of images of the ith atom with the
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2.2. Methods of molecular dynamics
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called the Langevin equations and the molecular dynamics method of calculation by these
equations is given the name of the Langevin dynamics method.
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atoms of different materials and molecules. In cooling, due to condensation the gas medium is
supplemented with time by nanoparticles. This process occurs in a macro-volume including a
large number of atoms and molecules. Simulation of such system by the methods of molecular
dynamics is impossible due a large number of variables, therefore simulation occurs in a
calculated cell occupying nano- or microvolume with the specific boundary conditions of
the Born-Karman surface of the cell [7, 17]. In this case, the molecular dynamics tools allow
obtaining of not only general characteristics of the system, but also make it possible to follow
the trajectories of each atom and nanoparticle. The essence of these boundary conditions is
explained in Figure 4. The space modeled is divided to 27 equal cells. The central cell is the
calculated cell, other cells are the "images" of it. In this case, simulation is made in the central
cell only. All other cells-images contain the same set of atoms, molecules and nanoparticles
as the calculated cell has. The total number of the images of the calculated cell is 26. The
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by absolutely similar trajectories of their motion in the calculated cell according to Eqs. (14).
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images begin to affect them. Thus, the entire calculated space is presented in the form of the
set of equal calculated volumes and motion of microobjects and occurrence of any processes
in them are taken to be identical and the effect of the calculated cell edges is eliminated.
Thanks to the hypothesis on the periodicity of the modeled region, the periodic boundary
conditions allow a decrease of the calculated volume and, thus, a considerable decrease
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Figure 4. Periodic boundary conditions.

coordinate r̄i is specified as follows:

r̄i,image(k1,k2,k3) = r̄i + Lj · īj, k1, k2, k3 = 1, 2, 3, (19)

where Lj is the length of the calculated cell along the corresponding coordinate, k1, k2, k3 are
the numbers of cells-images in all directions, r̄i,image(k1,k2,k3) is the radius-vector of the image
of ith atom, and īj is the transfer vector;

īj =

⎛
⎜⎝

i1
i2
i3

⎞
⎟⎠ , i1, i2, i3 = - 1,0,1, i1 �= i2 �= i3 = 0, (20)

In such a manner we create all 26 images of the ith atom. As the atom reaches the boundary of
the calculated cell it enters the cell from the opposite side with the coordinates r̄i = r̄∗i + Lj · l̄j,
where

l̄j =

⎛
⎜⎝

l1
l2
l3

⎞
⎟⎠ , l1, l2, l3 = - 1,0,1, l1 �= l2 = ±1, l2 �= l3 = ±1, l1 �= l3 = ±1, (21)

r̄∗i is the radius-vector of the ith atom at the boundary of the calculated cell and l̄j is the transfer
vector. The atom preserves the motion parameters:

V̄(r̄i) = V̄(r̄∗i + Lj · l̄j). (22)

The presented mathematical formulation of the periodic boundary conditions eliminates the
effect of edges and allows one to accurately describe interactions occurring in the calculated
region. To calculate the problem of nanoparticles formation in the calculated cell by the
molecular dynamics method we use the structure of molecules constituting the gas mixture,
which is obtained at the first stage of simulation, and specify the coordinates and velocities of
atoms of all molecules at the time instant t = 0

x̄i = x̄i0,
dx̄i
dt

= V̄i = V̄i0, t = 0, x̄i ⊂ Ω, (23)
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where Ω is the volume of the calculated cell. The initial coordinates of atoms and molecules x̄i0
are specified proceeding from the uniform distribution of them in the gas mixture and random
mixing within the calculated cell. Modules of the initial velocities of atoms and molecules are
calculated according to the Maxwell distribution [17] proceeding from the initial temperature
of the gas mixture T0. The relation between the initial temperature T0 and initial velocities V̄i0
is determined by the expression

T0 =
1

3NkB

Na

∑
i=1

mi (V̄i0)
2, (24)

where N is the total number of the degrees of freedom of the atoms in the gas mixture and Na
is the number of atoms in the gas mixture. The Maxwell distribution for the velocity vector
V̄0 =

(
V̄x0, V̄y0, V̄z0

)
is the product of the distributions for each of three directions:

fV
(
V̄x0, V̄y0, V̄z0

)
= fV (V̄x0) fV

(
V̄y0

)
fV (V̄z0) , (25)

where the distribution along one direction is determined by the normal distribution:

fV (V̄x0) =

√
m

2πkbT0
exp

(
−m(V̄x0)

2

2kbT0

)
. (26)

Integrating the system of equations (14) with respect for time using the presented initial
conditions, at the time instant t we obtain the main parameters of nanoaerosol:

a mean kinetic energy of the system

E(t) =

N
∑

i=1
mi (V̄i(t))

2

2
, (27)

an instantaneous value of temperature

T(t) =
1

3NkB

N

∑
i=1

mi (V̄i(t))
2. (28)

The temperature is obtained by averaging of the instantaneous values T(t) over some time
range

T(t) =
1

3NkBτ

t0+τ∫

t0

n

∑
i=1

mi (V̄i(t))
2 dt. (29)

Under real conditions the molecular system usually exchanges energy with the surrounding.
Special algorithms - thermostats - are used to take into account such energy interactions. The
use of the thermostat allows one to calculate molecular dynamics at a constant temperature
of the medium or, on the contrary, to change the medium temperature according to a certain
law.

In the general case, the thermostat temperature does not coincide with the temperature of the
molecular system. At a fixed temperature of the thermostat the molecular system temperature
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Figure 4. Periodic boundary conditions.
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of ith atom, and īj is the transfer vector;

īj =

⎛
⎜⎝

i1
i2
i3

⎞
⎟⎠ , i1, i2, i3 = - 1,0,1, i1 �= i2 �= i3 = 0, (20)

In such a manner we create all 26 images of the ith atom. As the atom reaches the boundary of
the calculated cell it enters the cell from the opposite side with the coordinates r̄i = r̄∗i + Lj · l̄j,
where

l̄j =

⎛
⎜⎝

l1
l2
l3

⎞
⎟⎠ , l1, l2, l3 = - 1,0,1, l1 �= l2 = ±1, l2 �= l3 = ±1, l1 �= l3 = ±1, (21)

r̄∗i is the radius-vector of the ith atom at the boundary of the calculated cell and l̄j is the transfer
vector. The atom preserves the motion parameters:

V̄(r̄i) = V̄(r̄∗i + Lj · l̄j). (22)

The presented mathematical formulation of the periodic boundary conditions eliminates the
effect of edges and allows one to accurately describe interactions occurring in the calculated
region. To calculate the problem of nanoparticles formation in the calculated cell by the
molecular dynamics method we use the structure of molecules constituting the gas mixture,
which is obtained at the first stage of simulation, and specify the coordinates and velocities of
atoms of all molecules at the time instant t = 0

x̄i = x̄i0,
dx̄i
dt

= V̄i = V̄i0, t = 0, x̄i ⊂ Ω, (23)
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where Ω is the volume of the calculated cell. The initial coordinates of atoms and molecules x̄i0
are specified proceeding from the uniform distribution of them in the gas mixture and random
mixing within the calculated cell. Modules of the initial velocities of atoms and molecules are
calculated according to the Maxwell distribution [17] proceeding from the initial temperature
of the gas mixture T0. The relation between the initial temperature T0 and initial velocities V̄i0
is determined by the expression

T0 =
1

3NkB

Na

∑
i=1

mi (V̄i0)
2, (24)

where N is the total number of the degrees of freedom of the atoms in the gas mixture and Na
is the number of atoms in the gas mixture. The Maxwell distribution for the velocity vector
V̄0 =

(
V̄x0, V̄y0, V̄z0

)
is the product of the distributions for each of three directions:

fV
(
V̄x0, V̄y0, V̄z0

)
= fV (V̄x0) fV

(
V̄y0

)
fV (V̄z0) , (25)

where the distribution along one direction is determined by the normal distribution:

fV (V̄x0) =

√
m

2πkbT0
exp

(
−m(V̄x0)

2

2kbT0

)
. (26)

Integrating the system of equations (14) with respect for time using the presented initial
conditions, at the time instant t we obtain the main parameters of nanoaerosol:

a mean kinetic energy of the system

E(t) =

N
∑

i=1
mi (V̄i(t))

2

2
, (27)

an instantaneous value of temperature

T(t) =
1

3NkB

N

∑
i=1

mi (V̄i(t))
2. (28)

The temperature is obtained by averaging of the instantaneous values T(t) over some time
range

T(t) =
1

3NkBτ

t0+τ∫

t0

n

∑
i=1

mi (V̄i(t))
2 dt. (29)

Under real conditions the molecular system usually exchanges energy with the surrounding.
Special algorithms - thermostats - are used to take into account such energy interactions. The
use of the thermostat allows one to calculate molecular dynamics at a constant temperature
of the medium or, on the contrary, to change the medium temperature according to a certain
law.

In the general case, the thermostat temperature does not coincide with the temperature of the
molecular system. At a fixed temperature of the thermostat the molecular system temperature
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can change due to different reasons. In the case of the established equilibrium, the thermostat
temperature and the mean temperature of the molecular system should coincide. The simplest
way to maintain a constant temperature of the thermostat is scaling of velocities. Scaling is
done using the expression

V̄new
j (t) = V̄old

j (t) ·
����3NkBTt

��
N

∑
i=1

mi

�
V̄old

i (t)
�2

�
, (30)

where Tt is the thermostat temperature. Averaging of a value of the total moment within the
time interval between scaling of velocities is denoted in angular brackets. Another important
factor is the effect of the initial temperature on the distribution of molecule velocities. As is
shown above, in the molecular dynamics problem the velocity field at the initial instant of
time is usually selected according to the Maxwell distribution. This distribution has a form of
normal distribution. As should be expected, for gas at rest a mean velocity in any direction is
zero. It is of interest to know the distribution of the velocities of molecules or atoms not over
the projections but over the absolute value of velocities. The velocity modulus V is determined
as

V =
�

V2
x1 + V2

x2 + V2
x3 . (31)

Therefore, the velocity modulus will always be larger than or equal to zero. Since all Vj are
distributed normally, V2 will have the f (V) distribution with three degrees of freedom. If
f (V) is the probability density function for the velocity modulus, then it has the form:

f (V) dV = 4πV2
�

mi
2πkBT

�3/2
exp

�−miV2

2kBT

�
dV. (32)

The following expression is used for calculation of the nanosystem pressure:

P(t) =
1

3W

⎡
⎣ N

∑
i=1

mi (V̄i(t))
2 − ∑

i,j;i<i
(r̄ j̃(t)− r̄i(t))F̄i j̃(t)

⎤
⎦ , (33)

where W is the volume occupied by the nanosystem. The first term in (33) depends on the
energy of motion of atoms or molecules and the second term is determined by pairwise
interaction of atoms. Along with the pair of ith and jth atoms, all images of the jth atom
are considered and interaction between the closest image j̃ and the ith atom is calculated. The
function F̄i j̃(t) characterizes a value of interaction between the atoms. The use of the barostat
algorithms allows simulation of the behavior of the system at constant pressure. The simplest
of them is the Berendsen barostat where a value of pressure is maintained constant by scaling
the calculated cell. The position of the particles in the system at each time step is modified
according to the scaling coefficient of the Berendsen barostat μ:

r̄i(t) → μr̄i(t), i = 1, 2, ..., N. (34)
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The scaling coefficient is determined by the expression

μ = 3

√
1 − Δt

τP
(P − Pb), (35)

where Δt is the integration step, τP is the time of barostat implementation, P is the current
pressure, and Pb is the barostat pressure. Transformation of the position of particles by
formula (34) leads to the change of the calculated cell size and volume and thus to the change
of pressure. The primary problem of the molecular dynamics method is calculation of the
forces of interaction between atoms (molecules). Forces of this interaction are potential and
are determined from the expression

F̄ij = −
N

∑
i=1

∂U(r̄)
∂r̄i

, (36)

where r̄ = {r̄1, r̄2, ..., r̄N }; r̄i is the radius vector of the ith atom, is the potential of
intramolecular interaction that depends on the mutual position of all atoms. This method is
based on the concept the Born-Oppenheimer force surface that is the multidimensional space
describing the system energy as a function of the position of the nuclei of atoms that form
it [17]. The potential U(r̄), in the general case, is specified in the sum of several components
that correspond to different types of interaction:

U(r̄) = Ub + Uθ + Uϕ + Uej + ULJ + Ues + Uhb, (37)

where the terms correspond to the following types of interactions: the change of the bond
length Ub, the change of bond angle Uθ , the torsion angles Uϕ, the plane groups Uej, the
van-der-waals interactions ULJ , the electrostatic interactions Ues, and the hydrogen bonds
Uhb. The indicated terms have different functional forms [11].

2.3. Simulation of nanosystems by mesodynamics methods

Calculations of controlled gas media by the molecular dynamics method are effective at the
initial stage of formation of nanoparticles. However, simulation of processes that occur in the
gas medium by molecular dynamics at the atomic level requires huge computer resources and
time. This stipulates the topicality of the development of economic methods of calculation.
In this section, we suggest a technique that is based on the mesodynamics methods [18].
We note that mesodynamics is the development of method of particles. The essence of the
method is as follows. As atoms and molecules merge to nanoparticles, the larger number them
manifest a collective behavior. Atoms and molecules making the nanoparticle move together
with small oscillation near the equilibrium position within the nanoparticle structure. This
allows one to decrease a number of simulated objects and to use another simulation method –
mesodynamics. Mesodynamics is based on a collective behavior of atoms and uses force
parameters that are calculated by the molecular dynamics methods. In this case, motion of
nanoparticles is studied by the methods of classical mechanics. We consider main stages of
application of mesodynamics.
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where W is the volume occupied by the nanosystem. The first term in (33) depends on the
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are considered and interaction between the closest image j̃ and the ith atom is calculated. The
function F̄i j̃(t) characterizes a value of interaction between the atoms. The use of the barostat
algorithms allows simulation of the behavior of the system at constant pressure. The simplest
of them is the Berendsen barostat where a value of pressure is maintained constant by scaling
the calculated cell. The position of the particles in the system at each time step is modified
according to the scaling coefficient of the Berendsen barostat μ:
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where Δt is the integration step, τP is the time of barostat implementation, P is the current
pressure, and Pb is the barostat pressure. Transformation of the position of particles by
formula (34) leads to the change of the calculated cell size and volume and thus to the change
of pressure. The primary problem of the molecular dynamics method is calculation of the
forces of interaction between atoms (molecules). Forces of this interaction are potential and
are determined from the expression
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where r̄ = {r̄1, r̄2, ..., r̄N }; r̄i is the radius vector of the ith atom, is the potential of
intramolecular interaction that depends on the mutual position of all atoms. This method is
based on the concept the Born-Oppenheimer force surface that is the multidimensional space
describing the system energy as a function of the position of the nuclei of atoms that form
it [17]. The potential U(r̄), in the general case, is specified in the sum of several components
that correspond to different types of interaction:

U(r̄) = Ub + Uθ + Uϕ + Uej + ULJ + Ues + Uhb, (37)

where the terms correspond to the following types of interactions: the change of the bond
length Ub, the change of bond angle Uθ , the torsion angles Uϕ, the plane groups Uej, the
van-der-waals interactions ULJ , the electrostatic interactions Ues, and the hydrogen bonds
Uhb. The indicated terms have different functional forms [11].

2.3. Simulation of nanosystems by mesodynamics methods

Calculations of controlled gas media by the molecular dynamics method are effective at the
initial stage of formation of nanoparticles. However, simulation of processes that occur in the
gas medium by molecular dynamics at the atomic level requires huge computer resources and
time. This stipulates the topicality of the development of economic methods of calculation.
In this section, we suggest a technique that is based on the mesodynamics methods [18].
We note that mesodynamics is the development of method of particles. The essence of the
method is as follows. As atoms and molecules merge to nanoparticles, the larger number them
manifest a collective behavior. Atoms and molecules making the nanoparticle move together
with small oscillation near the equilibrium position within the nanoparticle structure. This
allows one to decrease a number of simulated objects and to use another simulation method –
mesodynamics. Mesodynamics is based on a collective behavior of atoms and uses force
parameters that are calculated by the molecular dynamics methods. In this case, motion of
nanoparticles is studied by the methods of classical mechanics. We consider main stages of
application of mesodynamics.
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The first stage is the calculation of interaction of the pair of nanoparticles. We give the problem
formulation for symmetric nanoparticles and then for nanoparticles of an arbitrary shape.
With this in mind, we consider a nanoparticle that consists of Na atoms occupying the region
Ω at the time instant t = 0 (Figure 5). The position of each ith atom of the nanoelement
is specified by the coordinates xi1, xi2, xi3. Atoms interact with each other. Figure 6 shows
the interaction forces F̄ik (the force of interaction between atoms i and k) and F̄ij (the force of
interaction between atoms i and j). The force of interaction between two atoms is directed
along the line that connects their centers. Moreover, each ith atom of the nanoelement is
affected by the external force F̄b

i . The direction and value of this force is determined by
the type of interaction between the nanoelement and the surrounding medium. Atoms of
a nanoparticle move under the action of the system of these forces.

Figure 5. Nanoparticle: A) Magnified image of the part of a nanoparticle.

The motion of atoms that form a nanoparticle is determined, according to the molecular
dynamics method, by the system of differential equations (14) which is supplemented with
forces caused by interactions of atoms with the surrounding medium

F̄bi = −
N

∑
1

∂Ub(ρbi)

∂ρbi
ēib, (38)

where ρbi is the distance between atom i and atom b from the surrounding medium, ēib is the
unit vector directed from atom i to atom b, and Ub(ρbi) is the potential of interaction between
nanoparticle atoms and atoms from the surrounding medium. We consider two symmetric
nanoparticles lying at a distance S from each other (Fig. 4). In this case, Eq. (14) takes the
form

mi
d2x̄i
dt2 =

N1+N2

∑
j=1

F̄ij + F̄i (t)− αimi
dx̄i
dt

, i = 1, 2, .., (N1 + N2), (39)

at the boundary conditions

x̄i = x̄i0,V̄i = V̄i0, t = 0, x̄i ⊂ Ω1
⋃

Ω2, (40)
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where N1 and N2 is the number of atoms in the first and second nanoparticles, respectively, Ω1
and Ω2 are the regions occupied by the first and second nanoparticles, respectively. Solution of
(39) at the boundary conditions (40) allows calculation of the trajectories of motion of atoms of
each nanoparticle and, consequently, of nanoparticles as a whole. In this case, the total forces
of interaction between the particles will be determined by the relation

F̄b1 = −F̄b2 =
N1

∑
i=1

N2

∑
j=1

F̄ij, (41)

where i and j are the atoms of the first and second nanoparticles, respectively.

Figure 6. Schematic of interaction of nanoparticles: A) Magnified image of the part of a nanoparticle.

In the general case, the force of interaction of nanoparticles F̄bi can be written as the product
of functions dependent on the size of nanoparticles and the distance between them:

|F̄bi| = Φ11(Sc) · Φ12 (D) . (42)

The direction of the vector F̄bi is determined by the director cones of the vector that connects
the centers of masses of nanoparticles. Of course, the forces of interaction between the
particles change in time with small oscillations about a mean value. Therefore, Eq. (42)
determines a mean value of the interaction force of nanoparticles. We consider two interacting
nonsymmetric nanoparticles lying from one another at a distance Sc between their centers of
masses and oriented at certain specified angles relative to one another (Figure 7). In contrast
to the previous problem interaction of atoms entering into nanoparticles leads not only to
relative displacement, but to rotation of the latter. Thus, in the general case, the sum of all
forces of interaction of atoms of the nanoelements is reduced to the resultant vector of forces
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The direction of the vector F̄bi is determined by the director cones of the vector that connects
the centers of masses of nanoparticles. Of course, the forces of interaction between the
particles change in time with small oscillations about a mean value. Therefore, Eq. (42)
determines a mean value of the interaction force of nanoparticles. We consider two interacting
nonsymmetric nanoparticles lying from one another at a distance Sc between their centers of
masses and oriented at certain specified angles relative to one another (Figure 7). In contrast
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F and the principal moment M

F = Fb1 = −Fb2 =
N1

∑
i=1

N2

∑
j=1

Fij, (43)

M = Mb1 = −Mb2, (44)

where i and j are the atoms of the first and second nanoparticles, respectively.

Figure 7. Interacting nanoparticles: M, F are the principal moment and resultant vector of forces.

The main aim of this stage of calculation is the construction of the dependences of forces and
momenta of interaction of nanoparticles on the distance between their centers of masses Sc,
angles of mutual orientation of nanoparticles Θ1, Θ2, Θ3 (shape of a nanoelement), and their
characteristic dimension D. In the general case, these dependences can be presented in the
form

F̄bi = Φ̄1(Sc, Θ1, Θ2, Θ3, D), (45)

M̄bi = Φ̄2(Sc, Θ1, Θ2, Θ3, D). (46)

For spherical nanoparticles the angles of mutual orientation do not influence the force of their
interaction, therefore the moment in Eq. (39) is identically equal to zero. In the general
case, functions (45) and (46) can be approximated, by analogy with (42), as a product of
the functions of Sc, Θ1, Θ2, Θ3, D, respectively. In the study of the evolution of the system
of interacting nanoparticles we consider motion of each nanoparticle as a comprehensive
whole. In this case the translatory motion of the center of masses of each nanoparticle is
specified in the system of X1, X2, X3, and rotation of a nanoparticle is described in the system
of coordinates Z1, Z2, Z3 related to its center of masses (Figure 8).

This transition allows one to pass to other variables (from the coordinates and velocities
of atoms to the coordinates and velocities of the center of masses of nanoparticles) and to
decrease the number of them. For a nanosystem consisting of Nnp nanoparticles each of
which contains Na atoms the number of mesodynamics variables, compared to the molecular
dynamics method, decrease kx times, which is calculated by the formula [15]

kx = ξx
Na Nnp

Nnp = ξx Na, (47)
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Figure 8. System of interacting particles.

where ξx = 1 for force interaction of nanoparticles, ξx = 0.5 when both forces and momenta
of interaction of nanoparticles are taken into account. The system of equations that describes
motion of interacting nanoparticles has the form

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Mk
d2Xk

1
d t2 =

Ne

∑
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Fkj
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+ Fke
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,

Mk
d2Xk

2
d t2 =

Ne

∑
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Fkj
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+ Fke
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,

Mk
d2Xk

3
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Ne

∑
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Fkj
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+ Fke
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dt2 +
dΘk
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dt · dΘk

3
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Ne
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Mkj
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,
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∑
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Mkj
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dΘk

2
dt · dΘk
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Ne

∑
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Mkj
Z3
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Z3

,

(48)

where Xk
i , Θi are the coordinates of the centers of masses and the orientation angles

of the principle axes Z1, Z2, Z3 of nanaoparticles; Fkj
X1

, Fkj
X2

, Fkj
X3

are the interaction forces
of nanoparticles calculated by formulas (42) or (43); Fke

X1
, Fke

X2
, Fke

X3
are the external forces

acting on nanoparticles; Nk is the number of nanoparticles; Mk is the nanoparticle;
Mkj

Z1
, Mkj

Z2
, Mkj

Z3
are the momenta of interaction forces of nanoparticles calculated by formulas

(46); Mke
Z1

, Mke
Z2

, Mke
Z3

are external momenta acting on nanoparticles; JZ1 , JZ2 , JZ3 are inertia
momenta of nanoparticles. The initial conditions for the system of equations (48) have the
form

X̄k = X̄k
0, Θk = Θk

0, V̄k = V̄k
0,

dΘk

dt
=

dΘk
0

dt
. (49)
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angles of mutual orientation of nanoparticles Θ1, Θ2, Θ3 (shape of a nanoelement), and their
characteristic dimension D. In the general case, these dependences can be presented in the
form

F̄bi = Φ̄1(Sc, Θ1, Θ2, Θ3, D), (45)

M̄bi = Φ̄2(Sc, Θ1, Θ2, Θ3, D). (46)

For spherical nanoparticles the angles of mutual orientation do not influence the force of their
interaction, therefore the moment in Eq. (39) is identically equal to zero. In the general
case, functions (45) and (46) can be approximated, by analogy with (42), as a product of
the functions of Sc, Θ1, Θ2, Θ3, D, respectively. In the study of the evolution of the system
of interacting nanoparticles we consider motion of each nanoparticle as a comprehensive
whole. In this case the translatory motion of the center of masses of each nanoparticle is
specified in the system of X1, X2, X3, and rotation of a nanoparticle is described in the system
of coordinates Z1, Z2, Z3 related to its center of masses (Figure 8).

This transition allows one to pass to other variables (from the coordinates and velocities
of atoms to the coordinates and velocities of the center of masses of nanoparticles) and to
decrease the number of them. For a nanosystem consisting of Nnp nanoparticles each of
which contains Na atoms the number of mesodynamics variables, compared to the molecular
dynamics method, decrease kx times, which is calculated by the formula [15]

kx = ξx
Na Nnp

Nnp = ξx Na, (47)
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Figure 8. System of interacting particles.

where ξx = 1 for force interaction of nanoparticles, ξx = 0.5 when both forces and momenta
of interaction of nanoparticles are taken into account. The system of equations that describes
motion of interacting nanoparticles has the form
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(48)

where Xk
i , Θi are the coordinates of the centers of masses and the orientation angles

of the principle axes Z1, Z2, Z3 of nanaoparticles; Fkj
X1

, Fkj
X2

, Fkj
X3

are the interaction forces
of nanoparticles calculated by formulas (42) or (43); Fke

X1
, Fke

X2
, Fke

X3
are the external forces

acting on nanoparticles; Nk is the number of nanoparticles; Mk is the nanoparticle;
Mkj

Z1
, Mkj

Z2
, Mkj

Z3
are the momenta of interaction forces of nanoparticles calculated by formulas

(46); Mke
Z1

, Mke
Z2

, Mke
Z3

are external momenta acting on nanoparticles; JZ1 , JZ2 , JZ3 are inertia
momenta of nanoparticles. The initial conditions for the system of equations (48) have the
form

X̄k = X̄k
0, Θk = Θk

0, V̄k = V̄k
0,

dΘk

dt
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dΘk
0

dt
. (49)
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During the motion of nanoparticles a pair of nanoparticles can merge. In this case, a number of
nanoparticles in the system decreases by unity and, correspondingly, the number of equations
in the system (48) decreases by six. Thus, the parameters of a new, merged, nanoparticle is
calculated and a new reduced system of equations is integrated. It should be noted that if the
momenta of interaction of nanoparticles with each other and with the surrounding medium
are zero, only the first three equations remain in the system of equations (48). Equations
of the motion of nanoparticles (48) allow for all interactions between nanoparticles and their
interactions with the surrounding medium. However, in the gas medium where nanoparticles
are formed the distance between nanoparticles is large and interaction between nanoparticles
is short-range. For this case, the system of equations (48) can be written as
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(50)

If the moment and rotation of nanoparticles is disregarded, the system of equations (50) takes
the form ⎧⎪⎪⎪⎪⎪⎪⎪⎨
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(51)

The forces of interaction of nanoparticles with the gas medium can be presented as

F̄ke
Xi
(t, r̄(t)) = −Mig + f̄i(t)− mibi

dX̄i(t)
dt

, i = 1,2, ..., n, (52)

where f̄i(t) is the random force acting on the ith nanoparticle from the side of the gas medium,
bi is the coefficient of "friction" in the nanoparticles-gas medium system. The random force
f̄i(t) is similar to the random force in the Langevin dynamics. We note that the random
force f̄i(t) reflects the effect of the gas phase molecules on nanoparticles moving in it. It
is determined from the Gauss distribution with the following properties: a mean value of
the random force f̄i(t) is zero and it correlates with the velocity V̄i(t) of the considered
nanoparticle such that

�
fi(t)V̄i(t)

�
= 0,

�
fi (t) fi (0)

�
= 2kBT0bimiδ (t) . (53)

In order to model the random force fthe Box-Müller transformation is used in Eq. (52). Let
x and y be independent random quantities uniformly distributed on the section [−1, 1]. We
determine R = x2 + y2. In the case when R > 1 or R = 0, the values of x and y should be
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generated anew. As soon as the condition 0 < R � 1 is met, z0 and z1 are calculated. z0 and
z1 are independent random quantities satisfying the standard normal distribution

z0 = x

√
−2 ln R

R
, z1 = y

√
−2 ln R

R
. (54)

Figure 9. Mutual position of the ith and jth particles.

On obtaining the standard normal random quantity z, we can easily pass to the quantity
ξ
(
μ, σ2) distributed normally with the mathematic expectation μ and the standard deviation

σ by the formula ξ = μ + σz. According to the data on the random force f̄i(t) in Eq. (52), it
has the mathematical expectation μ = 0 and standard deviation

σ =
√

2kBT0bimiδ (t). (55)

The processes of condensation of nanoparticles in the gas medium are stipulated by the
presence of potentials of interaction between the atoms. In the gas medium with nanoparticles
two main factors affect the processes of their merging: the distance between the interacting
particles and the direction and value of velocities. We consider two nanoparticles that are at a
distance Rij from each other at an arbitrary instant of time (Figure 9). When Rij is small, the
condition of "sticking" of nanoparticles is met. The second factor that affects condensation of
nanoparticles is determined by the value and direction of velocities. It is obvious that very
"fast" particles can overshoot one another even in contact. The angle α between the velocity
vectors (Figure 10) that determines the direction of the motion of particles also substantially
affects merging of particles.

The choice of an adequate condition of sticking of nanoparticles determines the processes of
formation of new nanoparticles and the dynamics of their motion. The sticking criterion of
nanoparticles can be presented in the form

Φ(|R| − Rij; V̄i − V̄j) = 0. (56)

In the problem of merging of non-interacting nanoparticles of great importance is the choice
of the correct time step of integration of Eqs. (51) in both analytical and numerical solution
of them. The choice of a small time step increases the time of problem calculation. A very
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where f̄i(t) is the random force acting on the ith nanoparticle from the side of the gas medium,
bi is the coefficient of "friction" in the nanoparticles-gas medium system. The random force
f̄i(t) is similar to the random force in the Langevin dynamics. We note that the random
force f̄i(t) reflects the effect of the gas phase molecules on nanoparticles moving in it. It
is determined from the Gauss distribution with the following properties: a mean value of
the random force f̄i(t) is zero and it correlates with the velocity V̄i(t) of the considered
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On obtaining the standard normal random quantity z, we can easily pass to the quantity
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σ by the formula ξ = μ + σz. According to the data on the random force f̄i(t) in Eq. (52), it
has the mathematical expectation μ = 0 and standard deviation
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The processes of condensation of nanoparticles in the gas medium are stipulated by the
presence of potentials of interaction between the atoms. In the gas medium with nanoparticles
two main factors affect the processes of their merging: the distance between the interacting
particles and the direction and value of velocities. We consider two nanoparticles that are at a
distance Rij from each other at an arbitrary instant of time (Figure 9). When Rij is small, the
condition of "sticking" of nanoparticles is met. The second factor that affects condensation of
nanoparticles is determined by the value and direction of velocities. It is obvious that very
"fast" particles can overshoot one another even in contact. The angle α between the velocity
vectors (Figure 10) that determines the direction of the motion of particles also substantially
affects merging of particles.

The choice of an adequate condition of sticking of nanoparticles determines the processes of
formation of new nanoparticles and the dynamics of their motion. The sticking criterion of
nanoparticles can be presented in the form

Φ(|R| − Rij; V̄i − V̄j) = 0. (56)

In the problem of merging of non-interacting nanoparticles of great importance is the choice
of the correct time step of integration of Eqs. (51) in both analytical and numerical solution
of them. The choice of a small time step increases the time of problem calculation. A very
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Figure 10. Velocity vectors of the ith and jth particles.

large integration step can lead to "overshoot" of nanoparticles despite condition (54). Thus,
the problem of selecting an optimum time step arises. Solution of this problem in the present
paper is based on the position of nanoparticles and values of their velocities. Figure 11 shows a
pair of nanoparticles at some instant of time. Nanoparticles have the velocities V̄i and V̄j and
their position is determined by the current radius vectors r̄i and r̄j respectively. The projections
of the velocities of the ith and jth particles are determined according to the formulas

prRij V̄i = V̄i · R̄ij/Rij, prRij V̄j = V̄j · R̄ji/Rij. (57)

Figure 11. Two nanoparticles moving at the velocities V̄i and V̄j .

The vectors R̄ij, R̄ji and the distance between the particles Rij are calculated from the relations

R̄ij = r̄j − r̄i, R̄ji = r̄i − r̄j, Rij =
∣∣∣R̄ij

∣∣∣ =
∣∣∣R̄ji

∣∣∣ =
∣∣∣r̄j − r̄i

∣∣∣ . (58)

The time interval in which collision of the ith and jth particles becomes possible is directly
proportional to the distance between the particles and inversely proportional to the velocity
projections:

Δtij =
Rij

prRij V̄i + prRij V̄j
. (59)

Using formula (59), by selection of all possible pairs of particles, one finds the smallest positive
value Δtij and the integration step is calculated

Δt =
1
m

· min
i,j, dt>0

(
Δtij

)
; i = 1, 2, . . . . , n; j = i, i + 1, . . . . , n, (60)
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where m is the integer number that determined which part of the period of the fastest particles
is the time step. Thus, the choice of the integration step is, first of all, affected by motion of
the fastest particles. For the problem solution not to be delayed by additional calculations,
it is more reasonable to select the integration step not in each iteration, but in a certain
number of them. An important issue of multilevel simulation of the problems of aerosol
nanotechnologies is gradual increase of the space scale during calculation. This possibility
is stipulated by the fact that during formation of nanoparticles in a gas mixture the number
of atoms and molecules decreases. They combine to nanoparticles and then demonstrate a
collective behavior. Thus, the number of variables of the simulation problem becomes smaller.

This process occurs at the stage of gas system simulation by the molecular dynamics
method. As nanoparticles become larger, their concentration in the calculated cell under
consideration decreases rapidly. Then the gas phase is no longer the source of nanoparticles
and nanoparticles enlarge only due to sticking of smaller nanoparticles. Therefore, from now
on it is not expedient to calculate the nanosystem by the molecular dynamics method, it is
necessary to use methods of mesodynamics. Further enlargement of nanoparticles can lead
to the situation when particles within the calculated cell virtually do not interact and their
trajectories do not intersect. However, if we take into account the effect of nanoparticles
from neighboring cells, the condensation process will continue. Thus, adequate investigation
of the condensation problem of nanoparticles requires timely increase of the space scale of
the cell by uniting several calculated cells into one. Since the problem is solved using the
periodic boundary conditions, the space scale can be increased by symmetric mapping of
atoms, molecules, and nanoparticles on the neighboring calculated cells. This problem was
considered in detail in [19].

2.4. The software package

In conclusion we consider the common algorithm of simulation of the problems of aerosol
nanotechnologies and indicate in which way the solutions at different structural levels agree.
The methods of solution of aerosol nanotechnologies presented above allow simulation of
the proceses of formation and motion of n anoparticles in different space and time scales.
Each method makes it possible to simulated the system at different structural levels and
demonstrates an increase of computational capacities when mathematical description of the
nanosystem changes. The general scheme of calculation by different methods is presented in
Figure 12.

Quantum-chemical methods of simulation allow construction of the wave function Ψ. This
function is used for calculation of the structure and dimensions of molecules entering
into the gas mixture. Molecular dynamics, using this information, makes it possible to
calculate velocities and coordinates of atoms (both free and joined into molecules) V̄i, x̄i, and
variation of these quantities with time. The result of calculation is the shape and structure
of nanoparticles formed by molecules and atoms and the forces of interaction between the
atoms. Simulation by the mesodynamics methods on the basis of the calculated data by the
molecular dynamics method allows one to calculated linear and angular velocities of motion
of nanoparticles, coordinates of the center of masses of nanoparticles V̄i, Θk

3, x̄i, and variation
of these parameters with time. The shape and spatial structure of nanostructures formed from
nanoparticles is calculated based on these data.
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Figure 10. Velocity vectors of the ith and jth particles.
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where m is the integer number that determined which part of the period of the fastest particles
is the time step. Thus, the choice of the integration step is, first of all, affected by motion of
the fastest particles. For the problem solution not to be delayed by additional calculations,
it is more reasonable to select the integration step not in each iteration, but in a certain
number of them. An important issue of multilevel simulation of the problems of aerosol
nanotechnologies is gradual increase of the space scale during calculation. This possibility
is stipulated by the fact that during formation of nanoparticles in a gas mixture the number
of atoms and molecules decreases. They combine to nanoparticles and then demonstrate a
collective behavior. Thus, the number of variables of the simulation problem becomes smaller.

This process occurs at the stage of gas system simulation by the molecular dynamics
method. As nanoparticles become larger, their concentration in the calculated cell under
consideration decreases rapidly. Then the gas phase is no longer the source of nanoparticles
and nanoparticles enlarge only due to sticking of smaller nanoparticles. Therefore, from now
on it is not expedient to calculate the nanosystem by the molecular dynamics method, it is
necessary to use methods of mesodynamics. Further enlargement of nanoparticles can lead
to the situation when particles within the calculated cell virtually do not interact and their
trajectories do not intersect. However, if we take into account the effect of nanoparticles
from neighboring cells, the condensation process will continue. Thus, adequate investigation
of the condensation problem of nanoparticles requires timely increase of the space scale of
the cell by uniting several calculated cells into one. Since the problem is solved using the
periodic boundary conditions, the space scale can be increased by symmetric mapping of
atoms, molecules, and nanoparticles on the neighboring calculated cells. This problem was
considered in detail in [19].

2.4. The software package

In conclusion we consider the common algorithm of simulation of the problems of aerosol
nanotechnologies and indicate in which way the solutions at different structural levels agree.
The methods of solution of aerosol nanotechnologies presented above allow simulation of
the proceses of formation and motion of n anoparticles in different space and time scales.
Each method makes it possible to simulated the system at different structural levels and
demonstrates an increase of computational capacities when mathematical description of the
nanosystem changes. The general scheme of calculation by different methods is presented in
Figure 12.

Quantum-chemical methods of simulation allow construction of the wave function Ψ. This
function is used for calculation of the structure and dimensions of molecules entering
into the gas mixture. Molecular dynamics, using this information, makes it possible to
calculate velocities and coordinates of atoms (both free and joined into molecules) V̄i, x̄i, and
variation of these quantities with time. The result of calculation is the shape and structure
of nanoparticles formed by molecules and atoms and the forces of interaction between the
atoms. Simulation by the mesodynamics methods on the basis of the calculated data by the
molecular dynamics method allows one to calculated linear and angular velocities of motion
of nanoparticles, coordinates of the center of masses of nanoparticles V̄i, Θk

3, x̄i, and variation
of these parameters with time. The shape and spatial structure of nanostructures formed from
nanoparticles is calculated based on these data.
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Figure 12. General scheme of the solution of problems of aerosol nanotechnologies.

It should be noted that the presented methods of calculation are not isolated from each
other. In solving a number of problems they may be used simultaneously. For example, the
trajectories of motion of atoms and molecules can be calculated by the molecular dynamics
methods and the forces of interaction between the atoms and molecules at each calculated time
step by the methods of quantum mechanics. Motion of nanoparticles in the gas phase can be
treated as motion of supermolecules the trajectory of which is calculated by the mesodynamics
methods and the motion of atoms and molecules of the gas mixture is calculated by the
molecular dynamics methods.

The software package was created for the calculation of the above methodology (Figure 13),
designed for the study of the formation of heterogeneous nanoparticles. The software package
allows to multi-level mathematical simulation of the formation of nanoparticles. It consists of
the initial data preparation section, the computational unit, data analysis and visualization
unit and the section of data reconciliation. The initial data preparation section determines the
initial conditions for simulation and generates input files for the computer unit. Computing
init includes sections for quantum-mechanical calculations, molecular dynamics simulation
program, and calculate the motion of nanoparticles mesodynamics methods. The simulation
analysis of the system is performed in the unit of analysis and visualization. The unit
solves the problem of analyzing the structure, properties and characteristics of the formed
nanochatits, as well as visualization of the results. This unit supports the output files for
quantum mechanics calculations, molecular dynamics and mezodinamike, and is able to
reproduce both static and dynamic state of the system being modeled. Algorithms constitute
unit structure, such as the establishment of the atoms are grouped in the nanoparticles,
the definition of uniform composition formed from a mixture of atoms, molecules and
nanoparticles, and nanoparticle properties: radius, shape, volume, bulk quantities of the
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Figure 13. The structure of the software system, where 1 – compute unit 2 – unit of analysis and
visualization.

surface. In addition, this module allows to determine the chemical composition and ratios of
the source of the chemical elements contained in the nanoparticles, to calculate the fraction
of atoms and molecules condensed into nanoparticles, to build the internal structure of
nanoparticles. A detailed description of the software system is presented in the paper [20].

2.5. Technique of experimental research

Experimental investigations were carried out on two main areas:

• The study of the formation of nanoparticles in the gas phase.

• Investigation of the effect of the gas phase with nanoparticles on plants.

The experimental investigations were carried out according to the following technique.

1. The laboratory glass was prepared: it was washed, dried and degreased.

2. The glass was fixed on a holder at the distance of 150 mm from a solid-fuel grain in the
laboratory cabinet.

3. The grain was ignited.

4. The laboratory cabinet was sealed.

5. The sample was held in the gas atmosphere for 5 minutes.
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Figure 12. General scheme of the solution of problems of aerosol nanotechnologies.

It should be noted that the presented methods of calculation are not isolated from each
other. In solving a number of problems they may be used simultaneously. For example, the
trajectories of motion of atoms and molecules can be calculated by the molecular dynamics
methods and the forces of interaction between the atoms and molecules at each calculated time
step by the methods of quantum mechanics. Motion of nanoparticles in the gas phase can be
treated as motion of supermolecules the trajectory of which is calculated by the mesodynamics
methods and the motion of atoms and molecules of the gas mixture is calculated by the
molecular dynamics methods.

The software package was created for the calculation of the above methodology (Figure 13),
designed for the study of the formation of heterogeneous nanoparticles. The software package
allows to multi-level mathematical simulation of the formation of nanoparticles. It consists of
the initial data preparation section, the computational unit, data analysis and visualization
unit and the section of data reconciliation. The initial data preparation section determines the
initial conditions for simulation and generates input files for the computer unit. Computing
init includes sections for quantum-mechanical calculations, molecular dynamics simulation
program, and calculate the motion of nanoparticles mesodynamics methods. The simulation
analysis of the system is performed in the unit of analysis and visualization. The unit
solves the problem of analyzing the structure, properties and characteristics of the formed
nanochatits, as well as visualization of the results. This unit supports the output files for
quantum mechanics calculations, molecular dynamics and mezodinamike, and is able to
reproduce both static and dynamic state of the system being modeled. Algorithms constitute
unit structure, such as the establishment of the atoms are grouped in the nanoparticles,
the definition of uniform composition formed from a mixture of atoms, molecules and
nanoparticles, and nanoparticle properties: radius, shape, volume, bulk quantities of the
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Figure 13. The structure of the software system, where 1 – compute unit 2 – unit of analysis and
visualization.

surface. In addition, this module allows to determine the chemical composition and ratios of
the source of the chemical elements contained in the nanoparticles, to calculate the fraction
of atoms and molecules condensed into nanoparticles, to build the internal structure of
nanoparticles. A detailed description of the software system is presented in the paper [20].

2.5. Technique of experimental research

Experimental investigations were carried out on two main areas:

• The study of the formation of nanoparticles in the gas phase.

• Investigation of the effect of the gas phase with nanoparticles on plants.

The experimental investigations were carried out according to the following technique.

1. The laboratory glass was prepared: it was washed, dried and degreased.

2. The glass was fixed on a holder at the distance of 150 mm from a solid-fuel grain in the
laboratory cabinet.

3. The grain was ignited.

4. The laboratory cabinet was sealed.

5. The sample was held in the gas atmosphere for 5 minutes.
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6. The laboratory cabinet was unsealed.

7. The sample was unfixed from the holder.

8. The sample was placed in the microscope Bikmed-1.

9. With the use of the digital camera Canon Power Shot A95, the sample was photographed
at different magnifications.

10. The digital information obtained was entered into the computer Samsung Q30 and
processed.

11. Then the sample was placed in the atom force microscope NTEGRA Maximus.

12. The optical image of the sample surface was built up.

13. An area on the sample surface, which was free from microparticles, was selected.

14. The above area was scanned.

15. The information in the digital form was entered into the computer and processed.

3. Results of simulation and experimental research

3.1. The analysis of the calculation results

Modelling is carried out in three steps (Figure 14). At the first step, the structures and
shapes of the initial molecules are calculated using the method of quantum mechanics.
In this case, the basic data are the chemical formula of the molecule, the number of
bonds between the atoms and their lengths, the electrostatic charge of the atoms in the
molecule, the angles between the bonds in the molecule (for molecules containing no
less than 3 atoms) and some other information related to the spatial arrangement of the
molecule atoms relative to each other. The second step of the calculation of the processes
in the gas mixture is realized by the molecular dynamics method. The third step of the
calculation is realized by the mesodynamics. The calculation of the structures and shapes
of nanoparticles is carried out. The stability of nanoparticles and nanoparticles’ systems in
the process of their static or dynamic interaction is analyzed. The effect of the composition,
shape and size of nanoparticles on their movement processes in gas medium (Brownian
movement, agglomeration, sedimentation) is studied. The processes of spatial sedimentation
of nanoparticles on plants are analyzed.

The second step of the calculation of the processes in the gas mixture is realized by the
molecular dynamics method. The investigated gas mixture 1 is admitted inside a cylindrical
calculation cell C1 of length L = 220 nm (nanometres) and radius R = 32 nm. The gas
mixture consists of 18 molecules of different types with a certain ratio of mass portions. For
the calculations it is sufficient to take into account only six components of the gas mixture,
since their mass makes 99 percent of the total mass of the system. They are the following
molecules: O2, CO2, K2CO3, H2O, N2, MgO. The system under study contains 8850 atoms
joined into 3500 molecules. The number of molecules of different types in the gas composition
is determined in proportion to their mass portion in the gas mixture.

To start the calculation by the molecular dynamics method at the moment t = 0, we use the
structures of the gas mixture molecules, which were obtained at the first step and then specify
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Figure 14. The settlement circuit: 1 – calculation cell C1: 2 – molecules; 3 – calculation cell C2; 4 – the
nanoparticles.

Figure 15. The calculation scheme for modeling the process of the nanoparticle formation and
movement: 1 – gas mixture containing nanoparticles; 2 – cylindrical calculation cell (the sizes are in
nanometers).

Molecular formula The number of molecules
O2 1600
CO2 800
H2O 600
N2 200
MgO 150
K2CO3 150

Table 1. The molecular composition of the gas mixture.

the coordinates and velocities of the atoms of all the molecules (23). The initial coordinates of
the molecules x̄i0 are given based on the uniform distribution of the gas mixture molecules and
their random intermixing within the calculation cell. The modules of the molecule velocities
are calculated in accordance with Maxwell distribution and at an initial temperature T0 =
600K. The initial temperature and the initial velocities of the molecules are determined by the
relation (24).

For the velocity vector, Maxwell distribution is the product of the distributions for each of the
three directions (25)–(26). Then the gas mixture is gradually cooled down to the temperature
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Figure 16. Mass portions of the molecules of the calculated gas mixture.

Tp = 300K for 1.1 ns (nanosecond). The system temperature is further kept constant at the
above level. The calculations are carried out based on Verlet scheme, with a step of integration
with respect to the time 10−15 s. Thus, the period of 1 ns is calculated over one million steps
of integration with respect to the time, which is quite sufficient for a detailed calculation of
the main parameters of the molecular dynamic processes in the calculated gas mixture. For
the interaction of the molecules with each other, the main types of forces between atoms and
molecules are taken into account.

The calculation shows that nanoparticles form in the gas mixture at cooling. The analysis of
the qualitative composition of the condensed nanoparticles shows that their main component
is potassium. As it follows from Figure 17, the main mass of potassium (95%) transits in the
condensed phase and only 5% of this element remains in gas phase.

Figure 17. The variation of the condensed potassium mass and the mass of potassium in the gas phase.
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Figure 18 shows the variation of volumetric density of the nanoparticles in unit of volume
Nr = Nnp/Ω with time, which form during the cooling process of the initial gas mixture.
From the plot, one can see that at the initial period (about 3 ns), an intensive formation
of nanoparticle takes place in the gas mixture. Their maximal density of the nanoparticles
observed at t = 4.3 ns. It is necessary to note that during this period a noticeable variation of
the number of nanoparticles is taking place. This is indicative of the presence of simultaneous
and competing processes of the formation and decomposition of nanoparticles. By the 55th
nanosecond, these processes subside; new particles do not form, and previously formed
nanoparticles consolidate. Therefore, the density of the nanoparticles gradually reduces to
1022,5 with time. However, despite the decrease in the quantity of the nanoparticles, their
total volume ΩS is increasing with the time (Figure 19). From this figure, it follows that the
volume of the nanoparticles is actively increasing during the initial period, and then the rate
of the nanoparticle volume growth is decreasing. This also indicates that the formation of
new nanoparticles is subsiding. By the 75th nanosecond, the nanoparticle volume growth
practically stops.

Figure 18. The variation of the number of nanoparticles in the unit of volume with time.

Similar dependences are observed when the mass components of the system calculated are
considered. The content of the gas phase is decreasing, and the content of the condensed
phase is increasing; further the ratio of the phases remains constant. Hence, only about 15%
of the system substance turns into condensate and 85% remains in the gas phase. Then the gas
phase is not the nanoparticle source any more and the nanoparticle enlargement takes place
solely due to the reason that small nanoparticles stick together. From this moment, therefore,
it is expedient to calculate a nanosystem with the use of the mesodynamics methods rather
than the molecular dynamics method. This is the last stage of the simulation.

The presence of the nanoparticle consolidating process is confirmed by an increase in the
number of coarse nanoparticles with time. Figure 20 shows histograms of the distribution
of the nanoparticles by sizes at different moments: t = 1.3; 30.3; 75.3 ns. The maximum of
this distribution does not practically shift with time relatively to the size of the nanoparticles;
with a decrease in the number of the nanoparticles, the quantity of the coarser nanoparticles
is growing.
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Figure 19. The variation of the total nanoparticle volume ΩS with time.

Figure 20. The variation of the distribution of nanoparticles by sizes with time.

For the simulation, a calculation cell C2 is used (Figure 14-3), and the nanoparticle movement
(Figure 14-4) is calculated without taking into consideration the movement of the gas phase
molecules. The calculation cell C2 is five times larger than a cell C1. Consequently, the volume
of the calculation cell C2 is 125 times larger than the volume of the cell C1 and, hence, the
number of particles in it is 125 times larger than that in the cell C1. For this calculation stage,
the initial conditions are determined in accordance with the relations

t0
2 = t∗1, X̄i ⊂ Ω2, V̄i =

1
Mi

Ni

∑
j=1

mjV̄j, (61)
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where X̄i are coordinates of the nanoparticle centre of mass; mj and V̄j are masses and
velocities of atoms contained in a nanoparticle, respectively; Mi and mj and V̄i are masses
of nanoparticles and velocities of the nanoparticles’ centres of mass, respectively; t∗1 and t0

2
are the time of the completion of the second stage and the time of the beginning of the third
stage of the calculations, respectively. The mesodynamics calculations show that with time
nanoparticles combine into larger ones. Their number decreases down to 16, and their average
size increases fivefold approximately. This allows a sevenfold increase of the calculation cell.
In this case, in comparison with the calculation cell C2, its volume increases by 343 times and
the number of nanoparticles in it reaches 5488. The step of integration with respect to the time
is 10−13 s.

Thus, in the example considered, the use of the mesodynamics method allowed increasing
the calculation cell volume and the volume of the modelled space by 42875 times. The
integration step increased hundredfold, and at the same time, the number of the variables
remains almost unchanged. The structures and compositions of the formed nanoparticles are
shown in Figure 21. The calculations show that the nanoparticles mainly consist of the K2CO3
molecules with small inclusions of the molecules of water, carbon dioxide and oxygen.

Figure 21. The structures and compositions of the nanoparticles.

The investigation of the movement of nanoparticles is important since it determines the
character of the interaction of the nanoparticles and the surface. Below, the calculated
movement paths for a massive nanoparticle (Figure 22-a) and a particle of a smaller size
(Figure 22-b) are given.

From the figures, it is clear that the nanoparticles are moving in a random and complex way.
Moreover, a massive nanoparticle passes a shorter path than a particle with a smaller mass. Its
path is "smoother". Judging by the shapes of the paths, one can assume that the particles are in
Brownian motion, moving in different directions in space. Consequently, it can be suggested
that the process of their sedimentation occurs on the surfaces that are randomly oriented in
space, in other words, on all the surfaces of a plant.
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Figure 19. The variation of the total nanoparticle volume ΩS with time.

Figure 20. The variation of the distribution of nanoparticles by sizes with time.
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Figure 22. Brownian motion path of a massive nanoparticle (a) and Brownian motion path of a
nanoparticle with a smaller mass (b).

3.2. The analysis of the experimental results of nanoparticle formation

The maximal size of the optically-investigated sample area was 7125x5400 μm and the
minimal size was 95x72 μm. The accuracy of the determination of the microparticle boundary
was 0.2 μm in this case. The size of the area scanned with the use of the power atomic
microscope was 1.5x1.5 μm. The accuracy of the determination of the nanoparticle boundary
was 2 nm.

Figure 23. Optical image of particles deposited on the glass (75x magnification).

Let consider the experimental investigation results on the forms and distribution of the sizes of
particles deposited on a glass surface from the gas phase. The investigations conducted show
that the sizes of the particles deposited on the glass in accordance with the above technique
lie in a wide range: from tens of microns to tens of nanometers. In Figure 23, a 75x enlarged
view of the sample is presented. It is seen from the figure that there are particles of 100 μm
in size on the glass. However, the smaller particles are seen as well. A more enlarged image
presented in Figure 24 (187.5x magnification) allows a reliable identification of a particle with
the size of about 10 μm.

In Figure 25 an optical-digital image of the particles deposited on the glass (5375x
magnification) shows that the particles with smaller sizes (1 micron and less than 1 micron)
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Figure 24. Optical image of particles deposited on the glass (185.5x magnification).

are also observed. It should be noted that further digital magnification leads to a no distinct
image and does not allow establishing the sizes of particles reliably.

Figure 25. Optical-digital image of particles (5375x magnification, image size: 95 μm x 72 μm).

Figure 26. Image of nanoparticles deposited on the glass, which was obtained using the power atomic
microscope (image size: 1000 nm x 1000 nm).

In Figure 25, one also can see an area of 1000 nm (1 μm) that was investigated with the use
of the atomic-force microscope. The pattern of scanning is presented on an enlarged scale in
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The fruits of the plant The control plants Plants treated with aerosol
Cucumbers 1.00 1.80

Beet 3.07 3.45
Radish 0.73 2.10

Table 2. The content of potassium in vegetables in milligrams.

Figure 26. The pattern of scanning shows that nanoparticles have precipitated on the glass.
The size distribution histogram for nanoparticles is displayed in Figure 27. It follows from the
plot that most nanoparticles lie in the range from 15 nm to 45 nm.

Figure 27. Size distribution histogram for nanoparticles.

3.3. Research of influence of the gas phase with nanoparticles on plants

Experimental researches included: structural botany researches, studying of activity of
the photosynthetic processes, the biochemical analysis of ferment activity. Also studying
of nanoaerosol action on regulation of a potato growth and dynamics of growth and
development of salad cultures were carried out.

Let’s compare amount of mineral fertilizers traditionally used at cultivation of plants in
hothouses with amount of fertilizers at aerosol nutrition of plants. In the closed soil need
of plants for nitric fertilizers (urea, ammoniac saltpeter) is 1.1 kg/m2, and need for potash
fertilizers is 1.4 of kg/m2 [21]. As mineral fertilizers are brought in the form of water solution
with concentration from 0.5% to 0.8%, the total amount of solution brought in the soil is 80
80 liters per m2. The amount of mineral fertilizers thus is 6.97 kg/m2. Processing by means
of nanoaerosols is carried out one time in 5–7 days. For all period of growth of plants the
fertilizer expense is only 8–14 g/m2. On the average, it approximately in 500 times is lower
than amount of the mineral fertilizers brought in the traditional way in the soil. Respectively
and harmful substances it is brought less. First of all change of the maintenance of various
elements (bohrium, manganese, zinc, cobalt, magnesium, potassium, calcium and iron) in
samples of plants after processing by an aerosol was investigated. Experiments confirmed
increase of the maintenance of elements of a nutripion in various parts of plants (Table 2–3).

Let’s consider the results of studies on the effects of nanoparticles regenerants of potato. The
work was carried out jointly with the Institute of Experimental Botany, National Academy of
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Plant Number of samples Type of treatment The content of elements, %
B Cu Mn Mo K

Tomatoes
1 Control 37.5 12.4 43.2 0.8 6.8

Aerosol 74.0 43.0 60.0 11.9 7.5

2 Control 33.3 11.5 35.5 0.6 8.8
Aerosol 72.6 50.8 45.9 11.9 7.5

Cucumbers
1 Control 45.0 9.3 17.5 4.7 5.2

Aerosol 67.2 29.1 14.3 14.0 4.0

2 Control 30.0 8.3 15.9 0.8 3.2
Aerosol 70.5 24.0 27.0 4.3 3.8

Table 3. The content of elements in the leaves of plants.

Belarus. The dynamics of growth in regenerants of potato micropropagation in the prolonged
culture of morphometric characteristics was considered. Before each aerosol treatment were
measured morphometric parameters and monitoring of rooting cuttings explants. The data
showing a clear lead in the growth processes of regenerants of potato varieties Dolphin
processed aerosol to 12 days of observation was obtained (Figure 28).

Figure 28. Growth dynamics of potato varieties Dolphin from the experimental data.

As can be seen from Figure 29 experimental plants are actively developing, exceeding the
height of control plants at 1.22 and 1.19 times (treatment 1 and 2, respectively). A similar plant
development was supported by Figure 29, which displays the daily activity of the growth of
plants as they develop.

For plants, left for further growth and development in plastic containers, we observed for
42 days. In Table 4 was shown that lead to the growth of experimental plants and stored at
the age of 42 days: plants with processing options 1 and 2 at 1.45 and 1.44 times higher than
controls at the same height on the formation of leaves and internodes.
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The fruits of the plant The control plants Plants treated with aerosol
Cucumbers 1.00 1.80

Beet 3.07 3.45
Radish 0.73 2.10

Table 2. The content of potassium in vegetables in milligrams.

Figure 26. The pattern of scanning shows that nanoparticles have precipitated on the glass.
The size distribution histogram for nanoparticles is displayed in Figure 27. It follows from the
plot that most nanoparticles lie in the range from 15 nm to 45 nm.

Figure 27. Size distribution histogram for nanoparticles.
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Plant Number of samples Type of treatment The content of elements, %
B Cu Mn Mo K

Tomatoes
1 Control 37.5 12.4 43.2 0.8 6.8

Aerosol 74.0 43.0 60.0 11.9 7.5

2 Control 33.3 11.5 35.5 0.6 8.8
Aerosol 72.6 50.8 45.9 11.9 7.5

Cucumbers
1 Control 45.0 9.3 17.5 4.7 5.2

Aerosol 67.2 29.1 14.3 14.0 4.0

2 Control 30.0 8.3 15.9 0.8 3.2
Aerosol 70.5 24.0 27.0 4.3 3.8

Table 3. The content of elements in the leaves of plants.
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processed aerosol to 12 days of observation was obtained (Figure 28).
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development was supported by Figure 29, which displays the daily activity of the growth of
plants as they develop.

For plants, left for further growth and development in plastic containers, we observed for
42 days. In Table 4 was shown that lead to the growth of experimental plants and stored at
the age of 42 days: plants with processing options 1 and 2 at 1.45 and 1.44 times higher than
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Figure 29. The growth rate of potato varieties Dolphin for the period of observation from the
experimental data.

Version Height, cm Number of Number of Wet weight, g
leaves, items internodes, items leaves stems roots

Control 22.47±1.04 11.06±0.66 15.75±0.75 2.69±0.50 1.77±0.22 0.47±0.13
Treatment 1 32.69±1.45 10.87±0.59 16.12±0.39 2.78±0.51 2.76±0.37 0.94±0.23
Treatment 2 32.44±4.43 11.44±0.76 16.69±0.81 2.68±0.53 2.59±0.32 0.72±0.14

Table 4. Morphological characteristics of potato cultivar Dolphin at harvest at age 42 days.

The development of potato varieties Lazurit is slightly different from class Dolphin on the
dynamics of growth. As follows from Figure 30 plants in a series of treatment 2 exceed
the height of the control and experimental plants (treatment 1) to 28 days by 38% and 32%
respectively. The plants left in the plastic containers for further growth and development, as
well as in the case of grade Dolphin, were conducted further follow-up.

As shown in Table 5 advantage of the growth experienced in the plant varieties Lazurit age of
42 days over the control is saved. Plants with treatment 1 and 2 were of 1.87 and 1.96 times
higher than the control plants in height and 1.13 and 1.17 times the number of internodes.
The mass of the leaves advantage of control plants, with an equal number of it’s with the
experimental data shows about the formation of a dense leaf. At a height equal to the control
plants and the option of processing 1 plants have experienced a significant differences in the
accumulation of fresh weight of leaves and roots of 2.2 and 3.4 times. At the age of 42 days in
40% of plant varieties Lazurit (treatment 2) were formed side shoots on the average length of
4.5 cm. In control plants and the processing 1plants the side shoots are not detected. We can
assume that a often treatment of options 1 and 2 (one day) was contributed to the formation
of young growing aerial parts of plants, thus extending the growing season.

Results of studies of dry matter content in some parts of potato plants Lazurit (Table 6) showed
that frequent drug treatment "Greenhouse" leads to a "rejuvenation" of plants, reducing the
synthesis of organic matter, such as starch.
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Figure 30. Growth dynamics of potato varieties Lazurit for different conditions experience.

Version Height, cm Number of Number of Wet weight, g
leaves, items internodes, items leaves stems roots

Control 18.17±2.17 10.83±1.18 11.83±0.60 4.93±0.78 2.48±0.20 1.15±0.16
Treatment 1 34.03±1.25 9.00±0.59 13.37±0.56 2.21±0.50 2.53±0.34 0.34±0.09
Treatment 2 35.63±1.01 10.87±0.54 13.80±0.39 3.15±0.70 3.11±0.70 1.01±0.29

Table 5. Morphological characteristics of potato varieties Lazurit at the age of 42 days.

Version Part of absolutely dry mass, % The absolutely dry mass, g
leaves stems roots leaves stems roots

Control 22.47±1.04 11.06±0.66 15.75±0.75 2.69±0.50 1.77±0.22 0.47±0.13
Treatment 1 32.69±1.45 10.87±0.59 16.12±0.39 2.78±0.51 2.76±0.37 0.94±0.23
Treatment 2 32.44±4.43 11.44±0.76 16.69±0.81 2.68±0.53 2.59±0.32 0.72±0.14

Table 6. Characterization of potato varieties Lazurit at the age of 42 days.

Consider the results of a study of the photosynthetic activity of the processes of
photosynthesis. About the functioning of the photosynthetic transport chain in plants can talk
on the basis of photoinduced changes in absorption or fluorescence. As is known, light green
plants is accompanied by increased fluorescence yield. Fluorescence undergoes complex
transient phenomena before reaching a constant level. It is assumed that the induction of
fluorescence due to the variable part of fluorescence of chlorophyll a, the output of which
depends on the state of the active center of photosystem and the rate of electron transfer.
The accurate registration of the fluorescence changes for small periods of time is required
to obtain a complete picture of fluorescence induction. To characterize the photosynthetic
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processes determine the rate of decay of variable chlorophyll fluorescence was used, reflecting
the photochemical activity (FHA).

The systematic study of the change dynamics in the decay rate of variable fluorescence
of chlorophyll per day processing plants nanoaerosol was carried out (after 2, 4, and 6
hours after treatment). Analyzing the results, you may notice that the substance treatment
of "Greenhouse" vegetative regenerants causes changes in the studied parameters as the
Dolphin class and a grade Lasurit. Changes in the direction of activation of photosynthetic
activity strongly manifested at the Dolphin class. The second version of the experience
with pre-treatment plants before meristem cuttings was more sensitive to changes in
photosynthetic activity of plants. The additional introduction of CO2 in the nanoaerosol
processing, gives rise to a new round of metabolic processes, especially evident after 16–19
treatments when the plants are in the process of budding and early flowering. The relative
values of the parameter Ft/Fm, reflecting the velocity of the electron transport chain of
chloroplast membranes is in the range 0.3–0.4, which corresponds to the high photosynthetic
activity. In the leaf tissue homogenates regenerantnyh plants varieties Lasurit and Dolphin
processed aerosol "Greenhouse", and in the control group the content of peroxidase have been
studied, which is an indicator of physiological stress of plants. With an increase in enzyme
activity can be stated that the action of a factor caused a chain of physiological and biochemical
processes that lead to the response to stress.

Such a reaction may have immune activating effect. As a result of the immune enzyme
analysis with antibodies to the enzyme peroxidase, it was found that the drug "Greenhouse"
causes a change in the activity of this enzyme. Moreover, there are reliable changes in
activity (significance level 0.01), depending on the multiplicity of processing. The results of
determination of peroxidase activity are shown in Figure 31.

Figure 31. Peroxidase activity in membrane fractions of regenerated potato varieties Dolphin and
Lazurit.

As a result of the experiments, significant differences in the value of this indicator depending
on the variety were observed. In the variety Dolphin pretreatment before the cuttings a similar
reaction regenerates the stress was caused that was manifested in an increase in peroxidase
activity. In the grade Lazurit option 3, on the contrary, was the stress is not sensitive (Table 7).
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# Version Treatment 1 Treatment 2 Treatment 3 Treatment 4 Treatment 5
Grade Dolphin – medium early

1 Control 0.776 0.806 0.854 0.760 0.836
2 Variant 2 0.846 0.906 0.917 0.940 0.909
3 Variant 3 1.351 1.390 1.441 1.387 1.366

Grade Lazurit – early
4 Control 1.358 1.433 1.488 1.505 1.554
5 Variant 2 1.981 2.031 2.097 2.121 2.073
6 Variant 3 0.949 0.979 1.003 0.996 0.979

Table 7. Change in optical density at λ = 492 under the action of peroxidase enzyme spray
"Greenhouse" in regenerant leaves of potato varieties Dolphin and Lazurit.

We studied the effects on the biological properties of nanoaerosol seeds: vegetables – carrots,
beets, kale, forage grasses – goat grass, clover, plants in greenhouses: cucumber, sweet pepper,
tomato, parsley, lettuce. Work was carried out with seeds of varying quality. Germination of
control samples in different batches ranged from 27% to 99%. Some of the seeds before the
experiments were struck by bacterial diseases. The results of the studies have shown high
efficiency of this method of improving the biological properties of the seeds. In all cultures
were obtained by increasing the energy of germination up to 18% and 20% germination. For
control group of seed germination was 67% and 71% germination, and in an experimental
batch exposed to a special gas environment, these figures were 87% and 93%, respectively.
The study of the nanoaerosol treatment on growth and development of salads also confirmed
the high efficiency of the proposed technology. Comparison of germination of lettuce seeds
"Gribovsky curly" grade is shown in Figure 32.

Figure 32. Germination of lettuce seeds "Gribovsky curly" grade (treatment of "Greenhouse" - a,
control - b).

It is evident that the seeds after nanoaerosol treatment developed intensively. In addition –
treated seeds during storage, preparation for the planting and growing season were
significantly more resistant to various fungal diseases. Observations over three years for
the treated seeds showed that the rate of germination and vigor are in time at a high
level. Reducing of germination does not exceed 1–1.5% per year. Pilot studies according
to productivity of potatoes, carrots, a tomato and cucumbers showed that the crop increases
on the average by 20–30% [5].
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4. Conclusion

1. In the present paper, the multilevel mathematical model is developed for solving the
problem of formation, movement, hashing, and condensation of nanoparticles by methods
of quantum mechanics, molecular dynamics and mesodynamics, describing the behavior
of nanoaerosols for studying the processes of condensation of nanoaerosols for the
nutrition of plants.

2. The numerical calculations have showed:
• the growth of nanoparticles and their interactions depend on time and on the number

of free molecules that actively form nanoparticles;
• the speed of association of molecules into nanoparticles depends on temperature and

pressure and molecules concentration in the gas medium;
• the molecules of potassium carbonate and water are into nanoparticles and therefore

they can be used for the nutrition of plants.

3. Experiments have confirmed that in aerosols nanoparticles are formed.

4. In experimental studies influence nano- and the microparticles generated by specially solid
propellant composition, on biological objects (plants, fruits and seeds) is established. A
number of positive effects which are widely used already today hothouse and the farms
working with plants in hothouses were received.
• Productivity increase to 30%, increase in ovaries of fruits, development of more

powerful stalk and leaves and uniformity of maturing of fruits was established.
• Plants become more resistant to diseases.
• Early fructification and increase in term of vegetation is observed.
• Germination of various plants seeds increases to 100%.
• From treated seeds produced high-quality embryos, superior on all counts of untreated

seed embryos.
• Stability of sprouts to fungous diseases raised.

5. Method of foliar spray fertilizer plant almost does not require any material costs and
specialized equipment. This method significantly reduced the complexity of foliar
feedings. On average, holding a spray fertilizer on the area of 1000 m2 spent 0.3
person/hour, and overall costs are reduced by 40% in recalculation per m2, while
increasing the productivity of more than 20%.

6. Technology makes it possible to make fertilizer to the requirements of the manufacturer, to
add or to remove from it those nutrients that are necessary to use soil or certain climatic
regions.

7. The executed theoretical and experimental studies allowed use this technology for growing
various vegetables and crops in greenhouses of Russia, Byelorussia, the Ukraine and
China. Practical value of the received results is very good.
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1. Introduction 

The mycorrhizal symbiosis is arguably the most important symbiosis on earth. Fossil records 
indicate that arbuscular mycorrhizal interactions evolved 400 to 450 million years ago [1] and 
that they played a critical role in the colonization of land by plants. Approximately 80 % of all 
known land plant species form mycorrhizal interactions with ubiquitous soil fungi [2]. The 
majority of these mycorrhizal interactions is mutually beneficial for both partners and is 
characterized by a bidirectional exchange of resources across the mycorrhizal interface. The 
mycorrhizal fungus provides the host plant with nutrients, such as phosphate and nitrogen, 
and increases the abiotic (drought, salinity, heavy metals) and biotic (root pathogens) stress 
resistance of the host. In return for their beneficial effect on nutrient uptake, the host plant 
transfers between 4 and 20% of its photosynthetically fixed carbon to the mycorrhizal fungus 
[3]. In contrast to mutually beneficial mycorrhizal interactions, some mycoheterotrophic plants 
(approximately 400 plant species from different plant families, such bryophytes, 
pteridophytes, and angiosperms) rely on mycorrhizal fungi for their carbon supply. These 
plants have lost their photosynthetic capabilities and parasitize mycorrhizal fungi that are 
associated with neighbor autotrophic plants.  

Primary focus of this chapter is on mutually beneficial ectotrophic and arbuscular 
mycorrhizal interactions, because of their high economic and ecological significance and 
their application potential. Arbuscular mycorrhizal fungi colonize the roots of many 
agriculturally important food and bioenergy crops and could serve as ‘biofertilizers and 
bioprotectors’ in environmentally sustainable agriculture. Ectomycorrhizal fungi on the 
other hand colonize a smaller number of plant species, but play as symbiotic partners of tree 
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and shrub species a key role in forest ecosystems [4], and could be a critical component in 
phytoremediation and/or revegetation applications [5, 6]. 

2. Structural diversity of mycorrhizal interactions 

Arbuscular mycorrhizal (AM) and ectomycorrhizal (ECM) associations differ in their 
structural characteristics and in the plant and fungal species that they involve. In AM roots 
the fungus penetrates intercellularly and intracellularly into the root cortex, whereas in 
ECM roots the fungus only penetrates intercellularly into the root cortex. Figure 1 illustrates 
the main structural differences between AM and ECM associations of angiosperms or 
gymnosperms, which are discussed in greater detail below. 

 
Figure 1. Structural characteristics of arbuscular mycorrhizal (AM) or ectomycorrhizal (ECM) roots of 
gymnosperms or angiosperms.  

2.1. Arbuscular mycorrhizal interactions 

Arbuscular mycorrhizas are the most common form of mycorrhizal interactions. They are 
formed by a wide variety of host plants (approximately 65% of all known land plant species) 
[2], including many agricultural important crop species, such as soybean, corn, rice, and 
wheat. All AM fungi have been classified into the separate fungal phylum Glomeromycota [7], 
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which is composed of approximately 150 fungal species [1] with a high genetic and functional 
diversity within each species. AM fungi are classified into three classes (Archaeosporomycetes, 
Glomeromycetes, and Paraglomeromycetes), and the five orders:   Archaeosporales (e.g. 
Geosiphon pyriformes, Archaeospora trappei), Diversisporales (e.g. Scutellospora calospora, 
Acaulospora laevis, Entrophospora infrequens), Gigasporales (e.g. Gigaspora margarita, G. rosea), 
Glomerales (e.g. Glomus intraradices, G. mosseae, G. geosporum) and Paraglomerales (e.g. 
Paraglomus occultum, P. laccatum). This group of fungi is unique due to its age, lifestyle and 
genetic make-up. AM fungi may have evolved over 1000 million years ago and can be seen as 
living fossils because they co-exist relatively morphologically unaltered with plants for more 
than 400 million years [8]. The symbiosis is frequent in all early diverging lineages of the major 
plant clades. Non-mycorrhizal species or other mycorrhizal types developed in plant lineages 
of more recent origin. This suggests that this symbiosis is the ancestral form of mycorrhizal 
interactions and that it played a critical role in the evolution of land plants [1]. In comparison, 
the symbiosis with nitrogen-fixing Rhizobia bacteria evolved much later (approximately 60 
million years ago), and this symbiosis is restricted to only one plant clade. 

AM fungi are coenocytic and hyphae and spores contain hundreds of nuclei [9]. The 
polymorphic nature of these nuclei and the relatively large genome of these fungi has made 
genome sequencing and annotation of this important group of fungi particularly 
challenging [8, 10], but recently the first transcriptome of the AM fungus Glomus intraradices 
became available [11]. They are asexual, but an exchange of genetic material between closely 
related fungi via anastomosis has been observed.  

2.1.1. Structural characteristics of arbuscular mycorrhizal roots and fungal life cycle  

AM fungi are obligate biotrophs and rely on their autotrophic host to complete their life 
cycle and to produce the next generation of spores (Figure 2). The spores are able to 
germinate without the presence of a host, but the spores respond with an increase in hyphal 
branching and metabolic activity to root exudates [12-14]. Plant roots release for example 
strigolactones that are able to induce pre-symbiotic growth of AM fungal spores [15]. 

On the host root surface, AM fungi form a specific appressorium – the hyphopodium. 
Fungal hyphae emerging from this hyphopodium penetrate into the root through the 
prepenetration apparatus, which guides the fungal hyphae through the root cells toward the 
cortex. In the cortex the hyphae enter the apoplast, and grow laterally along the root axis, 
and penetrate into inner root cortical cells. In ‘typical’ AM associations of the ‘Arum type’ 
enters the fungus the cell by small hyphal branches that by continuous dichotomous 
branching develop into characteristic highly branched arbuscules (Figure 2, 3d). By contrast, 
in ‘Paris type’ mycorrhizas spreads the fungus primarily from cell to cell and develops 
extensive intracellular hyphal coils that sometimes show an arbuscular like branching [1]. 
The fungus does not enter the plant symplast and is excluded from the host cytoplasm by 
the enlarged periarbuscular membrane (PAM) of the host. Some fungi also form vesicles, 
fungal storage organs in the root apoplast. 
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Figure 2. Life cycle of an AM fungus and the different steps during AM development.  

Despite its coenocytic nature, the mycelium that is formed within the root, the intraradical 
mycelium (IRM) differs morphologically and functionally from the extraradical mycelium 
(ERM), the mycelium that grows into the soil. The ERM absorbs nutrients from the soil and 
transfers these nutrients to the host root. The IRM on the other hand releases nutrients into 
the interfacial apoplast and exchanges them against carbon from the host. The fungus uses 
these carbon resources to maintain and to enlarge the ERM, for cell metabolism (e.g. active 
uptake processes, nitrogen assimilation), and for the development of spores, which are able 
to initiate the colonization of a next generation of host plants (Figure 2, 3a).  

2.1.2. Colonization of the root with arbuscular mycorrhizal fungi 

Similar to Nod factors that play an important role in root nodulation, AM fungi release Myc 
factors that lead to an expression of plant symbiosis related genes and prepare the root for 
AM symbiosis. One active Myc factor has been identified as lipochitooligosaccharide [16]. 
Nod factors are also lipochitooligosacccharides and have a similar composition. It has been 
suggested that Nod factors developed from Myc factors, and that the functions of Myc and 
Nod factors overlap [17]. This is also supported by the fact that AM and rhizobial symbiosis 
share parts of the same signal transduction pathway - the so-called common symbiosis 
pathway. So far seven genes (SYM genes) of the common symbiosis pathway have been 
identified that are required for both root symbioses (Table 1).  
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Gene  Predicted gene function 

SYMRK Leucine-rich receptor–like kinase that plays an essential role for root 
endosymbioses with Rhizobia bacteria, AM fungi and Frankia bacteria, and 
is involved in the signal transduction to the cytoplasm after the perception 
of Nod or Myc factors [8, 18]. 

NUP85/ 
NUP133 

Putative components of the nuclear pore complex that are involved in the 
transport of macromolecules through the nuclear envelope [8]. 

CASTOR/ 
POLLUX 

Cation channels in the nuclear envelope that are essential for the perinuclear 
calcium spiking after the perception of Nod or Myc factors [8, 19].  

CCaMK Calcium and calmodulin-dependent protein kinase with three calcium 
binding motifs that acts as sensor of the nuclear calcium signatures and is 
involved in the phosphorylation of CYCLOPS [8, 20].  

CYCLOPS Protein with unknown function that acts as phosphorylation target of 
CCaMK downstream of the nuclear calcium spiking and is presumably the 
branchpoint of the common SYM pathway [8, 20]. 

Table 1. Genes of the common symbiosis pathway and their predicted function  

One common signaling component is the receptor-like kinase SymRK that is involved in the 
direct or indirect perception of fungal or rhizobial signals and transduces the signal through 
its intracellular kinase domain to the cytoplasm [17, 18]. The two nucleoporins NUP85 and 
NUP133 act downstream and could be involved in the transport of CASTOR and/or 
POLLUX to the inner nuclear envelope. CASTOR and POLLUX are ion channels that are 
involved in the oscillation of the calcium concentration in the nucleus and perinuclear 
cytoplasm (calcium spiking) that can be observed shortly after the plant perceives signals 
from its root symbionts [8, 19]. The calcium-calmodulin dependent protein kinase CCAMK 
with its calmodulin- and calcium-binding domains is localized in the nucleoplasm and acts 
likely as the sensor of the calcium signatures that are induced by the perception of Myc or 
Nod factors. CCAMK is known to phosphorylate the last identified SYM gene CYCLOPS, 
which encodes a protein with no sequence similarity to proteins with known function. 
CYCLOPS contains a functional nuclear localization signal and a carboxy-terminal coiled-
coil domain and it has been suggested that CYCLOPS represents a branch point in the 
common SYM pathway. Infection threat formation and arbuscular development are 
CYCLOPS dependent, but nodule organogenesis is CYCLOPS independent [20].  

In contrast to the SYM pathway, little is known about the cellular and molecular re-
programming that is required for the intracellular colonization and the development of 
arbuscules in cortical cells. In Petunia hybrida pam1 mutants (penetration and arbuscule 
morphogenesis 1) fungal hyphae are able to penetrate into the cells, but the intracellular 
accommodation of the arbuscules is defective and intracellular hyphae are rapidly degraded 
[21]. Pam1 is a homologue of the VAPYRIN gene in Medicago truncatula and VAPYRIN 
mutants show a similar phenotype. The PAM1 protein shows an affinity to tonospheres, 
mobile structures that are associated with the tonoplast, and that can also be found in the 



 
Plant Science 110 

 
Figure 2. Life cycle of an AM fungus and the different steps during AM development.  

Despite its coenocytic nature, the mycelium that is formed within the root, the intraradical 
mycelium (IRM) differs morphologically and functionally from the extraradical mycelium 
(ERM), the mycelium that grows into the soil. The ERM absorbs nutrients from the soil and 
transfers these nutrients to the host root. The IRM on the other hand releases nutrients into 
the interfacial apoplast and exchanges them against carbon from the host. The fungus uses 
these carbon resources to maintain and to enlarge the ERM, for cell metabolism (e.g. active 
uptake processes, nitrogen assimilation), and for the development of spores, which are able 
to initiate the colonization of a next generation of host plants (Figure 2, 3a).  

2.1.2. Colonization of the root with arbuscular mycorrhizal fungi 

Similar to Nod factors that play an important role in root nodulation, AM fungi release Myc 
factors that lead to an expression of plant symbiosis related genes and prepare the root for 
AM symbiosis. One active Myc factor has been identified as lipochitooligosaccharide [16]. 
Nod factors are also lipochitooligosacccharides and have a similar composition. It has been 
suggested that Nod factors developed from Myc factors, and that the functions of Myc and 
Nod factors overlap [17]. This is also supported by the fact that AM and rhizobial symbiosis 
share parts of the same signal transduction pathway - the so-called common symbiosis 
pathway. So far seven genes (SYM genes) of the common symbiosis pathway have been 
identified that are required for both root symbioses (Table 1).  

The Role of the Mycorrhizal Symbiosis in Nutrient Uptake of  
Plants and the Regulatory Mechanisms Underlying These Transport Processes 111 

Gene  Predicted gene function 

SYMRK Leucine-rich receptor–like kinase that plays an essential role for root 
endosymbioses with Rhizobia bacteria, AM fungi and Frankia bacteria, and 
is involved in the signal transduction to the cytoplasm after the perception 
of Nod or Myc factors [8, 18]. 

NUP85/ 
NUP133 

Putative components of the nuclear pore complex that are involved in the 
transport of macromolecules through the nuclear envelope [8]. 

CASTOR/ 
POLLUX 

Cation channels in the nuclear envelope that are essential for the perinuclear 
calcium spiking after the perception of Nod or Myc factors [8, 19].  

CCaMK Calcium and calmodulin-dependent protein kinase with three calcium 
binding motifs that acts as sensor of the nuclear calcium signatures and is 
involved in the phosphorylation of CYCLOPS [8, 20].  

CYCLOPS Protein with unknown function that acts as phosphorylation target of 
CCaMK downstream of the nuclear calcium spiking and is presumably the 
branchpoint of the common SYM pathway [8, 20]. 

Table 1. Genes of the common symbiosis pathway and their predicted function  

One common signaling component is the receptor-like kinase SymRK that is involved in the 
direct or indirect perception of fungal or rhizobial signals and transduces the signal through 
its intracellular kinase domain to the cytoplasm [17, 18]. The two nucleoporins NUP85 and 
NUP133 act downstream and could be involved in the transport of CASTOR and/or 
POLLUX to the inner nuclear envelope. CASTOR and POLLUX are ion channels that are 
involved in the oscillation of the calcium concentration in the nucleus and perinuclear 
cytoplasm (calcium spiking) that can be observed shortly after the plant perceives signals 
from its root symbionts [8, 19]. The calcium-calmodulin dependent protein kinase CCAMK 
with its calmodulin- and calcium-binding domains is localized in the nucleoplasm and acts 
likely as the sensor of the calcium signatures that are induced by the perception of Myc or 
Nod factors. CCAMK is known to phosphorylate the last identified SYM gene CYCLOPS, 
which encodes a protein with no sequence similarity to proteins with known function. 
CYCLOPS contains a functional nuclear localization signal and a carboxy-terminal coiled-
coil domain and it has been suggested that CYCLOPS represents a branch point in the 
common SYM pathway. Infection threat formation and arbuscular development are 
CYCLOPS dependent, but nodule organogenesis is CYCLOPS independent [20].  
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vicinity of intracellular hyphae in mycorrhizal roots. The first physical contact between both 
partners leads to a local upregulation of two CAAT-box binding transcription factors 
(MtCbf1 and MtCbf2) in arbusculated cells of Medicago truncatula. Both transcription factors 
are able to interact with a large range of promoters, and could play a role in the sequential 
re-programming of root tissues during the establishment of an AM symbiosis [22].  

2.1.3. The mycorrhizal interface in arbuscular mycorrhizal associations  

Critical for the mutualism in the AM symbiosis is the bidirectional exchange of nutrients 
across the mycorrhizal interface. The interface between the fungus and the host includes the 
PAM and the fungal plasma membrane, the fungal cell wall and the periarbuscular space 
between the fungal cell wall and the PAM. The PAM differs in its protein composition from 
the plant plasma membrane of non-arbusculated cells and is characterized by mycorrhiza-
inducible transporters that facilitate the uptake of nutrients from the mycorrhizal interface. 
One of these transporters is Pt4, a high affinity phosphate (P) transporter that is only 
expressed in mycorrhizal roots and that is involved in the acquisition of P delivered by the 
fungus [23, 24]. A high-affinity ammonium (NH4+) transporter (AMT2;2) is also localized in 
the PAM. This transporter is exclusively expressed in arbusculated cells of mycorrhizal 
roots, but not in root nodules [25]. In contrast to other high affinity NH4+ transporters of 
plants, AMT2;2 of Lotus japonicus (LjAMT2;2) transfers NH3 instead of NH4+ and it has been 
suggested that the transporter takes up the positively charged NH4+ from the mycorrhizal 
interface and releases uncharged NH3 into the plant cytoplasm. The detection of 
mycorrhiza-inducible sulphate transporters in AM roots suggests that also sulphate is 
transferred from the AM fungus to the host across the mycorrhizal interface [26, 27]. The 
transport of carbon from the host to the fungus is driven by a monosaccharide transporter in 
the fungal arbuscular membrane (MST2) [28]. This transporter takes up glucose but also 
other monosaccharides, such as xylose, what indicates that the fungus can also use cell wall 
sugars of the plant as alternative carbon source.  

2.2. Ectomycorrhizal interactions 

There are approximately 7000 to 10000 fungal species and 8000 plant species that form 
ectomycorrhizal (ECM) associations [29]. The number of plant species is relatively small 
(approximately 3%), but the group includes plants with high global and economic 
importance due to the disproportionate large terrestrial land surface that these plants cover, 
and as main producers of timber. The plant species include wooden perennials, trees or 
shrubs from cool, temperate boreal or montane forests, but also species from arctic alpine 
shrub communities [1, 4]. However, most of these plant species are not exclusively 
colonized by ECM fungi. Many species, such as Populus (see Figure 3d), Salix, Betula and 
Fagus also form AM interactions, and there are indications that the AM symbiosis is the 
common mycorrhizal form of this taxon [1].  

ECM fungi are relatively closely related to saprotrophic fungi and mainly belong to the 
Basidiomycota (e.g. Amanita muscaria, Hebeloma cylindrosporum, Laccaria bicolor, Paxillus 
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involutus, Pisolithus tinctorius, Suillus bovinus, Xerocomus badius), but also include some 
Ascomycota (e.g. Cenococcum geophilum, Tuber borchii, Scleroderma hypogaeum) [1]. The switch 
from the presumably ancestral saprotrophic to the symbiotic behavior developed 
convergently in several fungal families during evolution. In contrast to AM fungi, many 
ECM fungi can be grown in axenic culture without a host, and this has allowed screening of 
their ability to use different carbon or nutrient sources [30]. ECM fungi have a dual life style 
and are considered to be facultative saprotophs. In the soil they are highly competitive in 
nutrient acquisition and secrete a number of hydrolytic enzymes that allow them to degrade 
litter polymers, and to use organic nutrient sources [4]. At the same time they live within 
plant roots as symbionts and this requires a set of adaptation mechanisms to avoid plant 
parasitism. ECM fungi have for example lost their ability to degrade plant cell wall 
polysaccharides (cellulose, pectins, and pectates), and this restricts their penetration into the 
root to the intercellular spaces [31].  

2.2.1. Colonization of the root with ectomycorrhizal fungi 

Typical for ECM roots are changes in the root morphology, such as the dichotomous 
branching of lateral roots, e.g. in pines (Figure 3b), the production of a large number of root 
meristems and as a result an extensive root branching (Figure 3c), the inhibition of root hair 
formation, and the enlargement of cortical cells. Many of these morphological effects can be 
observed prior to colonization and can be interpreted as a preparation of the plant to 
increase root symbiosis.  

Prior to the establishment of a functional ECM root and similar to the processes during AM 
development, there is an exchange of signals and cross-talk between both partners. The 
fungal tryptophan betaine hypaphorine has been shown to trigger reduced root hair 
elongation and swelling of the root hair tip and a stimulation of short root formation [32]. 
ECM fungi also produce phytohormones, including auxins, cytokinins, abscisic acid and 
ethylene, and it has been shown that the changes in the root morphology are caused by an 
overproduction of auxin in ECM fungal hyphae and changes in the endogenous hormone 
levels in the roots. The effect of ECM fungi on lateral root formation is independent from the 
plant´s ability to form ECM associations. The ECM fungus Laccaria bicolor can induce lateral 
root formation also in Arabidopsis thaliana, a non-mycorrhizal plant, and the effect is correlated 
to an accumulation of auxin in the root apices [33]. The auxin accumulation in the root tips 
and/or other fungal signals could stimulate basipetal auxin transport and lateral root 
primordia formation by an induction of plant genes involved in auxin transport and signaling.  

The fungal partner responds to root exudate components, such as rutin and zeatin, with a 
stimulation in hyphal growth and branching and growth towards the root and an 
accumulation of hypaphorine [32, 34]. In response to host signals, ECM fungi also release 
effector proteins into the rhizosphere, such as the MYCORRHIZAL INDUCED SMALL 
SECRETED PROTEIN 7 (MiSSP7) of Laccaria bicolor. This fungal protein targets the plant 
nucleus after its uptake, and alters plant gene expression [35]. MiSSP7 has been shown to be 
crucial for the establishment of the ECM symbiosis and resembles effector proteins of 
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Ascomycota (e.g. Cenococcum geophilum, Tuber borchii, Scleroderma hypogaeum) [1]. The switch 
from the presumably ancestral saprotrophic to the symbiotic behavior developed 
convergently in several fungal families during evolution. In contrast to AM fungi, many 
ECM fungi can be grown in axenic culture without a host, and this has allowed screening of 
their ability to use different carbon or nutrient sources [30]. ECM fungi have a dual life style 
and are considered to be facultative saprotophs. In the soil they are highly competitive in 
nutrient acquisition and secrete a number of hydrolytic enzymes that allow them to degrade 
litter polymers, and to use organic nutrient sources [4]. At the same time they live within 
plant roots as symbionts and this requires a set of adaptation mechanisms to avoid plant 
parasitism. ECM fungi have for example lost their ability to degrade plant cell wall 
polysaccharides (cellulose, pectins, and pectates), and this restricts their penetration into the 
root to the intercellular spaces [31].  

2.2.1. Colonization of the root with ectomycorrhizal fungi 

Typical for ECM roots are changes in the root morphology, such as the dichotomous 
branching of lateral roots, e.g. in pines (Figure 3b), the production of a large number of root 
meristems and as a result an extensive root branching (Figure 3c), the inhibition of root hair 
formation, and the enlargement of cortical cells. Many of these morphological effects can be 
observed prior to colonization and can be interpreted as a preparation of the plant to 
increase root symbiosis.  

Prior to the establishment of a functional ECM root and similar to the processes during AM 
development, there is an exchange of signals and cross-talk between both partners. The 
fungal tryptophan betaine hypaphorine has been shown to trigger reduced root hair 
elongation and swelling of the root hair tip and a stimulation of short root formation [32]. 
ECM fungi also produce phytohormones, including auxins, cytokinins, abscisic acid and 
ethylene, and it has been shown that the changes in the root morphology are caused by an 
overproduction of auxin in ECM fungal hyphae and changes in the endogenous hormone 
levels in the roots. The effect of ECM fungi on lateral root formation is independent from the 
plant´s ability to form ECM associations. The ECM fungus Laccaria bicolor can induce lateral 
root formation also in Arabidopsis thaliana, a non-mycorrhizal plant, and the effect is correlated 
to an accumulation of auxin in the root apices [33]. The auxin accumulation in the root tips 
and/or other fungal signals could stimulate basipetal auxin transport and lateral root 
primordia formation by an induction of plant genes involved in auxin transport and signaling.  

The fungal partner responds to root exudate components, such as rutin and zeatin, with a 
stimulation in hyphal growth and branching and growth towards the root and an 
accumulation of hypaphorine [32, 34]. In response to host signals, ECM fungi also release 
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nucleus after its uptake, and alters plant gene expression [35]. MiSSP7 has been shown to be 
crucial for the establishment of the ECM symbiosis and resembles effector proteins of 
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pathogenic fungi, and bacteria with similar function. A transcriptional response of the host 
can be observed within hours after an initial contact between both partners has been 
established. Plant genes encoding proteins involved in stress and defense response, as well 
as genes involved in signal transduction and communication, and water uptake are 
upregulated in response to the presence of an ECM fungus in the rhizosphere [36].  

2.2.2. Structural characteristics of ectomycorrhizal roots 

An established ECM symbiosis is characterized by three structural components: the hyphal 
sheath or mantle, the Hartig net (in later passages of this text sometimes also referred to as 
intraradical mycelium or IRM), and the extraradical mycelium. The hyphal sheath or mantle 
encloses the root completely. The structural composition of the mantle is very diverse and 
can range from relatively thin, loosely arranged assemblages of hyphae to very thick, 
multilayered and pseudoparenchymatous mantles (Figure 1, 3bcf). The surface of the mantle 
can be compact and smooth (Figure 3c) or rough with numerous emerging hyphae and 
hyphal strands or rhizomorphs (Figure 3b). The fungal sheath is involved in nutrient storage 
and controls the nutrient transfer to the host. The fungal mantle can represent a significant 
apoplastic barrier [37, 38] and thereby creates a closed interfacial apoplast, in which the 
conditions can be controlled by both partners.  

 
Figure 3. Morphological characteristics of AM (a, d) and ECM (b, c, e, f) roots. Images of the outer root 
morphology (a-c) and scanning electron microscopical images of fungal structures within the root (d-f). 
(a) AM root of Daucus carota colonized with Glomus intraradices with fungal spores and ERM; (b) 
dichotomous ECM pine root colonized by Suillus bovinus with rhizomorphs (arrows); (c) ECM root of 
beech colonized by an unidentified fungus with extensive root branching; (d) arbuscule of an AM 
fungus within the cortical cell (CC) of an ECM root of Populus tremuloides; (e) Hartig net (HN) region 
and mycorrhizal interface in an ECM root of Populus tremuloides; (f) ECM root with epidermal Hartig net 
and radially elongated epidermis cells and fungal sheath (FS).  
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The Hartig net plays the key role in the nutrient transfer between both partners. The Hartig 
net is formed by hyphae that penetrate into the root cortex intercellularly (Figure 1, 3e). The 
penetration depth of the Hartig net differs between angiosperms and gymnosperms. Most 
angiosperms develop an epidermal Hartig net and confine the penetration of the Hartig net 
to the outer epidermis, which is often radially elongated (Figure 1, 3f). By contrast, the 
Hartig net in gymnosperms normally encloses several layers of cortical cells and sometimes 
extends up to the endodermis (Figure 1)[1].  

The extraradical mycelium (ERM) of the fungus acts as an extension of the root system and 
it has been estimated that the ERM of the fungus Pisolithus tinctorius can represent 99% of 
the nutrient-absorbing surface length of pine roots [39]. The ERM of ECM fungi can account 
for 32% of the total microbial biomass and 700-900 kg ha-1 in forest soils [40, 41]. The ERM 
can have a relatively simple organization with individual hyphae with similar structure that 
grow into the soil (mainly in ascomycetes) or can be differentiated into singular hyphae and 
rhizomorphs (Figure 3b). Rhizomorphs are aggregates of hyphae which grow in parallel and 
whose organization level can range from simple assemblages of undifferentiated and loosely 
woven hyphae to complex aggregations of hyphae with structural and functional 
differentiations [42].  

2.2.3. The mycorrhizal interface in ectomycorrhizal associations 

Transport studies suggest that in ECM associations nutrients are exchanged simultaneously 
across the same interface [43]. The interface includes the plasma membranes and cell walls 
of both partners and the interfacial matrix between both partners. The plant transfers 
photosynthates as sucrose from source to sink organs and ECM roots act as strong carbon 
sinks in mycorrhizal root systems. It is generally accepted that in contrast to 
phytopathogenic fungi or ericoid mycorrhizal fungi, AM and ECM fungi are not able to use 
sucrose as a carbon source, and that they take up simpler sugars, such as glucose or fructose, 
from the mycorrhizal interface. The presence of invertase genes in fungal genomes is 
correlated with the nutritional mode and in contrast to other plant-associated fungi, such as 
pathogens, or endophytes, there are no indications that AM or ECM fungi possess invertase 
genes [44] or have invertase activity [30]. Consequently, mycorrhizal fungi rely on the 
invertase activity of the host in the interfacial apoplast for sucrose hydrolysis. Sucrose 
hydrolysis makes the hexoses glucose and fructose available for the fungus and it has been 
suggested that glucose is mainly taken up by hyphae of the Hartig net and fructose mainly 
by hyphae of inner mantle layers [45]. Compared to the ERM, fungal hexose transporters are 
up-regulated in ECM roots, indicating that the fungus in symbiosis takes up carbon 
primarily from the mycorrhizal interface [46].  

The high affinity NH4+ importer AmAMT2 of Amanita muscaria is up-regulated in the ERM, 
but down-regulated in Hartig net and the fungal sheath [47]. The high expression of this 
transporter in the ERM suggests a high capability of the ERM for NH4+ uptake. The low 
expression level in the Hartig net on the other hand indicates that NH4+ can serve as a 
potential nitrogen source that is delivered by the mycorrhizal fungus to the host. A low 
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pathogenic fungi, and bacteria with similar function. A transcriptional response of the host 
can be observed within hours after an initial contact between both partners has been 
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Figure 3. Morphological characteristics of AM (a, d) and ECM (b, c, e, f) roots. Images of the outer root 
morphology (a-c) and scanning electron microscopical images of fungal structures within the root (d-f). 
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The Hartig net plays the key role in the nutrient transfer between both partners. The Hartig 
net is formed by hyphae that penetrate into the root cortex intercellularly (Figure 1, 3e). The 
penetration depth of the Hartig net differs between angiosperms and gymnosperms. Most 
angiosperms develop an epidermal Hartig net and confine the penetration of the Hartig net 
to the outer epidermis, which is often radially elongated (Figure 1, 3f). By contrast, the 
Hartig net in gymnosperms normally encloses several layers of cortical cells and sometimes 
extends up to the endodermis (Figure 1)[1].  

The extraradical mycelium (ERM) of the fungus acts as an extension of the root system and 
it has been estimated that the ERM of the fungus Pisolithus tinctorius can represent 99% of 
the nutrient-absorbing surface length of pine roots [39]. The ERM of ECM fungi can account 
for 32% of the total microbial biomass and 700-900 kg ha-1 in forest soils [40, 41]. The ERM 
can have a relatively simple organization with individual hyphae with similar structure that 
grow into the soil (mainly in ascomycetes) or can be differentiated into singular hyphae and 
rhizomorphs (Figure 3b). Rhizomorphs are aggregates of hyphae which grow in parallel and 
whose organization level can range from simple assemblages of undifferentiated and loosely 
woven hyphae to complex aggregations of hyphae with structural and functional 
differentiations [42].  

2.2.3. The mycorrhizal interface in ectomycorrhizal associations 

Transport studies suggest that in ECM associations nutrients are exchanged simultaneously 
across the same interface [43]. The interface includes the plasma membranes and cell walls 
of both partners and the interfacial matrix between both partners. The plant transfers 
photosynthates as sucrose from source to sink organs and ECM roots act as strong carbon 
sinks in mycorrhizal root systems. It is generally accepted that in contrast to 
phytopathogenic fungi or ericoid mycorrhizal fungi, AM and ECM fungi are not able to use 
sucrose as a carbon source, and that they take up simpler sugars, such as glucose or fructose, 
from the mycorrhizal interface. The presence of invertase genes in fungal genomes is 
correlated with the nutritional mode and in contrast to other plant-associated fungi, such as 
pathogens, or endophytes, there are no indications that AM or ECM fungi possess invertase 
genes [44] or have invertase activity [30]. Consequently, mycorrhizal fungi rely on the 
invertase activity of the host in the interfacial apoplast for sucrose hydrolysis. Sucrose 
hydrolysis makes the hexoses glucose and fructose available for the fungus and it has been 
suggested that glucose is mainly taken up by hyphae of the Hartig net and fructose mainly 
by hyphae of inner mantle layers [45]. Compared to the ERM, fungal hexose transporters are 
up-regulated in ECM roots, indicating that the fungus in symbiosis takes up carbon 
primarily from the mycorrhizal interface [46].  

The high affinity NH4+ importer AmAMT2 of Amanita muscaria is up-regulated in the ERM, 
but down-regulated in Hartig net and the fungal sheath [47]. The high expression of this 
transporter in the ERM suggests a high capability of the ERM for NH4+ uptake. The low 
expression level in the Hartig net on the other hand indicates that NH4+ can serve as a 
potential nitrogen source that is delivered by the mycorrhizal fungus to the host. A low 
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expression level of this NH4+ importer in the Hartig net would reduce the re-absorption of 
NH4+ by the fungus from the interfacial apoplast and increase the net transport of NH4+ to 
the host. The potential transport of NH4+ across the ECM interface is also supported by the 
presence and upregulation of plant high affinity NH4+ importers in ECM roots [48].  

3. Discussion 

3.1. Nutrient uptake pathways in arbuscular mycorrhizal or ectomycorrhizal 
roots 

Mycorrhizal plants can take up nutrients from the soil via two pathways: the ‘plant 
pathway’ that involves the direct uptake of nutrients from the soil by the root epidermis and 
its root hairs or the ‘mycorrhizal pathway’ that involves the uptake of nutrients via the ERM 
of the fungus and the transport to the Hartig net in ECM interactions or to the IRM in AM 
interactions, and the uptake by the plant from the interfacial apoplast. The uptake of 
nutrients from the soil via the plant pathway, however, is often limited by the low mobility 
of nutrients in the soil. The mobility of for example phosphate (P) is so low that its uptake 
leads rapidly to the development of depletion zones around the roots and limits the further 
P uptake via the plant pathway to the low rate of diffusion [49].  

 
Figure 4. P uptake of the plant via the plant pathway or mycorrhizal pathway. Abbreviations: 
Extraradical mycelium of the fungus (ERM), vesicles (V) and spores (S) of the arbuscular mycorrhizal 
fungus.  
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AM and ECM roots differ in their structural characteristics and this has implications for the 
nutrient uptake pathways in AM or ECM plants (Figure 1). AM roots do not form a fungal 
sheath and can theoretically use both pathways for nutrient uptake. It has previously been 
suggested that in the AM symbiosis both uptake pathways act additively. This led to the 
assumption that the uptake via the mycorrhizal pathway can be neglected when for example 
the P availability in the soil is high and mycorrhizal plants not always show a positive 
growth response. This view, however, is now being questioned [50-52], and it has been 
argued that the mycorrhizal pathway can dominate the total P uptake and that the true 
contribution of the mycorrhizal pathway to total P uptake can be “hidden” [52]. It has been 
demonstrated that even in non-responsive wheat plants, 50% of the plant´s P can be taken 
up via the mycorrhizal pathway [53]. This indicates that mycorrhizal plants change their 
nutrient acquisition strategy and that even under high P availabilities in the soil, the 
mycorrhizal fungus can still contribute significantly to the P uptake of the plant. Plant P 
transporters that are involved in the uptake via the plant pathway are down-regulated in 
response to the AM symbiosis [54, 55], while mycorrhiza-specific transporters that are 
involved in the P uptake from the mycorrhizal interface are induced [23, 24, 56].  

However, the contribution of the plant or mycorrhizal pathway to total P uptake also 
depends on the plant and fungal species. Glomus intraradices has been shown to suppress the 
expression of plant P transporters of the plant pathway the most, whereas G. mosseae had the 
least effect [55]. In tomato, almost 100% of the plant´s P was taken up by G. intraradices via 
the mycorrhizal pathway, but the contribution of Gigaspora rosea to total P uptake was much 
lower [57]. Glomus caledonium always showed a high P uptake and transfer independent on 
the plant species, but Glomus invermaium only transferred significant amounts of P to the 
host plant flax [58]. This indicates that the contribution of the mycorrhizal pathway to 
nutrient acquisition also depends on fungal specific effects on the activity of the plant 
pathway and on the efficiency with which both partners interact and exchange nutrients 
across the mycorrhizal interface. 

By contrast, in ECM tree species such as Pinus, the majority of the root surface is composed 
of roots that do not contribute to nutrient acquisition, such as the condensed tannin zone or 
the cork zone. Root zones that are active in nutrient acquisition such as the non-mycorrhizal 
white or ECM roots represent only 2% or 16% of the total root length, respectively [59]. ECM 
roots are characterized by a more or less dense fungal sheath that surrounds the mycorrhizal 
root completely. If the fungal mantle is impermeable to nutrient ions, the underlying root 
tissue would be isolated from the soil solution, and these roots would exclusively rely on the 
mycorrhizal pathway for nutrient uptake. Whether the fungal sheath represents an 
apoplastic barrier depends on the ECM fungal species and the structure and properties of 
the mantle. Some fungi for example have been shown to express and to release 
hydrophobins during ECM development [60]. Hydrophobins are small hydrophobic 
proteins that are involved in the adhesion of hyphae to surfaces, but can also increase the 
water repellency of the fungal sheath, and thereby make the sheath impermeable for water 
and nutrient ions [61, 62]. The fungal mantle of Hebeloma cylindrosporum for example is 
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expression level of this NH4+ importer in the Hartig net would reduce the re-absorption of 
NH4+ by the fungus from the interfacial apoplast and increase the net transport of NH4+ to 
the host. The potential transport of NH4+ across the ECM interface is also supported by the 
presence and upregulation of plant high affinity NH4+ importers in ECM roots [48].  

3. Discussion 

3.1. Nutrient uptake pathways in arbuscular mycorrhizal or ectomycorrhizal 
roots 

Mycorrhizal plants can take up nutrients from the soil via two pathways: the ‘plant 
pathway’ that involves the direct uptake of nutrients from the soil by the root epidermis and 
its root hairs or the ‘mycorrhizal pathway’ that involves the uptake of nutrients via the ERM 
of the fungus and the transport to the Hartig net in ECM interactions or to the IRM in AM 
interactions, and the uptake by the plant from the interfacial apoplast. The uptake of 
nutrients from the soil via the plant pathway, however, is often limited by the low mobility 
of nutrients in the soil. The mobility of for example phosphate (P) is so low that its uptake 
leads rapidly to the development of depletion zones around the roots and limits the further 
P uptake via the plant pathway to the low rate of diffusion [49].  

 
Figure 4. P uptake of the plant via the plant pathway or mycorrhizal pathway. Abbreviations: 
Extraradical mycelium of the fungus (ERM), vesicles (V) and spores (S) of the arbuscular mycorrhizal 
fungus.  
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AM and ECM roots differ in their structural characteristics and this has implications for the 
nutrient uptake pathways in AM or ECM plants (Figure 1). AM roots do not form a fungal 
sheath and can theoretically use both pathways for nutrient uptake. It has previously been 
suggested that in the AM symbiosis both uptake pathways act additively. This led to the 
assumption that the uptake via the mycorrhizal pathway can be neglected when for example 
the P availability in the soil is high and mycorrhizal plants not always show a positive 
growth response. This view, however, is now being questioned [50-52], and it has been 
argued that the mycorrhizal pathway can dominate the total P uptake and that the true 
contribution of the mycorrhizal pathway to total P uptake can be “hidden” [52]. It has been 
demonstrated that even in non-responsive wheat plants, 50% of the plant´s P can be taken 
up via the mycorrhizal pathway [53]. This indicates that mycorrhizal plants change their 
nutrient acquisition strategy and that even under high P availabilities in the soil, the 
mycorrhizal fungus can still contribute significantly to the P uptake of the plant. Plant P 
transporters that are involved in the uptake via the plant pathway are down-regulated in 
response to the AM symbiosis [54, 55], while mycorrhiza-specific transporters that are 
involved in the P uptake from the mycorrhizal interface are induced [23, 24, 56].  

However, the contribution of the plant or mycorrhizal pathway to total P uptake also 
depends on the plant and fungal species. Glomus intraradices has been shown to suppress the 
expression of plant P transporters of the plant pathway the most, whereas G. mosseae had the 
least effect [55]. In tomato, almost 100% of the plant´s P was taken up by G. intraradices via 
the mycorrhizal pathway, but the contribution of Gigaspora rosea to total P uptake was much 
lower [57]. Glomus caledonium always showed a high P uptake and transfer independent on 
the plant species, but Glomus invermaium only transferred significant amounts of P to the 
host plant flax [58]. This indicates that the contribution of the mycorrhizal pathway to 
nutrient acquisition also depends on fungal specific effects on the activity of the plant 
pathway and on the efficiency with which both partners interact and exchange nutrients 
across the mycorrhizal interface. 

By contrast, in ECM tree species such as Pinus, the majority of the root surface is composed 
of roots that do not contribute to nutrient acquisition, such as the condensed tannin zone or 
the cork zone. Root zones that are active in nutrient acquisition such as the non-mycorrhizal 
white or ECM roots represent only 2% or 16% of the total root length, respectively [59]. ECM 
roots are characterized by a more or less dense fungal sheath that surrounds the mycorrhizal 
root completely. If the fungal mantle is impermeable to nutrient ions, the underlying root 
tissue would be isolated from the soil solution, and these roots would exclusively rely on the 
mycorrhizal pathway for nutrient uptake. Whether the fungal sheath represents an 
apoplastic barrier depends on the ECM fungal species and the structure and properties of 
the mantle. Some fungi for example have been shown to express and to release 
hydrophobins during ECM development [60]. Hydrophobins are small hydrophobic 
proteins that are involved in the adhesion of hyphae to surfaces, but can also increase the 
water repellency of the fungal sheath, and thereby make the sheath impermeable for water 
and nutrient ions [61, 62]. The fungal mantle of Hebeloma cylindrosporum for example is 
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impermeable to sulfate [63]. The fungal sheath of Pisolithus tinctorius and of Suillus bovinus is 
not completely impermeable to nutrient ions, but it seems likely that under normal soil 
conditions when plant and fungus compete for nutrients, the passive movement of nutrients 
through the fungal sheath of ECM roots is restricted and that a significant part of the 
nutrient uptake of these ECM roots is under fungal control [37, 63]. Under consideration 
that only 2% of the root surface of pines is non-mycorrhizal, and that the ERM of an ECM 
fungus can represent up to 99% of the nutrient-absorbing surface length of pine roots [39], 
ECM tree species such as pines are considered to be highly dependent on their fungal 
symbionts [64, 65], and it can be assumed that the mycorrhizal pathway plays in ECM root 
systems an even more significant role for nutrient uptake than in AM root systems (Table 2). 
 

Characteristic ECM symbiosis AM symbiosis
Fungal life style Facultative saprotroph Obligate biotroph
Structural 
components 

Mantle, Hartig net, and ERM
with or without rhizomorphs

Arbuscules or intercellular hyphal 
coils, ERM, vesicles in some types 

Penetration  Exclusively intercellularly Intercellularly and intracellularly 
Nutrient uptake 
pathway 

ECM roots represent a 
significant proportion of the 
nutrient absorbing surface and 
nutrient uptake predominately 
via the mycorrhizal pathway 

Theoretically plant and 
mycorrhizal pathway, but 
mycorrhizal pathway can 
dominate nutrient uptake in 
mycorrhizal roots

Contribution to 
plant nutrition 

Particularly important for N 
nutrition, but also significant 
contributions to P nutrition

Particularly important for P 
nutrition; contributions to N 
nutrition still under debate 

Fungal nutrient 
resources 

Efficient uptake of inorganic and 
organic nutrient resources 

Uptake predominately of 
inorganic nutrient resources, 
utilization of organic nutrient 
resources considered to be small 

Table 2. Comparison of nutrient uptake mechanisms in ECM or AM interactions. 

4. Mycorrhizal interactions and phosphate nutrition of plants 

4.1. Uptake of phosphate from the soil 

The positive effect of mycorrhizal fungi on phosphate (P) nutrition is long known and has 
been attributed to:  

 The exploration of large soil volumes by the ERM in which orthophosphate (Pi) is 
scavenged and delivered to plant cortical cells, bypassing the plant pathway for P 
uptake [66, 67] (Figure 4); 

 The small hyphal diameter that allows the fungus to penetrate into small soil cores in 
search for P, and higher P influx rates per surface unit [66, 68];  

 The capability of mycorrhizal fungi to store P in form of polyphosphates, which allows 
the fungus to keep the internal Pi concentration relatively low, and allows an efficient 
transfer of P from the ERM to the IRM [69]; and 
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 The production and secretion of acid phosphatases and organic acids that facilitate the 
release of P from organic complexes [70, 71].  

Similar to plants, fungi have two uptake systems for P: (1) a high affinity system that works 
against an electrochemical potential gradient, which takes up Pi from the soil via proton co-
transport [72, 73], and (2) a low affinity system which facilitates the diffusion of Pi across the 
fungal plasma membrane [74]. AM and ECM fungi express high affinity P transporters in 
the ERM that are involved in the P uptake from the soil [75, 76] (Figure 5). The expression of 
these transporters is regulated in response to the externally available P concentration, and to 
the P demand of the fungus. Under Pi starvation the transcript levels generally increase. 
Interestingly, in the ERM of the ECM fungus Hebeloma cylindrosporum two P transporters are 
expressed, one transporter is up-regulated under low (HcPT1), and one transporter is up-
regulated under high P supply conditions (HcPT2) [76]. The simultaneous expression of two 
fungal P transporters that respond differently to the P level in the soil, could enable the ERM 
of the fungus to take up P efficiently also from locally varying P concentrations in the soil 
(e.g. from nutrient hot spots or from the root rhizosphere with its low Pi concentrations).  

4.2. Fungal phosphate metabolism 

Orthophosphate (Pi) that is absorbed by the ERM can (a) replenish the cytoplasmic, 
metabolically active Pi pool; (b) be incorporated into phospholipids, RNA-, DNA- and 
protein-phosphates; (c) or can be transferred into a storage pool of short- or long-chained 
polyphosphates (polyP) [77] (Figure 5). Inorganic polyP are linear polymers in which Pi 
residues are linked by energy-rich phospho-anhydride bonds. Two types of polyP can be 
distinguished in mycorrhizal fungi: short chain polyP with a length of up to 20 Pi residues 
and long chained polyP with more than 20 Pi residues. The average length of short chained 
polyP in AM fungi has been estimated as 11-20 Pi [78, 79], and of long chained polyP as 190 
to 300 Pi residues [80, 81]. Mycorrhizal fungi can rapidly store a significant proportion (more 
than 60%) of their cellular P as polyP [69, 82, 83]. In the mycorrhizal symbiosis, polyP are 
involved in:  

a. P homeostasis in the hyphae and maintenance of low intracellular Pi levels. Low Pi 
levels in fungal hyphae increase the efficiency with which P can be absorbed and 
reduce the osmotic stress at high internal P concentrations [79, 84]; 

b. Long-distance transport from the ERM to the IRM. Based on the high flux rate of P 
through the hyphae of mycorrhizal fungi1 [85, 86], it has been suggested that P is 
transferred mainly as polyP from the ERM to the root [87, 88]. The chain lengths of 
polyP in the ERM are longer than in the IRM, suggesting that polyP are primarily 
formed in the ERM and re-mobilized in the IRM [89]. In ECM and AM fungi a motile 
tubular vacuole system has been identified [90-92], that allows the polyP transport 
through the hyphae separately from the cytoplasmic compartment and enables the 
fungus to fine-tune its local cytoplasmic Pi concentration.  

                                                                 
1 between 2 x 10-10 and 2 x 10-9 mol P cm-2 s-1 have been described for AM fungi 
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impermeable to sulfate [63]. The fungal sheath of Pisolithus tinctorius and of Suillus bovinus is 
not completely impermeable to nutrient ions, but it seems likely that under normal soil 
conditions when plant and fungus compete for nutrients, the passive movement of nutrients 
through the fungal sheath of ECM roots is restricted and that a significant part of the 
nutrient uptake of these ECM roots is under fungal control [37, 63]. Under consideration 
that only 2% of the root surface of pines is non-mycorrhizal, and that the ERM of an ECM 
fungus can represent up to 99% of the nutrient-absorbing surface length of pine roots [39], 
ECM tree species such as pines are considered to be highly dependent on their fungal 
symbionts [64, 65], and it can be assumed that the mycorrhizal pathway plays in ECM root 
systems an even more significant role for nutrient uptake than in AM root systems (Table 2). 
 

Characteristic ECM symbiosis AM symbiosis
Fungal life style Facultative saprotroph Obligate biotroph
Structural 
components 

Mantle, Hartig net, and ERM
with or without rhizomorphs

Arbuscules or intercellular hyphal 
coils, ERM, vesicles in some types 

Penetration  Exclusively intercellularly Intercellularly and intracellularly 
Nutrient uptake 
pathway 

ECM roots represent a 
significant proportion of the 
nutrient absorbing surface and 
nutrient uptake predominately 
via the mycorrhizal pathway 

Theoretically plant and 
mycorrhizal pathway, but 
mycorrhizal pathway can 
dominate nutrient uptake in 
mycorrhizal roots

Contribution to 
plant nutrition 

Particularly important for N 
nutrition, but also significant 
contributions to P nutrition

Particularly important for P 
nutrition; contributions to N 
nutrition still under debate 

Fungal nutrient 
resources 

Efficient uptake of inorganic and 
organic nutrient resources 

Uptake predominately of 
inorganic nutrient resources, 
utilization of organic nutrient 
resources considered to be small 

Table 2. Comparison of nutrient uptake mechanisms in ECM or AM interactions. 

4. Mycorrhizal interactions and phosphate nutrition of plants 

4.1. Uptake of phosphate from the soil 

The positive effect of mycorrhizal fungi on phosphate (P) nutrition is long known and has 
been attributed to:  

 The exploration of large soil volumes by the ERM in which orthophosphate (Pi) is 
scavenged and delivered to plant cortical cells, bypassing the plant pathway for P 
uptake [66, 67] (Figure 4); 

 The small hyphal diameter that allows the fungus to penetrate into small soil cores in 
search for P, and higher P influx rates per surface unit [66, 68];  

 The capability of mycorrhizal fungi to store P in form of polyphosphates, which allows 
the fungus to keep the internal Pi concentration relatively low, and allows an efficient 
transfer of P from the ERM to the IRM [69]; and 
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 The production and secretion of acid phosphatases and organic acids that facilitate the 
release of P from organic complexes [70, 71].  

Similar to plants, fungi have two uptake systems for P: (1) a high affinity system that works 
against an electrochemical potential gradient, which takes up Pi from the soil via proton co-
transport [72, 73], and (2) a low affinity system which facilitates the diffusion of Pi across the 
fungal plasma membrane [74]. AM and ECM fungi express high affinity P transporters in 
the ERM that are involved in the P uptake from the soil [75, 76] (Figure 5). The expression of 
these transporters is regulated in response to the externally available P concentration, and to 
the P demand of the fungus. Under Pi starvation the transcript levels generally increase. 
Interestingly, in the ERM of the ECM fungus Hebeloma cylindrosporum two P transporters are 
expressed, one transporter is up-regulated under low (HcPT1), and one transporter is up-
regulated under high P supply conditions (HcPT2) [76]. The simultaneous expression of two 
fungal P transporters that respond differently to the P level in the soil, could enable the ERM 
of the fungus to take up P efficiently also from locally varying P concentrations in the soil 
(e.g. from nutrient hot spots or from the root rhizosphere with its low Pi concentrations).  

4.2. Fungal phosphate metabolism 

Orthophosphate (Pi) that is absorbed by the ERM can (a) replenish the cytoplasmic, 
metabolically active Pi pool; (b) be incorporated into phospholipids, RNA-, DNA- and 
protein-phosphates; (c) or can be transferred into a storage pool of short- or long-chained 
polyphosphates (polyP) [77] (Figure 5). Inorganic polyP are linear polymers in which Pi 
residues are linked by energy-rich phospho-anhydride bonds. Two types of polyP can be 
distinguished in mycorrhizal fungi: short chain polyP with a length of up to 20 Pi residues 
and long chained polyP with more than 20 Pi residues. The average length of short chained 
polyP in AM fungi has been estimated as 11-20 Pi [78, 79], and of long chained polyP as 190 
to 300 Pi residues [80, 81]. Mycorrhizal fungi can rapidly store a significant proportion (more 
than 60%) of their cellular P as polyP [69, 82, 83]. In the mycorrhizal symbiosis, polyP are 
involved in:  

a. P homeostasis in the hyphae and maintenance of low intracellular Pi levels. Low Pi 
levels in fungal hyphae increase the efficiency with which P can be absorbed and 
reduce the osmotic stress at high internal P concentrations [79, 84]; 

b. Long-distance transport from the ERM to the IRM. Based on the high flux rate of P 
through the hyphae of mycorrhizal fungi1 [85, 86], it has been suggested that P is 
transferred mainly as polyP from the ERM to the root [87, 88]. The chain lengths of 
polyP in the ERM are longer than in the IRM, suggesting that polyP are primarily 
formed in the ERM and re-mobilized in the IRM [89]. In ECM and AM fungi a motile 
tubular vacuole system has been identified [90-92], that allows the polyP transport 
through the hyphae separately from the cytoplasmic compartment and enables the 
fungus to fine-tune its local cytoplasmic Pi concentration.  

                                                                 
1 between 2 x 10-10 and 2 x 10-9 mol P cm-2 s-1 have been described for AM fungi 
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c. Regulation of P transport. It has been suggested that mycorrhizal fungi control the 
intracellular Pi concentration in the IRM and the P flux to the host by regulating the 
formation and/or turnover rates of polyP in the IRM or in the Hartig net region [93-95]. 
Long-chain polyP are mainly involved in long term storage of P, whereas short-chain 
polyP are correlated to the P transport in the symbiosis [93].  

d. Cation homeostasis. PolyP are polyanions and their negative charge is balanced by 
cations. The cations K+ and Mg2+ are mainly involved in charge balance [82, 83, 96], but 
polyP can also serve as trap for toxic cations such as heavy metals [82]. The basic amino 
acid Arg+ can also be involved in the charge balance of polyP and it has been suggested 
that in ECM fungi polyP can also store significant amounts of N [82, 97].  

5. Mycorrhizal interactions and nitrogen nutrition 

5.1. Uptake of nitrogen from the soil 

Many ecosystems in which the nitrogen (N) availability in the soil is low and the supply 
with N often limits plant growth are dominated by ECM plant communities. ECM fungi 
can take up inorganic N sources very efficiently from soils [98, 99], but their capability to 
utilize organic N sources, and to make these sources available for the host plant, is 
generally seen as an important factor in the N nutrition of ECM plant species [1]. Many 
ECM fungi can for example mobilize and utilize amino acids and amides, such as 
glutamine, glutamate and alanine, which can represent a significant N pool, particularly 
in acid-organic soils [1]. Some amino acids can be taken up intact, and can directly be 
incorporated into assimilation pathways and can thereby also represent a significant 
carbon pool for ECM fungi [100].  

By contrast, the contribution of AM fungi to total N uptake of plants is still under debate. 
The mobility of the inorganic N sources nitrate (NO3-) and ammonium (NH4+) in the soil is 
relatively high, and it has been suggested that the improved N status of AM plants is only 
the consequence of an improved P nutrition [101]. However, there are numerous reports 
in which a significant transport of N by AM fungi to their host has been demonstrated. In 
AM root organ cultures, 21% of the total N in the roots were taken up by the ERM [102]; 
and in similar experiments even higher proportions were observed [103]. In maize, 75% of 
the N in the leaves were taken up by the ERM of an AM fungus [104]. It becomes 
increasingly clear, that the mycorrhizal pathway can play a role in the N nutrition of AM 
plants, even if the percentage contribution to total N nutrition of the host plant can vary 
considerably [50]. Compared to ECM fungi, the capability of AM fungi to utilize organic 
N sources is considered to be relatively low, but some AM fungi are also able to use 
organic N sources. AM fungi can take up exogenously supplied amino acids [13, 103, 105] 
and are able to mobilize N from organic nutrient patches and to transfer these N sources 
to their host [106].  

The ERM of AM and ECM fungi can take up the inorganic N sources ammonium (NH4+) or 
nitrate (NO3-) from the soil [99, 103, 105] (Figure 5). NH4+ has often been described as the 

The Role of the Mycorrhizal Symbiosis in Nutrient Uptake of  
Plants and the Regulatory Mechanisms Underlying These Transport Processes 121 

preferred N source of mycorrhizal fungi, because its uptake is energetically more efficient 
than the uptake of NO3- [13, 102, 105]. However, ECM fungi differ in their ability to absorb 
NO3- from the soil, and some ECM fungi have been shown to produce a greater biomass 
when supplied with NO3- compared to NH4+ [107]. However, a supply of NH4+ leads to a 
down-regulation of a NO3- transporter and a nitrate reductase of Hebeloma cylindrosporum, 
what suggests that also ECM fungi generally prefer NH4+ over NO3- [1, 108, 109].  

Several high affinity NH4+ transporters from AM and ECM fungi have been identified. The 
expression of AMT1 and AMT2, two NH4+ transporters of the ECM fungus H. 
cylindrosporum, is regulated by the exogenous NH4+ supply. The expression of both 
transporters is up-regulated under low NH4+ supply conditions, but down-regulated in 
response to an exogenous supply of NH4+. It has been suggested that the intracellular level 
of glutamine is responsible for the repression under high supply conditions. In addition to 
AMT1 and AMT2, a low affinity NH4+ transporter (AMT3) is expressed under non-limiting 
NH4+ supply conditions, which enables the fungus to maintain a basal level of N uptake and 
assimilation also at high exogenous supply conditions [110]. GintAMT1, an NH4+ transporter 
of the AM fungus Glomus intraradices seems to be mainly involved in the uptake of NH4+ by 
the ERM under low NH4+ availabilities [111]. An exogenous supply of NO3- stimulates the 
expression of a fungal NO3- transporter in the ERM of G. intraradices [112]. Similar to the N 
repression observed for the NH4+ transporters in ECM fungi, the expression of this 
transporter is repressed by an increase in the internal levels of NH4+ or a downstream 
metabolite, such as glutamine [113]. 

5.2. Fungal nitrogen metabolism 

After its uptake from the soil, NO3- is converted into NH4+ via nitrate and nitrite reductases 
in AM [103, 114] and ECM fungi [109]. In AM fungi and most ECM fungi, NH4+ is 
assimilated via the glutamine synthase/glutamine oxoglutarate aminotransferase 
(GS/GOGAT) pathway into amino acids [103, 112].  

In AM fungi, the amino acids glutamine and arginine (Arg) are major sinks for absorbed 
N and both amino acids become highly labeled after a supply of 15NO3- or 15NH4+ to the 
ERM [103]. AM fungi assimilate N into Arg via the anabolic arm of the urea cycle and its 
key enzymes: carbamoyl phosphate synthase, argininosuccinate synthase, and 
argininosuccinate lyase2 [112, 115]. The transcript levels in the ERM of these genes 
respond within hours to an exogenous supply of NO3- [112], what supports the view that 
Arg is rapidly assimilated in the fungal ERM of the AM symbiosis. Arg has a low C/N 
ratio and is positively charged and it has been suggested that polyP play a key role for the 
transport of N from the ERM to the IRM in the AM symbiosis [103, 115, 116] (Figure 5). 
Also for ECM fungi a potential role of Arg in N translocation has been discussed. 
                                                                 
2 carbamoyl phosphate synthase (CPS, production of carbamoyl phosphate from CO2, ATP and NH3); 
argininosuccinate synthase (ASS, synthesis of argininosuccinate from citrulline and aspartate); and argininosuccinate 
lyase (AL, conversion of L-argininosuccinate to Arg and fumarate). 
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c. Regulation of P transport. It has been suggested that mycorrhizal fungi control the 
intracellular Pi concentration in the IRM and the P flux to the host by regulating the 
formation and/or turnover rates of polyP in the IRM or in the Hartig net region [93-95]. 
Long-chain polyP are mainly involved in long term storage of P, whereas short-chain 
polyP are correlated to the P transport in the symbiosis [93].  

d. Cation homeostasis. PolyP are polyanions and their negative charge is balanced by 
cations. The cations K+ and Mg2+ are mainly involved in charge balance [82, 83, 96], but 
polyP can also serve as trap for toxic cations such as heavy metals [82]. The basic amino 
acid Arg+ can also be involved in the charge balance of polyP and it has been suggested 
that in ECM fungi polyP can also store significant amounts of N [82, 97].  

5. Mycorrhizal interactions and nitrogen nutrition 

5.1. Uptake of nitrogen from the soil 

Many ecosystems in which the nitrogen (N) availability in the soil is low and the supply 
with N often limits plant growth are dominated by ECM plant communities. ECM fungi 
can take up inorganic N sources very efficiently from soils [98, 99], but their capability to 
utilize organic N sources, and to make these sources available for the host plant, is 
generally seen as an important factor in the N nutrition of ECM plant species [1]. Many 
ECM fungi can for example mobilize and utilize amino acids and amides, such as 
glutamine, glutamate and alanine, which can represent a significant N pool, particularly 
in acid-organic soils [1]. Some amino acids can be taken up intact, and can directly be 
incorporated into assimilation pathways and can thereby also represent a significant 
carbon pool for ECM fungi [100].  

By contrast, the contribution of AM fungi to total N uptake of plants is still under debate. 
The mobility of the inorganic N sources nitrate (NO3-) and ammonium (NH4+) in the soil is 
relatively high, and it has been suggested that the improved N status of AM plants is only 
the consequence of an improved P nutrition [101]. However, there are numerous reports 
in which a significant transport of N by AM fungi to their host has been demonstrated. In 
AM root organ cultures, 21% of the total N in the roots were taken up by the ERM [102]; 
and in similar experiments even higher proportions were observed [103]. In maize, 75% of 
the N in the leaves were taken up by the ERM of an AM fungus [104]. It becomes 
increasingly clear, that the mycorrhizal pathway can play a role in the N nutrition of AM 
plants, even if the percentage contribution to total N nutrition of the host plant can vary 
considerably [50]. Compared to ECM fungi, the capability of AM fungi to utilize organic 
N sources is considered to be relatively low, but some AM fungi are also able to use 
organic N sources. AM fungi can take up exogenously supplied amino acids [13, 103, 105] 
and are able to mobilize N from organic nutrient patches and to transfer these N sources 
to their host [106].  

The ERM of AM and ECM fungi can take up the inorganic N sources ammonium (NH4+) or 
nitrate (NO3-) from the soil [99, 103, 105] (Figure 5). NH4+ has often been described as the 
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preferred N source of mycorrhizal fungi, because its uptake is energetically more efficient 
than the uptake of NO3- [13, 102, 105]. However, ECM fungi differ in their ability to absorb 
NO3- from the soil, and some ECM fungi have been shown to produce a greater biomass 
when supplied with NO3- compared to NH4+ [107]. However, a supply of NH4+ leads to a 
down-regulation of a NO3- transporter and a nitrate reductase of Hebeloma cylindrosporum, 
what suggests that also ECM fungi generally prefer NH4+ over NO3- [1, 108, 109].  

Several high affinity NH4+ transporters from AM and ECM fungi have been identified. The 
expression of AMT1 and AMT2, two NH4+ transporters of the ECM fungus H. 
cylindrosporum, is regulated by the exogenous NH4+ supply. The expression of both 
transporters is up-regulated under low NH4+ supply conditions, but down-regulated in 
response to an exogenous supply of NH4+. It has been suggested that the intracellular level 
of glutamine is responsible for the repression under high supply conditions. In addition to 
AMT1 and AMT2, a low affinity NH4+ transporter (AMT3) is expressed under non-limiting 
NH4+ supply conditions, which enables the fungus to maintain a basal level of N uptake and 
assimilation also at high exogenous supply conditions [110]. GintAMT1, an NH4+ transporter 
of the AM fungus Glomus intraradices seems to be mainly involved in the uptake of NH4+ by 
the ERM under low NH4+ availabilities [111]. An exogenous supply of NO3- stimulates the 
expression of a fungal NO3- transporter in the ERM of G. intraradices [112]. Similar to the N 
repression observed for the NH4+ transporters in ECM fungi, the expression of this 
transporter is repressed by an increase in the internal levels of NH4+ or a downstream 
metabolite, such as glutamine [113]. 

5.2. Fungal nitrogen metabolism 

After its uptake from the soil, NO3- is converted into NH4+ via nitrate and nitrite reductases 
in AM [103, 114] and ECM fungi [109]. In AM fungi and most ECM fungi, NH4+ is 
assimilated via the glutamine synthase/glutamine oxoglutarate aminotransferase 
(GS/GOGAT) pathway into amino acids [103, 112].  

In AM fungi, the amino acids glutamine and arginine (Arg) are major sinks for absorbed 
N and both amino acids become highly labeled after a supply of 15NO3- or 15NH4+ to the 
ERM [103]. AM fungi assimilate N into Arg via the anabolic arm of the urea cycle and its 
key enzymes: carbamoyl phosphate synthase, argininosuccinate synthase, and 
argininosuccinate lyase2 [112, 115]. The transcript levels in the ERM of these genes 
respond within hours to an exogenous supply of NO3- [112], what supports the view that 
Arg is rapidly assimilated in the fungal ERM of the AM symbiosis. Arg has a low C/N 
ratio and is positively charged and it has been suggested that polyP play a key role for the 
transport of N from the ERM to the IRM in the AM symbiosis [103, 115, 116] (Figure 5). 
Also for ECM fungi a potential role of Arg in N translocation has been discussed. 
                                                                 
2 carbamoyl phosphate synthase (CPS, production of carbamoyl phosphate from CO2, ATP and NH3); 
argininosuccinate synthase (ASS, synthesis of argininosuccinate from citrulline and aspartate); and argininosuccinate 
lyase (AL, conversion of L-argininosuccinate to Arg and fumarate). 
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However, 15N labeling experiments suggest, that N can also be transferred as glutamine 
from the ERM to the IRM in ECM systems [1].  

For AM associations, it has been suggested that N is transferred in inorganic form across the 
mycorrhizal interface. Current models on N transport in the AM symbiosis propose the 
breakdown of Arg in the IRM via the catabolic arm of the urea cycle into inorganic N, which 
is subsequently transferred across the mycorrhizal interface to the host [112, 113]. Several 
genes that are involved in Arg breakdown are highly expressed in the IRM, and are up-
regulated in response to a NO3- supply to the ERM [112]. The catabolic enzymes arginase 
(CAR1) and urease (URE)3 are involved in Arg breakdown, and the activities of both 
enzymes increase in AM roots after a supply of inorganic N sources to the ERM [113, 116]. A 
supply of NO3- to the ERM also results in increasing transcript levels of CAR1 and URE in 
the IRM and it has been suggested that this may be due to an increase in the internal Arg 
level in the IRM [112] after a supply of NO3- to the ERM.  

For ECM associations, it has traditionally been believed that amino acids are transferred 
across the mycorrhizal interface and that N transport from the fungus to the host is in 
organic form [1]. If organic N is transferred across the mycorrhizal interface, the carbon 
skeletons of amino acids would contribute to a significant re-flux of carbon from the fungus 
to the host. The uptake of amino acids from the interface would also require the presence of 
efficient plant uptake systems for organic N from the mycorrhizal interface, which have not 
yet been identified. ECM plants on the other hand have been shown to express high affinity 
NH4+ transporters in the ECM interface [48], what suggests that N could also be transferred 
as inorganic NH4+ across the mycorrhizal interface. This view is also been supported by the 
observed down-regulation of fungal NH4+ transporters in fungal sheath and Hartig net, 
what would reduce the fungal re-absorption of NH4+ from the interface [47]. Whether ECM 
fungi utilize, similar to AM fungi, the catabolic arm of the urea cycle to release NH4+ in the 
Hartig net, still needs to be investigated (Figure 5). However, ECM fungi are also able to 
hydrolyze urea via urease [117]. In ECM roots two fungal aquaporins are highly expressed, 
that belong to the group of Fps-like aquaglyceroporins [118]. When expressed in yeast, both 
aquaporins increase the permeability of the membrane for NH4+ but not for urea. Based on 
this observation, the authors concluded that an aquaporine mediated leakage of urea does 
not play a significant role for N transport in the ECM symbiosis and that NH4+ is released 
into the mycorrhizal interface.  

5.3. Regulation of nutrient transport across the mycorrhizal interface 

The molecular mechanisms that are involved in the regulation of P and N transfer across the 
mycorrhizal interface are still unknown [50]. Models of nutrient transfer across the 
mycorrhizal interface generally involve an efflux of P and N from the fungal symplast 
through the fungal plasma membrane into the interfacial apoplast and the active absorption 
across the plasma membrane by the host plant (Figure 5).  
                                                                 
3 arginase (CAR1, Arg breakdown to ornithine and urea); urease (URE, hydrolysis of urea to CO2 and ammonia) 
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Figure 5. Transport processes in arbuscular and ectomycorrhizal interactions. The model shows the 
nutrient uptake by the fungal ERM through Pi, NO3- or NH4+ transporters (red), N assimilation into Arg 
via the anabolic arm of the urea cycle (only in AM fungi shown) and the conversion of Pi into polyP in 
the ERM, transport of polyP from the ERM to the IRM, polyP hydrolysis and release of Arg and Pi in the 
IRM or HN, Arg breakdown to NH4+ via the catabolic arm of the urea cycle (only in AM fungi shown), 
facilitated Pi, NH4+ , and potential amino acid (AA, only in ECM postulated) efflux through the fungal 
plasma membrane (yellow) into the interfacial apoplast, plant uptake of nutrients from the mycorrhizal 
interface through mycorrhiza-inducible Pi or NH4+ transporters, stimulation in photosynthesis by 
improved nutrient supply and facilitated efflux of sucrose through the plant plasma membrane into the 
interfacial apoplast, sucrose hydrolysis in the interfacial apoplast via an apoplastic plant invertase, and 
uptake of hexoses by the mycorrhizal fungus through fungal monosaccharide transporters.  

The net loss of nutrients from free living fungi is normally regarded as slow, and membrane 
transport processes are generally favouring fungal re-absorption [77]. Therefore it has been 
suggested, that in the interface, conditions might exist, that promote the efflux of nutrients from 
the fungus or reduce the level of competing fungal uptake systems. The following conditions 
could contribute to a stimulation of nutrient transport across the mycorrhizal interface: 

Development and maintenance of a concentration gradient: A concentration gradient 
across the mycorrhizal interface with high concentrations in the IRM and low concentrations 
in the interfacial apoplast and in cortical cells would maximize the efflux of nutrients 
through the fungal plasma membrane, and reduce fungal re-absorption. High P 
concentrations for example within the hyphae of the Hartig net or in the IRM increase the P 
transfer to the host [83, 119] and reduce fungal re-absorption [75, 120, 121]. There are also 
indications that the differential expression of plant and fungal uptake transporters in the 
mycorrhizal interface plays a role in the development of a strong concentration gradient 
across the mycorrhizal interface. High affinity P and N transporters of ECM and AM fungi 
are highly expressed in the ERM, but down-regulated in the IRM [47, 122]. This favours the 
active absorption of nutrients by the ERM, but reduces the re-absorption of nutrients by the 
IRM. By contrast, mycorrhiza-inducible high affinity plant Pi [23, 24, 56, 123] and NH4+ 
transporters [25, 48, 124] are localized in plant plasma membranes in the interface region. 
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breakdown of Arg in the IRM via the catabolic arm of the urea cycle into inorganic N, which 
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supply of NO3- to the ERM also results in increasing transcript levels of CAR1 and URE in 
the IRM and it has been suggested that this may be due to an increase in the internal Arg 
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skeletons of amino acids would contribute to a significant re-flux of carbon from the fungus 
to the host. The uptake of amino acids from the interface would also require the presence of 
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yet been identified. ECM plants on the other hand have been shown to express high affinity 
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that belong to the group of Fps-like aquaglyceroporins [118]. When expressed in yeast, both 
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via the anabolic arm of the urea cycle (only in AM fungi shown) and the conversion of Pi into polyP in 
the ERM, transport of polyP from the ERM to the IRM, polyP hydrolysis and release of Arg and Pi in the 
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plasma membrane (yellow) into the interfacial apoplast, plant uptake of nutrients from the mycorrhizal 
interface through mycorrhiza-inducible Pi or NH4+ transporters, stimulation in photosynthesis by 
improved nutrient supply and facilitated efflux of sucrose through the plant plasma membrane into the 
interfacial apoplast, sucrose hydrolysis in the interfacial apoplast via an apoplastic plant invertase, and 
uptake of hexoses by the mycorrhizal fungus through fungal monosaccharide transporters.  

The net loss of nutrients from free living fungi is normally regarded as slow, and membrane 
transport processes are generally favouring fungal re-absorption [77]. Therefore it has been 
suggested, that in the interface, conditions might exist, that promote the efflux of nutrients from 
the fungus or reduce the level of competing fungal uptake systems. The following conditions 
could contribute to a stimulation of nutrient transport across the mycorrhizal interface: 

Development and maintenance of a concentration gradient: A concentration gradient 
across the mycorrhizal interface with high concentrations in the IRM and low concentrations 
in the interfacial apoplast and in cortical cells would maximize the efflux of nutrients 
through the fungal plasma membrane, and reduce fungal re-absorption. High P 
concentrations for example within the hyphae of the Hartig net or in the IRM increase the P 
transfer to the host [83, 119] and reduce fungal re-absorption [75, 120, 121]. There are also 
indications that the differential expression of plant and fungal uptake transporters in the 
mycorrhizal interface plays a role in the development of a strong concentration gradient 
across the mycorrhizal interface. High affinity P and N transporters of ECM and AM fungi 
are highly expressed in the ERM, but down-regulated in the IRM [47, 122]. This favours the 
active absorption of nutrients by the ERM, but reduces the re-absorption of nutrients by the 
IRM. By contrast, mycorrhiza-inducible high affinity plant Pi [23, 24, 56, 123] and NH4+ 
transporters [25, 48, 124] are localized in plant plasma membranes in the interface region. 
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The high expression of these transporters facilitates the uptake of resources by the plant and 
the development of a strong concentration gradient across the interface (Figure 5). Plants 
express low affinity Pi transporters that can also act as channels and stimulate Pi efflux 
under low exogenous Pi concentrations [125]. However, whether fungal Pi transporters in 
the interface may have similar capabilities is still unknown.  

Carbon as trigger for nutrient transport: AM fungi are obligate biotrophs and also ECM 
fungi absorb carbon mainly from the mycorrhizal interface in symbiosis. The carbon from 
the host provides the required resources for an extension of the ERM, for active uptake or 
other energy consuming processes, and for the development of new infection units. The 
supply of carbon by the host has been shown to stimulate the P uptake and transfer in AM 
[83, 94, 126] and ECM symbiosis [95] and it has been suggested that the Pi efflux from the 
IRM could be directly linked to the glucose uptake by the mycorrhizal fungus [127]. The Pi 
efflux from the IRM of the AM fungus Gigaspora margarita can be stimulated by an external 
supply of glucose, and its subsequent phosphorylation is coupled to a breakdown of polyP 
[128]. Also ECM fungi show an increased Pi efflux after a supply with sucrose under pure 
culture conditions [121]. There is currently no molecular evidence for a direct linkage 
between Pi efflux and carbon supply, but it has been shown that the expression of MST2 (a 
monosaccharide transporter of Glomus sp.) and PT4 (the mycorrhiza-inducible P transporter 
in the PAM) are tightly linked [28].  

The carbon supply of the host also stimulates N uptake and transport in the AM symbiosis 
and triggers changes in fungal gene expression [113]. An increase in the carbon availability 
stimulates the expression of several genes involved in N assimilation and Arg biosynthesis4 
in the ERM, but reduces the transcript levels of a fungal urease. This increases the levels of 
Arg in the ERM and stimulates the export of Arg to the IRM (Figure 5). In the IRM, higher 
carbon availability induces fungal arginase and urease activity, but reduces the transcript 
levels of genes involved in Arg biosynthesis. The low expression of these enzymes will 
prevent that NH4+, which is released in the IRM as a result of the increased arginase and 
urease activities, is re-converted into Arg. This will lead to an increase in the internal NH4+ 
level in the IRM and will facilitate N release into the mycorrhizal interface [113]. An effect of 
the photosynthetic activity of the host on N uptake and transport has also been observed in 
ECM birch seedlings [129].  

PolyP hydrolysis: AM and ECM fungi store significant amounts of P as polyP and it is 
generally assumed that polyP play an important role in the transport of P and N from the 
ERM to the IRM [116] (Figure 5). An active hydrolysis of polyP in the IRM would release Pi 
and Arg (for subsequent breakdown into NH4+ by the catabolic arm of the urea cycle) into 
the fungal cytoplasm and would facilitate the efflux into the mycorrhizal interface. AM and 
ECM fungi regulate the nutrient transport to the host by the accumulation or remobilization 
of polyP and it has been shown that the carbon supply of the host plant can trigger polyP 
hydrolysis [83, 94, 95, 113]. It has been proposed that polyP synthesis and breakdown could 
                                                                 
4 N assimilation: glutamine synthetase, glutamate synthase; Arg biosynthesis: carbamoyl-phosphate synthase 
glutamine chain, argininosuccinate synthase, argininosuccinate lyase 
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be regulated by the activity of H+-ATPases in the fungal tonoplast [130] or by a differential 
regulation of the involved enzymes.  

Effects on membrane permeability. The accumulation of particular ions (e.g. H+, K+, Na+, 
Ca2+) in the interfacial apoplast could lead to a depolarization of the transmembrane electric 
potential and to an opening of ion channels [131, 132]. Monovalent cations, such as Na+ and 
K+, have been shown to stimulate Pi efflux from ECM fungal hyphae in pure culture 
experiments and could also have an effect on fungal re-absorption [121]. Lyso-
phosphatidylcholine (LPC) acts in AM roots as a lipophilic signal, that induces the 
expression of mycorrhiza-inducible P transporters and there are indications for an 
extracellular localization and production of LPC. LPC leads to a rapid extracellular 
alkalinization of tomato cells in suspension-cultures [133] and could have similar effects also 
on the fungal membrane potential at the mycorrhizal interface. AM and ECM fungi in 
symbiosis have been shown to express aquaporins [118, 134]. Aquaporins are integral 
membrane channels that facilitate the concentration gradient-driven water and/or solute 
transport through the plasma membrane. In root nodules, aquaporins have been shown to 
be involved in the NH4+ flux through the symbiosome membrane that encloses the N fixing 
bacteroids [135]. In ECM roots, they could facilitate the transport of NH4+ through the fungal 
plasma membrane into the interfacial apoplast and in combination with a reduced re-
absorption increase the net transport of NH4+ to the host [118]. Aquaporins could also 
stimulate the efflux of other nutrients, such as phosphate, through the fungal plasma 
membrane into the mycorrhizal interface [136]. 

6. Conclusions 

It has been hypothesized that mycorrhizal growth responses follow a mutualism – 
parasitism continuum [137] and that the outcome of the symbiosis primarily depends on 
cost (carbon) to benefit (nutrient gain) ratios. When the nutrient availability in the soil is 
high, growth depressions in AM plants have been observed [e.g. 138, 139], and it was 
generally assumed that the negative growth responses are the result of the high carbon costs 
of the symbiosis for the host plant that are not counterbalanced by a net gain in P. 
Alternatively, it has been suggested that negative growth responses in AM interactions 
could also be the result of a reduced P uptake via the plant pathway which is not 
compensated for by an increase in P uptake via the mycorrhizal pathway, leading to an 
overall reduction in total P uptake and P deficiency for the plant [52]. Similarly, it has been 
proposed that for ECM plants carbon is an excess rather than a costly resource and that the 
outcome of the symbiosis for the host is primarily dependent on the nutrient acquisition 
efficiency of the ECM fungus [140].  

Carbon to P exchange processes in the AM symbiosis are driven by biological market 
dynamics and both partners reciprocally reward beneficial partners with more resources 
[94]. AM fungi differ in their efficiency with which they suppress the plant nutrient uptake 
pathway [55]. AM fungi are completely dependent on their host plant for their carbon 
supply, and it is interesting to speculate that the suppression of the plant pathway could be 
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IRM could be directly linked to the glucose uptake by the mycorrhizal fungus [127]. The Pi 
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supply of glucose, and its subsequent phosphorylation is coupled to a breakdown of polyP 
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culture conditions [121]. There is currently no molecular evidence for a direct linkage 
between Pi efflux and carbon supply, but it has been shown that the expression of MST2 (a 
monosaccharide transporter of Glomus sp.) and PT4 (the mycorrhiza-inducible P transporter 
in the PAM) are tightly linked [28].  

The carbon supply of the host also stimulates N uptake and transport in the AM symbiosis 
and triggers changes in fungal gene expression [113]. An increase in the carbon availability 
stimulates the expression of several genes involved in N assimilation and Arg biosynthesis4 
in the ERM, but reduces the transcript levels of a fungal urease. This increases the levels of 
Arg in the ERM and stimulates the export of Arg to the IRM (Figure 5). In the IRM, higher 
carbon availability induces fungal arginase and urease activity, but reduces the transcript 
levels of genes involved in Arg biosynthesis. The low expression of these enzymes will 
prevent that NH4+, which is released in the IRM as a result of the increased arginase and 
urease activities, is re-converted into Arg. This will lead to an increase in the internal NH4+ 
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ECM birch seedlings [129].  

PolyP hydrolysis: AM and ECM fungi store significant amounts of P as polyP and it is 
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be regulated by the activity of H+-ATPases in the fungal tonoplast [130] or by a differential 
regulation of the involved enzymes.  

Effects on membrane permeability. The accumulation of particular ions (e.g. H+, K+, Na+, 
Ca2+) in the interfacial apoplast could lead to a depolarization of the transmembrane electric 
potential and to an opening of ion channels [131, 132]. Monovalent cations, such as Na+ and 
K+, have been shown to stimulate Pi efflux from ECM fungal hyphae in pure culture 
experiments and could also have an effect on fungal re-absorption [121]. Lyso-
phosphatidylcholine (LPC) acts in AM roots as a lipophilic signal, that induces the 
expression of mycorrhiza-inducible P transporters and there are indications for an 
extracellular localization and production of LPC. LPC leads to a rapid extracellular 
alkalinization of tomato cells in suspension-cultures [133] and could have similar effects also 
on the fungal membrane potential at the mycorrhizal interface. AM and ECM fungi in 
symbiosis have been shown to express aquaporins [118, 134]. Aquaporins are integral 
membrane channels that facilitate the concentration gradient-driven water and/or solute 
transport through the plasma membrane. In root nodules, aquaporins have been shown to 
be involved in the NH4+ flux through the symbiosome membrane that encloses the N fixing 
bacteroids [135]. In ECM roots, they could facilitate the transport of NH4+ through the fungal 
plasma membrane into the interfacial apoplast and in combination with a reduced re-
absorption increase the net transport of NH4+ to the host [118]. Aquaporins could also 
stimulate the efflux of other nutrients, such as phosphate, through the fungal plasma 
membrane into the mycorrhizal interface [136]. 

6. Conclusions 

It has been hypothesized that mycorrhizal growth responses follow a mutualism – 
parasitism continuum [137] and that the outcome of the symbiosis primarily depends on 
cost (carbon) to benefit (nutrient gain) ratios. When the nutrient availability in the soil is 
high, growth depressions in AM plants have been observed [e.g. 138, 139], and it was 
generally assumed that the negative growth responses are the result of the high carbon costs 
of the symbiosis for the host plant that are not counterbalanced by a net gain in P. 
Alternatively, it has been suggested that negative growth responses in AM interactions 
could also be the result of a reduced P uptake via the plant pathway which is not 
compensated for by an increase in P uptake via the mycorrhizal pathway, leading to an 
overall reduction in total P uptake and P deficiency for the plant [52]. Similarly, it has been 
proposed that for ECM plants carbon is an excess rather than a costly resource and that the 
outcome of the symbiosis for the host is primarily dependent on the nutrient acquisition 
efficiency of the ECM fungus [140].  

Carbon to P exchange processes in the AM symbiosis are driven by biological market 
dynamics and both partners reciprocally reward beneficial partners with more resources 
[94]. AM fungi differ in their efficiency with which they suppress the plant nutrient uptake 
pathway [55]. AM fungi are completely dependent on their host plant for their carbon 
supply, and it is interesting to speculate that the suppression of the plant pathway could be 
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more a fungal-driven than a host-motivated response. A strong suppression of the plant 
pathway will shift the ratio between both uptake pathways towards the mycorrhizal 
pathway and will result in a higher mycorrhizal dependency of the host. A high mycorrhizal 
dependency increases the carbon allocation to the root system [141], and this will make 
more carbon available for the fungus, which in return has been shown to trigger P and N 
transport in the AM symbiosis [83, 94, 113, 126]. This is also consistent with the observation 
that the N transport to the host was reduced when the fungus had access to an additional 
carbon source [113], and the mycorrhizal dependency of the fungus was reduced. This 
indicates that the fungus is more in control of the symbiosis than previously been suggested 
and that mycorrhizal fungi can gain an advantage in the symbiosis by adjusting their 
nutrient transfer to the host.  

The question arises, whether and how the host plant is able to control the symbiosis. 
Arbuscules in the AM symbiosis undergo in the host cell a cycle of growth, degradation, 
senescence and recurrent growth, and the typical life span of arbuscules is only 8.5 days 
[142]. The life span of arbuscules has been shown to depend on their ability to deliver 
nutrients to the host and is regulated by the host plant demand. A high supply of the plant 
with P, leads in roots of Petunia hybrida to malformed arbuscules with a low branching 
pattern. P acts systemically and even a relatively small increase in the P level in the shoot, 
has a large effect on the AM colonization [143]. This effect was not the result of 
transcriptional changes in SYM genes, but was correlated to a decrease in the expression of 
the mycorrhiza-inducible P transporter (Pt4) in the PAM. Pt4 expression plays a critical role 
for the AM symbiosis and when MtPt4 (Pt4 of Medicago truncatula) is not expressed, 
arbuscules are prematurely degraded and the fungus is unable to proliferate within the host 
[144]. Interestingly, in MtPt4 mutants under N deficiency the degeneration of arbuscules is 
suppressed [145], what suggests that plant and fungus can change their resource exchange 
dynamics according to nutrient demand and supply conditions. The host driven regular 
turnover of arbuscules seems to provide the AM plant with an instrument to remove and ‘to 
penalize’ inefficient AM fungal symbionts [8], and to respond with transformations in its 
intracellular colonization to short term changes in the exogenous nutrient supply conditions.  
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more a fungal-driven than a host-motivated response. A strong suppression of the plant 
pathway will shift the ratio between both uptake pathways towards the mycorrhizal 
pathway and will result in a higher mycorrhizal dependency of the host. A high mycorrhizal 
dependency increases the carbon allocation to the root system [141], and this will make 
more carbon available for the fungus, which in return has been shown to trigger P and N 
transport in the AM symbiosis [83, 94, 113, 126]. This is also consistent with the observation 
that the N transport to the host was reduced when the fungus had access to an additional 
carbon source [113], and the mycorrhizal dependency of the fungus was reduced. This 
indicates that the fungus is more in control of the symbiosis than previously been suggested 
and that mycorrhizal fungi can gain an advantage in the symbiosis by adjusting their 
nutrient transfer to the host.  

The question arises, whether and how the host plant is able to control the symbiosis. 
Arbuscules in the AM symbiosis undergo in the host cell a cycle of growth, degradation, 
senescence and recurrent growth, and the typical life span of arbuscules is only 8.5 days 
[142]. The life span of arbuscules has been shown to depend on their ability to deliver 
nutrients to the host and is regulated by the host plant demand. A high supply of the plant 
with P, leads in roots of Petunia hybrida to malformed arbuscules with a low branching 
pattern. P acts systemically and even a relatively small increase in the P level in the shoot, 
has a large effect on the AM colonization [143]. This effect was not the result of 
transcriptional changes in SYM genes, but was correlated to a decrease in the expression of 
the mycorrhiza-inducible P transporter (Pt4) in the PAM. Pt4 expression plays a critical role 
for the AM symbiosis and when MtPt4 (Pt4 of Medicago truncatula) is not expressed, 
arbuscules are prematurely degraded and the fungus is unable to proliferate within the host 
[144]. Interestingly, in MtPt4 mutants under N deficiency the degeneration of arbuscules is 
suppressed [145], what suggests that plant and fungus can change their resource exchange 
dynamics according to nutrient demand and supply conditions. The host driven regular 
turnover of arbuscules seems to provide the AM plant with an instrument to remove and ‘to 
penalize’ inefficient AM fungal symbionts [8], and to respond with transformations in its 
intracellular colonization to short term changes in the exogenous nutrient supply conditions.  
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1. Introduction 

Monoclonal Hevea brasiliensis (Willd. ex Adr. De Juss) Muell. Arg.)is principally valued for 
its latex content, the latex or Natural Rubber (NR) is very significant in world’s 
industrialization. This importance has been expressly emphasized in the production of 
elastomers, the use of which is indispensable in space, water, and ship technologies (Jacob 
2006). The dependence of world industrialization on NR production is further underscored 
especially now considering the diminishing reserves of petroleum with increasing 
environmental hazards. 

The rubber tree is subject to a plethora of economically important pathological problems, 
mainly of fungal origin (the basisdiomycetes) (Igeleke, 1998). In Nigeria, the most serious 
diseases of rubber seedlings and budded plants in the nursery are leaf diseases (Begho, 
1990), while In mature plantation, the most devastating leaf disease is the South American 
Leaf Blight (SALB), and Corynespora Leaf Fall Disease (CLFD) appears to be next to SALB. In 
field plantations, root diseases pose a serious problem especially in the first few years after 
planting. In Nigeria, the white root rot disease of rubber is the most serious. It accounts for 
about 94% of incidences of all root diseases and kills up to five Hevea trees/ha (Otoide, 1978). 
Over a period of time, half of the rubber trees in a plantation are lost to the disease. The 
infective fungal organism of the white root rot disease is Rigidoporus lignosus (klotzsch) 
Imazeki. The brown root rot disease (Phellinus noxius) Corner-Cunn., unlike the white root 
rot, is most the most serious root disease in Hevea plantations in Liberia while R. lignosus 
and Armillaria root rots occur to a lesser extent (Nandris et al. 1987). Similarly, in Cote 
d´lvoire, R. lignosus is the main cause of Hevea tree losses with 40-60% of the trees destroyed 
over a period of up to 21 years (Nandris et al. 1987). The white root rot incidence is absent in 
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India, however, it is serious in Malaysia, Sri Lanka and Congo (Rajalakshmy and 
Jayarathnam 2000), aside its severe occurrences in Nigeria and Cote d´lvoire.  

Rubber tree exhibits natural resistance to invading root pathogens. Resistance often breaks 
down due to effect of pathogens that colonize living tissues of the tree to obtain nutrients as 
a result of the damaging and weakening of the plant with toxins or by preventing the plants 
defense mechanism (Jayasuriya 2004). A number of certain defense mechanisms in Hevea 
against R. lignosus and P. noxius have been identified. These include cellular hypertrophy 
and hyperplasia, cambium activity stimulation, lignifications and suberification of certain 
cell walls (Jayasuriya 2004., Nicole et al 1985).  

The process of pre- infection involves pathogen breaking down the host cuticle and cell 
wall. Plants respond to infection process by producing anti-microbial compounds of low 
molecular weight (phytoalexins) (Darvill et al 1984). Hevea plants produce anti-microbial 
phenolic compounds such as coumarins, flavonoids, triterpenes among others (Jayasuriya 
2004) that can partially or completely inhibit microbial infection.  

The growth and spread of infective fungal pathogens from existing population have been on 
the increase with great virulency and inflicting damages even to resistant genotypes. The 
impact of fungal pathogens results in crop losses. The production of phenylalanine 
ammonia-lyase (PAL) is implicated as key enzyme in the plant phenyl propanoid pathway 
to catalyse the synthesis of phenyl lignin and phytoalexin from L-phenylalanine (Jones 
1984). The synthesis of these anti-microbial compounds and the subsequent increase in PAL 
concentration are often useful resistance indicator in the host (Nicholson and Hammerschmidt 
1992). Also, oxidases and peroxidases are known to be actively involved in polymerization of 
phenolic compounds in the lignin formation. In resistance mechanism action of peroxidase is 
related to initiation of hypersensitive cell collapse (Simons and Rose 1971). 

Pathogenesis-related proteins(PR) is yet another defense response of rubber against 
pathogen infection (Narasimhan et al 2000) The PR protein induced by polyacrylic, acetyl 
salicylic (aspirin) and salicylic acids are known to increase resistance to pathogens 
(Gianinazzi 1984). 

There is variation among high yielding genotypes in disease tolerance level. In this regard, 
some clones are resistant to virtually most of the diseases but are susceptible to few diseases. 
However, certain clones exhibit tolerance to few diseases but some others are susceptible to 
many diseases. There are few clones which tolerate characteristics of pathogens, and as a 
result of abiotic factors, produce new strains, and these strains can be more aggressive 
against rubber clones. Mutation is seen to be responsible for variability in pathogens, which 
involves changing sequence bases in the nuclear DNA, either by way of substitution or 
addition or deletion of one or many base pairs. 

The Hevea root fungal parasites- R. lignosus, and P. noxius are polyporaceae major causes of 
rubber tree losses in plantation causing the decay of lignified root tissues (Geiger et al 1986). 
R. lignosus is partially involved lignin consumption where as P. noxius degrade the 
polysaccharide fraction of but not lignin (Cowling 1961., Kirk 1971), however, findings by 
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Geiger et al (1986) showed that R. lignosus and P. noxius degrade both the lignin and 
polysaccharide fractions of the wood. Although P. noxius exhibits preferential degradation 
of polysaccharides, whereas, R. lignosus degrades both the lignin and polysaccharides in a 
relatively balanced manner but with slight preference for lignin.  

The H. brasiliensis belongs to the family Euphorbiaceae of laticiferous plants. The tree 
growth can reach a height of over 20 m. Root decaying pathogens, Rigidoporus lignosis and 
Phellinus noxius are considered economically important in Africa and Asia due to the fact 
that they are most dangerous root parasites of the Hevea trees. The R. lignosus is most 
notorious in its destructive effects on rubber plants. 

2. Mechanism of disease infection cycles 

The host-parasite interactions involve attacks by R. lignosus on the tap root of the Hevea tree. 
The process of disease infection is basically through three stages namely penetration, 
colonization and degradation. The pathogen penetrates the root system and colonize the 
tissues. The mycelium of the pathogen, there after degrade the host’s cell structures. The 
root rot pathogen of R. lignosus must repeatedly carry out penetration and colonization of 
their host cell wall. R. lignosus carries out its disease infection activities either by enzymatic 
digestion of the tissues characterized by differentiation of specialized structures (Nicole et al. 
1986), or by mechanically penetration through colonized natural openings or wounds. 
Affected host tissues colonized by R. linosus through perforation and digestion of cell walls 
or by penetration through pores and pits of the vascular tissues (Nandris et al 1987). Usually, 
fungal hyphae can be observed as intra and inter interactions of the cell wall. Such 
observations have revealed some distortions of the cell wall, as well as digestion of the 
middle lamella and of the cell walls. The implication of these distortions is that enzymatic 
actions are involved in degradation of cell wall polymers. The root rot path-produce a host 
range of enzymes which are cell wall degrading enzymes (CWDE) that may correspond to 
the diverse polymers in plant cell wall of the host and parasite. Infected tissues parasitized 
are said to contain three enzymes as CM-cellulose, pectinase and Laccase for which their 
involvement in the pathogenic activity may be presumed (Geiger et al 1986). Enzymatic 
actions in infected tissues are much higher when compared to enzyme activities in healthy 
tissues. In defense response, the host reacts to parasite infection with increased enzymes 
from the stimulation of the biosynthesis of enzymes that are present in healthy tissues 
(Geiger et al 1986). Pegg (1977) claimed the enzymes involved take part in host defense 
responses to the parasite by degrading structural polymers in the mycelia wall. A 
hypothesis most frequently proposed and verified (Albershiem et al 1969) relates to 
excretion of parasite produced enzymes into the host tissues. The enzymes would be 
involved in pathogenesis by degrading the polymers in the invaded tissues. Studies of some 
β-(1-3) glucanases when synthesized by tomato plantlets, they degrade the β-(1-3) glucans of 
the invading parasite. Verticillium alboatrum (Pegg & Young 1981). 

Analysis of root tissues (Geiger et al 1986) indicated that some enzymes – (CM – cellulose, 
pectinase, laccase) are present only in parasite tissues. It is explained that these enzymes are 
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biosynthesized by the parasite and not by the host. However, it is yet to be shown that the 
fungi are able to perform biosyntheses of those enzymes. 

3. Degrading enzymes of cell wall effects in pathogenicity 

Involvement of CWDE goes through certain criteria. The synthesis of CWDE is not a proof 
of involvement in disease. Pathogens with low potentials for the production of CWDE, the 
ability of cells to reduce the viscosity of a polysaccharide or to grow on a polysaccharide 
implies synthesis of the relevant polysaccharide, and lack of growth can sometimes reflect 
inability to metabolize the end product. 

Studies of transmission electron microscopy show valuable indications to the participation 
of CWDE. Microcopic alterations of walls of the infected tissue is displacement of wall fibrils 
indicating mechanical penetration, whereas extensive wall dissolution signifies freely 
diffusible extracellular CWDE. Loss of the middle Lamella implies action by pectic enzymes 
(Baker et al 1980) which may also be revealed by lost affinity for the specific stains, ferric 
hydroxylamine. Alteration or loss of wall microfibrils resulting from cellulose activity is also 
obvious as reduced birefringence under polarized light. 

In wood degradation by enzymes of white root rot fungi the structural elements cellulose, 
hemicelluloses and lignin synthesized and deposited in the plant cell walls reinforce the 
mechanical strength and rigidity of the stems of higher plants. 

In the host specificity of wood rotters (Tuor et al 1995), hard and softwood are distinguished 
by structural elements building the phenylypropane backbone of the lignin component. 
Lignin is a three dimensional, optically inactive phenyl propanoid polymer randomly 
synthesized from coniferyl, p-coumaryl and sinapyl alcohol precursors (Sarkanen and 
Ludwig 1971). Soft wood on the other hand is referred to as guaiacyl lignin, having over 
95% coniferly alcohol (4-hydroxy-3-methoxy-cinnamyl alcohol) units. 

4. Pathogenicity of rigidoporus lignosus and mechanism infection cycle 

Hevea trees are usually killed by root rot pathogens infecting the plants and detection is 
difficult at the early stages of disease development. Symptoms of root diseases in the above 
ground level are somewhat similar but differ in the below ground level (Farid et al 2009). 
Generally, the presence of above ground symptoms shows that the trees are now 
untreatable due to the fast and increased rate of disease infection their make death of plants 
imminent. 

Infected trees show a general foliage discoloration, proceeded sometimes by premature 
flowering and fruiting. Affected tree branches die back until the whole canopy is destroyed 
and the tree eventually dies. In Nigeria, the foliage symptoms appear only when the tree is 
beyond treatment and recovery. The pathogen R. lignosus, forms large firm semi fleshy, 
often tiered brackets, on the collar of infected trees in the advanced stage of the disease. 
Normally formations of fructification come up only and after the trees have been dead for a 
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while. Distinctive features of fructification (basidiocarps) (Fig.1), show the upper surface of 
concentric zones that is brownish-orange with a bright yellow margin when fresh, while the 
lower surface is reddish-brown. 

 
Figure 1. Basidiocarps of R.lignosus on dead Hevea tree. 

When roots of infected are exposed, profusely branched white rhizomorphs are readily seen. 
The rhizomorphs are flattened mycelia strands of 1-2 mm thick that grow firmly attached to 
the surface of infected roots (Fig. 2).  

The rhizomorphs grow rapidily and ahead of the rot and extend many meters through the 
soil freely hindrances from woody substrate. The internal progression of the development of 
the root rot pathogen is rather an ectotrophic growth characteristic. At infection point, the 
parasite penetrates the taproot down the soil. Nandris et al. (1987) explained for infection to 
take place, the rhizomorphs are subjected to morphogenetically state into infectious hyphae  
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Figure 2. Rhizomorph strands on the collars of root of Hevea tree. 

exhibiting degrading extracellular enzymes capable of wood rotting. The authors further 
stated that this mechanism is strictly regulated by partial anoxia conditions in the soil. 
Following root infection, colonization within the taproot progresses towards the collar 
region and other parts of the root. Newly killed wood is brownish thereafter turns cream 
and soft. This shows fading of coloration along a gradient from the progression front of the 
parasite toward the tissues that were colonized before now. The effect of R. lignosus causing 
white root rot extracellular enzymes degradation of lignin in the cell walls of the root 
system. The basidiocarps seen at the collar region of the tree produce a large number of 
basidiospores especially during rainy season, but appear less functional in the dissemination 
of the disease. According to Nandris et al.(1987), this role is one of the most controversial 
points in the biology of R. lignosus. The spores are viable, however, John (1965) asserted 
that there is agreement now that the probability of a spore germinating in situ on a 
receptive substrate is rather very low. In newly established Hevea plantation after clearing 
of a forest, mycelia of R. lignosus do cause infection to take place. However, in the second 
planting, spores can become inoculum source for infecting the stump surfaces of old 
rubber trees that are existing between the planting rows. In plate cultures, R. lignosus 
growth on potato dextrose agar (PDA) or malt agar (MA) forms a superficial, extensive 
white fluffy myceilia (Fig.3). 
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Figure 3. Fluffy growth of R. lignosus Disease Symptom Expression 

Foliage of infected trees shows general discoloration, often preceded by premature 
flowering and fruiting. Branches of infected tree die back until the whole canopy is 
destroyed and the tree eventually dies. In Nigeria, usually the foliage symptoms appear 
only when the tree is no longer treatable. Exposure of roots around the collar infected trees 
is carried out by searching the collars with wooden like spades for the presence of 
rhizomorph filaments. The stick-trapping method is also a useful tool in detecting the 
growth of R. Lignosus. The sticks of Hevea wood are poked down the soil around the collar of 
the tree. The developments of mycelium on the stick are checked after three weeks of 
insertion into the soil. Another technique is the use of mulch around the collar for three 
weeks to provide a damp microclimate for the superficial mycelium growth on the collars of 
the trees. After three weeks the mulch is removed, mycelia growth of R. lignosus can be seen. 

Generally, two phases characterize the spatial spread of root rot disease in Hevea plantations 
(Nandris et al 1985). In the disease cycle of white root rot (Fig. 4), the processes involve 
infection and colonization by mycelia of the root system of young rubber trees growing 
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Figure 3. Fluffy growth of R. lignosus Disease Symptom Expression 
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destroyed and the tree eventually dies. In Nigeria, usually the foliage symptoms appear 
only when the tree is no longer treatable. Exposure of roots around the collar infected trees 
is carried out by searching the collars with wooden like spades for the presence of 
rhizomorph filaments. The stick-trapping method is also a useful tool in detecting the 
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weeks to provide a damp microclimate for the superficial mycelium growth on the collars of 
the trees. After three weeks the mulch is removed, mycelia growth of R. lignosus can be seen. 

Generally, two phases characterize the spatial spread of root rot disease in Hevea plantations 
(Nandris et al 1985). In the disease cycle of white root rot (Fig. 4), the processes involve 
infection and colonization by mycelia of the root system of young rubber trees growing 
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from stumps of infected forest tree or otherwise referred to as primary inoculums. The other 
aspect is progress of the pathogen along roots from infected trees (second inoculums) toward 
healthy rubber trees around (Fig. 4). The mycelia growth length of R. Lignosus is about 2.5 m 
while it is 0.7 m for P. noxius per year (Nandris et al. 1987). This clearly shows comparative 
growth rates of the two root pathogens of Hevea that reveals differences in rapidity of spread. 
According to Nandris et al. (1985), disease development and death of Hevea trees are most 
rapid during the first few years after planting. Infection cycle development in diseased trees 
usually results in sudden death, delayed death or survival of infected trees.  

5. Assessment of effect of white root rot disease on quantity and quality 
of rubber production 

The level of incidence of white root rot disease and its effect on Hevea latex were evaluated 
at the Rubber Research Institute of Nigeria, main station, Iyanomo (Table 1). The plantation 
was previously cropped with cassava, yam, and plantain. The plantation consists of 36 sub 
plots of one hectare each with nine clones planted out in a completely randomized block 
designed. Six Hevea test clones comprising three local clones – NIG 800, 801, 802, 803, 804, 
805, and exotic clones – GT1, PR 107, and RRIM 700 were assessed for the study. Assessment 
of the severity of the white root rot disease was based on disease index method by Parry 
(1990) on a scales of 0 = no infection, 1 = light infection, 2 = moderate infection, and 3 = 
severe infection. Infection was then calculated using the following formula, thus: 

(0 × a)+(1 × b)+( 2 × c)+( 3 × d) ×100Disease index(DI) =
a + b+c +d x

 

where, 

0, 1, 2, and 3 are infection categories 
a, b, c, and d are plants that fall into the infection categories 
x is the maximum disease category which is 4 

 
Hevea clones 

Rep. NIG  
800 

NIG  
800 

NIG  
800 

GT 1 PR 
107 

RRIM 
707 

1 25.10 23.18 28.00 9.34 25.30 22.83 
2 31.72 21.10 20.13 10.75 27.47 26.48 
3 28.13 29.19 29.90 10.61 33.61 37.11 
4 26.53 34.00 32.00 28.14 35.80 22.00 
Mean 27.87 26.87 27.51 14.71 30.55 26.86 

Table 1. Disease indices of incidence of white root rot of six Hevea test clones.  

Disease indices recorded showed highest susceptibility score in PR 107 (30.55) and lowest 
score in GT 1 (14.71). Intermediate scores among other clones were equally high compared 
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with PR 107. The lowest susceptibility in GT 1 indicated that GT 1 showed a significant level 
of resistance to the white root rot disease. 

 
Figure 4. Diagramatic illustration of white root rot disease cycle. 

The result of the white root rot incidence in six clones are shown in Table 1. 

Based on the susceptibility status recorded, the GT 1 Lowest susceptibility status was 
assessed for the volume of latex and dry weight of cup lumps from effects at different 
infection categories of white root rot incidence (Table 2). The ‘O’ infection category had the 
highest volume of latex (228.93 cm3), however, showed no significant difference with the 
rest clones. The highest infectivity category gave the highest dry weight of cup lumps 
(118.88g), followed by ‘0’ ‘1’ and ‘2’ categories but no significant difference among the clones 
was obtained. This may be attributed to increase in DRC in response to effect of the white 
root rot disease.  
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with PR 107. The lowest susceptibility in GT 1 indicated that GT 1 showed a significant level 
of resistance to the white root rot disease. 

 
Figure 4. Diagramatic illustration of white root rot disease cycle. 
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assessed for the volume of latex and dry weight of cup lumps from effects at different 
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rest clones. The highest infectivity category gave the highest dry weight of cup lumps 
(118.88g), followed by ‘0’ ‘1’ and ‘2’ categories but no significant difference among the clones 
was obtained. This may be attributed to increase in DRC in response to effect of the white 
root rot disease.  
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Infection category Volume of latex (cm3 ) Dry weight of cup lumps (g) 
0 228.93 114.00 
1 192.44 103.71 
2 191.17 94.00 
3 224.18 118.88 

Cv (%) 26.91 28.24 

Table 2. Volume of latex and dry weight of cup lumps under infection categories in GT 1  

6. White root rot observations of hevea clones 
Observations recorded at Rubber Research Institute of Nigeria (RRIN), Iyanomo, on the 
roots of some Hevea clones after ten years of planting are shown in Tables 3 & 4. Results of 
root rot observations showed that the white root rot accounted for almost all the root rots 
investigated indicating that there was high incidence of white root rot disease. Inspite of the 
high incidence of the white root rot, only a small proportion of the trees with root rot 
infection were actually killed by the disease. From this study, sixteen of the RRIN clones (‘C’ 
clones) examined recorded no loss due root disease infection. However, the remaining 
fourteen ‘C’ clones and PB 86 had losses due to root rot infection. 
 

Clone No. Planted 
Out 

No. 9 
Survival

No. with White 
Root Rot 

No. of Dead 
From Root Rot

% Infection % Survival 

RRINSC*1 9 5 3 1 44.44 55.55 
3 9 7 5 1 55.55 77.77 
8 9 8 6 1 66.66 88.88 
11 9 7 5 1 55.55 77.77 
21 9 9 6 - 66.66 100.00 
27 9 9 7 - 77.77 100.00 
28 9 8 6 1 66.66 88.88 
29 9 6 4 3 44.44 66.66 
42 9 9 5 - 55.55 100.00 
43 9 8 4 1 44.44 88.00 
47 9 9 8 1 88.88 100.00 
51 9 8 8 1 88.88 88.88 
52 9 9 7 - 77.77 100.00 
54 9 9 6 - 66.66 100.00 
55 9 6 6 3 66.66 66.66 
58 9 8 6 1 66.66 88.88 
75 9 8 6 1 66.66 88.88 
76 9 7 4 2 44.44 77.77 
82 9 7 5 1 55.55 77.77 
83 9 9 6 - 66.66 100.00 
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Clone No. Planted 
Out 

No. 9 
Survival

No. with White 
Root Rot 

No. of Dead 
From Root Rot

% Infection % Survival 

85 9 9 8 - 88.88 100.00 
86 9 9 8 - 88.88 100.00 
87 9 9 6 - 66.66 100.00 
97 9 9 6 -   
98 9 5 4 4 44.44 55.55 

*RRINSC - Rubber Research Institute of Nigeria ‘C’ Clones 

Table 3. Root Rot Observation after 10years of Planting at RRIN      

Clone No. Planted 
Out 

No. 9 
Survival

No. with White 
Root Rot 

No. of Dead 
From Root Rot

% Infection % Survival 

RRINSC       
104 9 6 1 2 11.11 66.66 
105 9 9 7 - 77.77 100.00 
106 9 9 5 - 55.55 100.00 
114 9 6 5 1 55.55 66.66 
118 9 9 4 - 44.44 100.00 

PB86 162 121 87 25 53.70 74.69 
* Rubber Research Institute of Nigeria ‘C’ Clones 

Table 4. Impact of Rigidoporus lignosus on H. brasiliensis clones-root rot observations after 10 years of 
Planting. 

7. Fungicide curative approaches 
Reduction of root diseases is performed through some control approaches. Proper clearing 
of land is recommended especially mechanically clearing is the most effective clearing 
method. In the recent past in Nigeria, treatment of infected roots with root rot diseases 
involved excavating the soil around the roots of infected trees, and removal of surface 
rhizomorphs and roots sections penetrated by the pathogen. A long-lasting collar protectant 
dressing fungicides such as pentachloronitrobenzene (PCNB) is then smeared around the 
collar, tap root and basal portion of the main laterals of the tree, before replacing the soil. The 
same treatment is also given to immediate tree neighbors, especially those along the same row. 
This approach is rather labor intensive and quite difficult to apply on a large scale plantation. 

Results of investigation on the effectiveness of calixin fungicide (a.i. tridemorph) at the 
RRIN mainstation, Iyanomo (Table 5) revealed significant reduction of white root rot disease 
of Hevea trees. Virtually all clones treated with calixin recovered satisfactorily. Of the 
fourteen test clones treated with calixin, seven of the clones were over 80% cured of the 
R.lignosus infection while five were over 70% cured. However, these percentages of cured 
plants were highly significantly different at P<0.01. Only a minor proportion of two clones 
with over 50 and 66% were cured and significantly different at P<0.05.The percentages of 
cured trees related to the number of clones that survived from the number of dead clones 
against the number of clones planted out. 
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Clones Dead/ No. Planted No of Survivors Pecentage of Plants cured 
PRINSC  1 2/9 7 77.77 
 3 1/9 8 88.88 
 8 1/9 8 88.88 
 11 1/9 8 88.88 
 28 1/9 8 88.88 
 55 3/9 6 66.66 
 58 2/9 7 77.77 
 75 1/9 8 88.88 
 76 2/9 7 77.77 
 82 1/9 8 88.88 
 98 4/9 5 55.55 
 104 2/9 7 77.77 
 114 2/9 7 77.77 
 PB 86 30/162 133 82.09 

P< 0.01 (Clones with over 70-80% cured) 
P<0.05 (Clones with over 50-60% cured) 
* RRIN SC – Rubber Research institute of Nigeria ‘C’clones 

Table 5. Clones with White Root Rot treated with Calixin .P< 0.01 (Clones with over 70 -80% cured) 

8. Preventive measures against incidence of r.lignosus 

Foliage discoloration of Hevea trees is external indicator of the presence of white root rot 
incidence when the foliage is watched of three months intervals. Notice of foliage 
discoloration is often preceded by premature flowering and fruiting. There after branches 
begin to die back and eventually the whole canopy is destroyed and the tree is dead. This 
phenomenon above ground described serves as a warning sign of the presence of white root 
rot disease. Below ground level reveals the presence of rhizomorphs, is usually by 
inspection of the diseased collar region as well as neighboring trees. 

Clearing methods such as uprooting and poisoning of old trees are found to reduce root 
disease incidence in replanting. The stumps from felled trees should be poisoned and the cut 
surface painted with creosote. This will prevent the root fungi of food sources. 

Planting of legume cover crops helps to reduce root disease since they cause roots and 
stumps to rot faster (Malaysian Rubber Board 2000). It also asserted that about 30g of 
powdered sulphur should be amended into the planting hole. Sulphur is known to promote 
fungal growth antagonistic to incidence of fungal root diseases. 

The use of collar protectant to paint the collar part of the tree is said to prevent root disease 
infection for few years (Malaysian Rubber Board 2000). Suitable fungicidal wound dressing 
should be applied to any damaged part of the tree. This prevents infective spores from 
gaining entry into the plant tissues. The digging of isolation trenches of one meter between 
infected and healthy trees prevents the spread of disease from infected plants to health trees. 
This method is rather difficult and may not be satisfactorily effective. 
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9. Treatment measures  

On exposure of infected root system, all dead roots are removed, bulked and burnt. Soil 
particles attached to the roots are shaken off. After exposure, root surface are dried and 
suitable long lasting collar protect ant fungicide pentachloronitrobenzene (PCNB) is painted 
over the exposed infected root system, including collar, tap root and basal portion of the 
main laterals of the tree, before replacing the soil. The same treatment is carried out for the 
immediate tree neighbors, especially those along the same row. This method of exposing the 
root system and subsequent application of a collar protect ant fungicide is quite labour 
intensive exercise and uneconomical. The PCNB use is hazardous, being carcinogenic and 
has been banned (Rajalakshmy and Jayarathnam 2000). This method has been abandoned in 
most rubber growing regions of the world. 

A less laborious approach is digging a slight furrow around the base of the infected tree and 
drenching the collar region with two liters of 0.5% calixin (a.i.tridemorph). Infected trees as 
well as two direct neighbors in the same row are treated every six months. Other suitable 
fungicides for the treatment of white root rot disease is the use of Bayleton (a.i. triadimefon), 
Bayfidan (a.i. tridimenol), Anvil (a.i. hexaconazole), Folicur (a.i. tebuconazole), Contaf (a.i. 
hexaconazole) and Daconil (a.i. chlorothaconil) (Jayaratne et al 2001). The use of these chemical 
fungicides as described above involving loosening the soil and forming funnel – like furrow 
around the base of the trunk, and then drench the chemicals into the furrow along the trunk of 
the tree with about 10-20 ml at every four to six months is highly effective. 

The purpose of controlling root diseases is to remove their sources of infection or inocula at 
the very young stages of the trees in order to prevent the rest trees from being infected as 
they mature. Due to possible sources of infection it is necessary to put in place adequate 
management measures. In embarking on preparations for the management, the role of 
tapers is necessary since tapers know the locations of the diseased trees in the plantations 
and this however, simplifies task of locating the diseased trees. This explains the need to 
train tapers on how to recognize root diseases and other Hevea disease symptoms. Treating 
diseased plants is to curtail the spread of the disease since it takes a higher cost of treating 
older trees and which may be abandoned and isolated by trenches to reduce the spread of 
root disease to healthy trees. 
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1. Introduction 

The common bean (Phaseolus vulgaris L.) can be affected for more than 300 diseases caused 
by virus, bacteria, fungi, and nematodes. The semibiotroph Pseudocercospora griseola (Sacc.) 
Crous & Braun (sin. Phaeoisariopsis griseola (Sacc.) Ferraris), the causal agent of angular leaf 
spot, represents one of the main fungal pathogens of this crop, manifesting on the stem, leaf, 
and pod [1]. 

Traditionally, the control of the angular leaf spot has been done with the use of resistant 
cultivars, seeds free of pathogen and fungicides. The last one, at a short time, has it’s 
advantages, but for a long period of time, can cause problems due the residues 
accumulation and environmental pollution [2]. Thus, with the objective to find new 
technologies, ecologically or environmentally safer, for the control of plant diseases, mainly 
in organic growth, alternative methods for the control of phytopathogens are been 
development. This kind of alternative methods are been investigated by our ‘Biological and 
Alternative Control of Plant Diseases’ research group [3]. 

The induction of resistance in plants involves the activation of defense latent mechanisms [4] 
in response to the treatment with elicitor agents, protecting against subsequent infection by 
pathogens. Among the non-conventional elicitors can be included the extracts of medicinal 
plants and essential oils [5], homeopathic drugs [6], as well as the extracts obtained from 
mushrooms [7-9]. Among the basidiomycetes with elicitor proprieties stands out Pycnoporus 
sanguineus (L. ex Fr.) Murr. [10], utilized since the medicine [11,12] to the alternative control 
of plant diseases [13,14]. These previous works had shown that the biological properties of 
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1. Introduction 

The common bean (Phaseolus vulgaris L.) can be affected for more than 300 diseases caused 
by virus, bacteria, fungi, and nematodes. The semibiotroph Pseudocercospora griseola (Sacc.) 
Crous & Braun (sin. Phaeoisariopsis griseola (Sacc.) Ferraris), the causal agent of angular leaf 
spot, represents one of the main fungal pathogens of this crop, manifesting on the stem, leaf, 
and pod [1]. 

Traditionally, the control of the angular leaf spot has been done with the use of resistant 
cultivars, seeds free of pathogen and fungicides. The last one, at a short time, has it’s 
advantages, but for a long period of time, can cause problems due the residues 
accumulation and environmental pollution [2]. Thus, with the objective to find new 
technologies, ecologically or environmentally safer, for the control of plant diseases, mainly 
in organic growth, alternative methods for the control of phytopathogens are been 
development. This kind of alternative methods are been investigated by our ‘Biological and 
Alternative Control of Plant Diseases’ research group [3]. 

The induction of resistance in plants involves the activation of defense latent mechanisms [4] 
in response to the treatment with elicitor agents, protecting against subsequent infection by 
pathogens. Among the non-conventional elicitors can be included the extracts of medicinal 
plants and essential oils [5], homeopathic drugs [6], as well as the extracts obtained from 
mushrooms [7-9]. Among the basidiomycetes with elicitor proprieties stands out Pycnoporus 
sanguineus (L. ex Fr.) Murr. [10], utilized since the medicine [11,12] to the alternative control 
of plant diseases [13,14]. These previous works had shown that the biological properties of 
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P. sanguineus depending of its crude or aqueous extract and not of its individual 
compounds, like cinnabarin, or extracts obtained from organic solvents. 

Previous works had shown the potential of P. sanguineus components for controlling plant 
diseases. Aqueous extracts, obtained from liquid medium-culture filtrate (MCF) [15] and 
from mycelium (AEM) [16] of P. sanguineus, were capable to reduce in 82% and 49% to MCF, 
and in 93% and 50% to AEM, in greenhouse and field conditions, respectively, the severity 
of angular leaf spot in bean plants. However, the effect of P. sanguineus fruiting bodies in 
that pathosystem was not investigated. Against plant pathogenic bacteria, fruiting body 
extracts from P. sanguineus were efficient for the control of common bacterial blight in bean, 
caused by Xanthomonas axonopodis pv. phaseoli (Smith – Vauterin, Hoste, Kersters & Swings) 
which can occur either by direct antimicrobial activity and by resistance induction involving 
the activation of some pathogenesis-related proteins [17]. 

In another experiment, the in situ detection of reactive oxygen species (ROS), mainly 
hydrogen peroxide (H2O2) and superoxide (O2.-), was searched in bean plants treated with 
aqueous extracts of the mycelium (AEM) and basidiocarps or fruiting bodies (AEB) of P. 
sanguineus and inoculated after three days with Colletotrichum lindemuthianum ((Sacc. & 
Magn.) Scrib.). It was possible to detect H2O2 at 48 hours after inoculation (hai) only to the 
treatment with basidiocarp extract. The O2.- was detected mainly to the treatment with 
mycelium extract at 48 hai. All the treatments showed reaction for H2O2 and O2.- in 
epidermal and mesophyllic cells at 192 hai, probably due the infection development. These 
results suggest that P. sanguineus extracts promote oxidative burst in bean plants, in early 
infection process, reducing anthracnose severity [18]. 

Thus, this work aimed to investigate the potential of P. sanguineus for controlling angular 
leaf spot in common bean, evaluating the in vitro antimicrobial activity against P. griseola 
and the induction of resistant enzymes as peroxidase, polyphenoloxidase and -1,3-
glucanase, as well as the influence on physiological mechanisms related to the energy 
supply, as the protein content and chlorophyll. 

2. Materials and methods 

Pathogen isolate: Pseudocercospora griseola was obtained from bean plants naturally infected, 
and cultivated in tomato juice (200 mL of tomato juice, 15 g of agar, 4,5 g of CaCO3 and 800 
mL of distillated water) for 14 days at 24 °C and dark [19]. 

Aqueous extract of Pycnoporus sanguineus fruiting body: This process was carried out as 
methodologies [7] and [13]. Fruiting bodies or basidiocarps of P. sanguineus were collected in 
western Paraná State, Brazil, and identified according [10]. To obtain the aqueous extract, 
dehydrated powder from basidiocarps was suspended into distilled water (14 mL g-1) and, 
after 24 h incubation at 4ºC, the suspension was filtered through a common filter paper (8 g 
cm-2) and centrifuged at 20,000 g for 25 min. The supernatant obtained, after this procedure, 
was considered as the crude aqueous extract. 
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Inhibition of conidia germination: This assay was done in microscopic slide covered with a 
thin layer of agar-water 1% (700 L per slide) [20]. Aliquots of 40 L of aqueous extracts in 
concentrations 0, 1, 5, 10, 15 and 20%, sterilized in autoclave or filtrated in nitrocellulose 
membrane (0.45 m of pore diameter) and aliquots of 40 L of conidia suspension of P. 
griseola (1x104 conidia mL-1) obtained of a culture with 14 days old, were distributed in the 
surface of the slide, which were incubated in moist chamber under dark at 24 °C [21]. As 
control treatments were utilized fungicide (azoxystrobin: 40 mg L-1) and acibenzolar-S-
methyl (ASM: 75 mg L-1). The percentage of the germination was determined after 24 hours 
with the addition of 40 L of lactophenol cotton-blue in each slide to paralyze the conidia 
germination. 

Inhibition of the mycelial growth and sporulation of P. griseola: The extracts of basidiocarp 
of P. sanguineus were incorporated in concentrations of 0, 1, 5, 10, 15 and 20%, in tomato 
juice culture medium. The extracts were sterilized in autoclave and also by filtration in 
nitrocellulose membrane (0.45 m of diameter of pore) [22]. As control treatments were 
utilized fungicide (azoxystrobin: 40 mg L-1) and acibenzolar-S-methyl (ASM: 75 mg L-1). For 
transferring P. griseola to Petri dishes, 100 µL of spore suspension (1x104 conidia mL-1) were 
added to the medium and homogenized with Drygalski loop. The Petri dishes were sealed 
with plastic film and maintained at 24 °C and dark. Were evaluated the diameter and the 
number of colonies 14 days after the beginning of the experiment. At the end of the assay of 
mycelial growth inhibition, it was evaluated the sporulation of the fungus. For this, was 
prepared a suspension of conidia by the addition of 10 mL of distillated water per plate and 
determined the number of conidian per mL in Neubauer chamber. 

Experiment in greenhouse: Two plants of common bean (cultivar IAPAR 81 – Carioca) were 
cultivated in plastic pots containing 5 L of a mixture of sterilized soil and sand (proportion 
2:1). To resistance induction assay, were used aqueous extract of P. sanguineus basidiocarp at 
concentration of 10% and 20%. As control treatments were used water, fungicide 
(azoxystrobin - 40 mg L-1) and acibenzolar-S-methyl (75 mg L-1). The extracts and the control 
treatments were sprayed in the 3rd leaf (vegetative stage V4) (3 mL per leaf). 

Field experiment: The experiment consisted in three randomized blocks, with five plots per 
block. Each plot consisted of three lines of 3 m of length, spaced 0.5 m between them, with 
10 plants (cultivar IAPAR 81 – Carioca) per meter. The central line, discounting 0.5 m from 
the anterior and posterior borders, was considerate as useful area for evaluation. For the 
assay of resistance induction, were sprayed aqueous extracts of P. sanguineus basidiocarp at 
concentrations of 10% and 20%, and as control treatments were used water, fungicide 
(azoxystrobin: 40 mg L-1) and the acibenzolar-S-methyl (ASM: 75 mg L-1). The extracts (5 mL 
per plant) were applied twice, the first one in vegetative stage (V3) and the second in 
reproductive stage (R3). 

Pathogen inoculation: The conidia suspension of P. griseola was prepared in water with 
Tween 20 (one drop 500 mL-1), and the concentration adjusted to 4x104 conidian mL-1. The 
inoculation in the greenhouse was done three days after the application of extracts and 
control treatments, in the 3rd treated leaf, as well as in the 4th non-treated leaf (vegetative 
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Tween 20 (one drop 500 mL-1), and the concentration adjusted to 4x104 conidian mL-1. The 
inoculation in the greenhouse was done three days after the application of extracts and 
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stage V4), to verify a putative systemic resistance induction. After the inoculation, the plants 
were maintained in humidity chambers and dark at 24 °C during 48 hours and, later, 
maintained in greenhouse, according to methodology used by [19]. In the field, two 
inoculations were done, the first in vegetative stage (V3) and the second in reproductive 
stage (R3), both three days after the application of extracts and control treatments. 

Severity evaluation: The severity of the angular leaf spot in the greenhouse was evaluated 
in the 3rd and 4th leaves at 8, 12, 16, 20 and 24 days after the inoculation, using diagrammatic 
scale prepared by [23]. In the field, the evaluations started when the first symptoms of 
disease appeared (seven days after the inoculation), and were obtained five evaluations on 
the lower middle canopy of the plant. In the second application of extracts and control 
treatments, the severity was evaluated as the same way that was done in the first 
application, but only evaluating the upper middle canopy. With the severity data was 
calculated the area under the disease progress curve (AUDPC) of angular leaf spot as in 
reference [24]. 

Biochemical analysis: Leaf disc with 3.46 cm2 (three disc per sample) were collected at 48, 
72, 96, and 120 hours after the inoculation (hai) and also after the symptoms appearance (144 
hai). Each collected sample was immediately wrapped in aluminum foil and freeze at -20 °C. 
Samples were collected from the 3rd treated and inoculated leaf, as well as from the 4th non-
treated but inoculated leaf, from the same plant [25]. 

Obtaining the protein extracts: the samples of leaves were mechanically homogenized in 2 
mL of extraction buffer sodium phosphate 0.01 M (pH 6.0), in a porcelain mortar. The 
homogenate was centrifuged at 6.500 g during 10 min at 4 °C. The supernatant was 
considerate the enzymatic extract, for later determination of peroxidase, polyphenoloxidase 
and -1,3-glucanase activities and protein content [25]. 

Peroxidase activity: the peroxidase activity was determined at 30 °C, by spectrophotometer at 
470 nm during 2.15 min [26]. The peroxidase activity was expressed in absorbance min-1 g of 
fresh mass-1. 

Polyphenoloxidase activity: the polyphenoloxidase activity was determined according the 
methodology in reference [27]. The results were expressed in absorbance min-1 g of fresh 
mass-1. 

-1,3 glucanase activity: the enzyme activity was evaluated according to [19]. The reaction 
was determined by colorimetric quantification of glucose released from laminarin, using p-
hydroxybenzhydrazide. The results were expressed in g of glucose min-1 g of fresh mass-1. 

The protein content: the total protein content was evaluated as [28]. The concentration of 
proteins, expressed in equivalent of bovine serum albumin (BSA) in one mL of sample (g 
protein mL-1), was determined utilizing standard curve of concentrations of BSA, varying of 
0 to 20 g mL. 

The chlorophyll content: for the quantification of chlorophyll was utilized an adapted 
methodology [29]. The samples of plant tissue (0.1 g) were packed in glass tube with 10 mL 
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of acetone 80%, during 7 days in the dark at 25 °C. After this time was determined the 
absorbance at 663 nm and 645 nm for chlorophyll a and b, respectively. The concentration of 
chlorophyll a was obtained by the equation (0.0127A663) – (0.00269A645) and of chlorophyll b 
by the equation (0.0029A645) – (0.00468A663). The total chlorophyll content was obtained by 
adding the results of chlorophyll a and b. The values were expressed in mg g of fresh mass-1. 

Statistical analysis: The experiments were arranged in randomized blocks, with five 
treatments. The analyzes of variance (ANOVA) was done using the statistical program JMP 
(Statistical Analysis System SAS Institute Inc. USA, 1989 – 2000 version 4.0.0.), and the 
average compared by the Dunnett’s test in level of 5% of probability. 

3. Results 

There was no significant effect of the concentrations of P. sanguineus basidiocarp extract on 
the spores germination, mycelial growth and sporulation of P. griseola (data not shown), 
indicating the absence of direct antimicrobial activity of these extracts on the pathogen. 

However, in the greenhouse and field experiments, the area under disease progress curve 
(AUDPC) of angular leaf spot showed that the plants treated with P. sanguineus extract at 
10% and 20% differ from the water-treatment, with reduction of 42% and 54% in the 3rd leaf, 
respectively. In the 4th leaf was observed reduction of 69% in the AUDPC for the plants 
treated with basidiocarp extract at 20%, not differing from ASM and fungicide control 
treatments (Table 1), indicating systemic resistance induction. 

In the lower middle canopy, there was no statistical difference in AUDPC for basidiocarp 
extract when compared to water and ASM control treatments. The difference was observed 
just to fungicide treatment, which presented the better protection against angular leaf spot. 
To the upper middle canopy, was verified a reduction of 64% in the AUDPC for the 
treatment with basidiocarp extract at 20%, better then ASM, which is a commercial 
resistance inducers product. So, these results indicate the great potential of P. sanguineus 
extracts for the control of P. griseola in common bean, with local and systemic effects. 

The biochemistry analysis reveled induction of peroxidase activity due the treatment with 
basidiocarp extract on the 3rd treated leaf, as well as in the 4th non-treated and inoculated 
leaf, demonstrating the systemic induction effect of P. sanguineus (Figure 1). In the 3rd leaf 
the basidiocarp extract at 10% reduced the activity of the enzyme when compared to the 
water-treatment and fungicide three days after the inoculation (DAI). To five DAI differed 
from ASM and fungicide, and to seven DAI from ASM. The basidiocarp at 20% presented 
higher activity of peroxidase at four DAI, and inhibition to three, five and seven DAI, when 
compared to ASM, ASM and fungicide and ASM, respectively. The 4th non-treated leaf 
showed the same pattern of 3rd leaf for peroxidase activity. 

The polyphenoloxidase activity was influenced by treatments with extracts of P. sanguineus, 
in the 3rd leaf treated, as well as in the 4th non-treated and inoculated leaf, demonstrating 
systemic effect (Figure 2). In the treated leaf, the extract of basidiocarp at 10% reduced the 
enzyme activity when compared to the water and ASM at three DAI. To four DAI the 
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stage V4), to verify a putative systemic resistance induction. After the inoculation, the plants 
were maintained in humidity chambers and dark at 24 °C during 48 hours and, later, 
maintained in greenhouse, according to methodology used by [19]. In the field, two 
inoculations were done, the first in vegetative stage (V3) and the second in reproductive 
stage (R3), both three days after the application of extracts and control treatments. 

Severity evaluation: The severity of the angular leaf spot in the greenhouse was evaluated 
in the 3rd and 4th leaves at 8, 12, 16, 20 and 24 days after the inoculation, using diagrammatic 
scale prepared by [23]. In the field, the evaluations started when the first symptoms of 
disease appeared (seven days after the inoculation), and were obtained five evaluations on 
the lower middle canopy of the plant. In the second application of extracts and control 
treatments, the severity was evaluated as the same way that was done in the first 
application, but only evaluating the upper middle canopy. With the severity data was 
calculated the area under the disease progress curve (AUDPC) of angular leaf spot as in 
reference [24]. 

Biochemical analysis: Leaf disc with 3.46 cm2 (three disc per sample) were collected at 48, 
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hai). Each collected sample was immediately wrapped in aluminum foil and freeze at -20 °C. 
Samples were collected from the 3rd treated and inoculated leaf, as well as from the 4th non-
treated but inoculated leaf, from the same plant [25]. 

Obtaining the protein extracts: the samples of leaves were mechanically homogenized in 2 
mL of extraction buffer sodium phosphate 0.01 M (pH 6.0), in a porcelain mortar. The 
homogenate was centrifuged at 6.500 g during 10 min at 4 °C. The supernatant was 
considerate the enzymatic extract, for later determination of peroxidase, polyphenoloxidase 
and -1,3-glucanase activities and protein content [25]. 

Peroxidase activity: the peroxidase activity was determined at 30 °C, by spectrophotometer at 
470 nm during 2.15 min [26]. The peroxidase activity was expressed in absorbance min-1 g of 
fresh mass-1. 

Polyphenoloxidase activity: the polyphenoloxidase activity was determined according the 
methodology in reference [27]. The results were expressed in absorbance min-1 g of fresh 
mass-1. 

-1,3 glucanase activity: the enzyme activity was evaluated according to [19]. The reaction 
was determined by colorimetric quantification of glucose released from laminarin, using p-
hydroxybenzhydrazide. The results were expressed in g of glucose min-1 g of fresh mass-1. 

The protein content: the total protein content was evaluated as [28]. The concentration of 
proteins, expressed in equivalent of bovine serum albumin (BSA) in one mL of sample (g 
protein mL-1), was determined utilizing standard curve of concentrations of BSA, varying of 
0 to 20 g mL. 

The chlorophyll content: for the quantification of chlorophyll was utilized an adapted 
methodology [29]. The samples of plant tissue (0.1 g) were packed in glass tube with 10 mL 
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just to fungicide treatment, which presented the better protection against angular leaf spot. 
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treatment with basidiocarp extract at 20%, better then ASM, which is a commercial 
resistance inducers product. So, these results indicate the great potential of P. sanguineus 
extracts for the control of P. griseola in common bean, with local and systemic effects. 

The biochemistry analysis reveled induction of peroxidase activity due the treatment with 
basidiocarp extract on the 3rd treated leaf, as well as in the 4th non-treated and inoculated 
leaf, demonstrating the systemic induction effect of P. sanguineus (Figure 1). In the 3rd leaf 
the basidiocarp extract at 10% reduced the activity of the enzyme when compared to the 
water-treatment and fungicide three days after the inoculation (DAI). To five DAI differed 
from ASM and fungicide, and to seven DAI from ASM. The basidiocarp at 20% presented 
higher activity of peroxidase at four DAI, and inhibition to three, five and seven DAI, when 
compared to ASM, ASM and fungicide and ASM, respectively. The 4th non-treated leaf 
showed the same pattern of 3rd leaf for peroxidase activity. 

The polyphenoloxidase activity was influenced by treatments with extracts of P. sanguineus, 
in the 3rd leaf treated, as well as in the 4th non-treated and inoculated leaf, demonstrating 
systemic effect (Figure 2). In the treated leaf, the extract of basidiocarp at 10% reduced the 
enzyme activity when compared to the water and ASM at three DAI. To four DAI the 
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enzyme activity was stimulated when compared to water and fungicide, and to five DAI 
was smaller than ASM. The basidiocarp at 20% showed increase in activity of 
polyphenoloxidase in relation to fungicide at three DAI, at four and five DAI, when 
compared to the three control treatments and at seven DAI in relation to fungicide. The 4th 
non-treated leaf presented similar effects to the 3rd leaf on the activity of polyphenoloxidase. 
 

 AUDPC

Treatments Greenhouse Field

 3rd Leaf* 4th Leaf* LMC**** UMC**** 

Basidiocarp 10% 24.51,2,3 5.3 51.73 54.21,3 

Basidiocarp 20% 19.51,2,3 2.71 49.93 32.31,2,3 

Water 41.9 8.8 59.4 89.0 

ASM** 2.3 5.2 41.9 67.7 

Fungicide*** 6.7 2.4 6.3 16.1 

C.V. (%) 31.4 7.3 47.5 53.9 

Averages followed by a bold number differ statistically (Dunnett’s test, P≤0.05) of the control treatments water (1), 
ASM (2) or fungicide (3); 
*3rd leaf: treated and inoculated; 4th leaf: non-treated and inoculated from same plant; 
**ASM: acibenzolar-S-methyl (75mg L-1); 
***Fungicide: azoxystrobin (40 mg L-1); 
****LMC and UMC: Lower middle canopy and upper middle canopy of the plant, respectively. 

Table 1. Area under disease progress curve (AUDPC) of angular leaf spot in common bean after the 
application of aqueous extracts of P. sanguineus basidiocarp, in greenhouse and field conditions. 

 

 
Figure 1. Peroxidase activity in bean plants inoculated with Pseudocercospora griseola tree days after the 
application of water (), acibenzolar-S-methyl (ASM 75mg L-1) (), fungicide (azoxystrobin 40mg L-1) 
() and the aqueous extracts of basidiocarp of Pycnoporus sanguineus at 10% and 20% ( and ). A and 
B represent the 3rd treated and inoculated leaf and 4th non-treated and inoculated leaf, respectively. Bars 
indicate an average ± standard error. Average followed by * differ statistically (Dunnett’s test, P≤0.05) 
from the control treatments water (1), ASM (2) or fungicide (3). PF: fresh mass. 
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Figure 2. Polyphenoloxidase activity in bean plants inoculated with Pseudocercospora griseola tree 
days after the application of water (), acibenzolar-S-methyl (ASM 75mg L-1) (), fungicide 
(azoxystrobin 40mg L-1) () and the aqueous extracts of basidiocarp of Pycnoporus sanguineus at 10% 
and 20% ( and ). A and B represent the 3rd treated and inoculated leaf and 4th non-treated and 
inoculated leaf, respectively. Bars indicate an average ± standard error. Average followed by * differ 
statistically (Dunnett’s test, P≤0.05) from the control treatments water (1), ASM (2) or fungicide (3). 
PF: fresh mass. 

The activity of -1,3-glucanase was influenced by the treatments with extract of P. 
sanguineus, in the 3rd leaf, as well as in the 4th non-treated and inoculated leaf (Figure 3). In 
the treated leaf, the extracts of basidiocarp at 10% and 20% reduced the enzyme activity in 
relation to control treatments at five DAI, and at seven DAI for the extract at 20% when 
compared to water and fungicide. In the 4th non-treated leaf there was similar effect to the 
3rd leaf on the activity of -1,3-glucanase. 

 

 

 
 
Figure 3. -1,3-glucanase activity in bean plants inoculated with Pseudocercospora griseola tree days after 
the application of water (), acibenzolar-S-methyl (ASM 75mg L-1) (), fungicide (azoxystrobin 40mg L-

1) () and the aqueous extracts of basidiocarp of Pycnoporus sanguineus at 10% and 20% ( and ). A 
and B represent the 3rd treated and inoculated leaf and 4th non-treated and inoculated leaf, respectively. 
Bars indicate an average ± standard error. Average followed by * differ statistically (Dunnett’s test, 
P≤0.05) from the control treatments water (1), ASM (2) or fungicide (3). PF: fresh mass. 
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enzyme activity was stimulated when compared to water and fungicide, and to five DAI 
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The content of protein was significantly altered, both in the leaf treated with P. sanguineus 
extracts, as well as in the non-treated leaf (Figure 4). The effect of basidiocarp extract at 10% 
was significant at four DAI, stimulating the content of protein in relation to water and to 
fungicide. At five and seven DAI the effect was superior to water and to ASM. The 
basidiocarp at 20% was superior to water and to fungicide (three and four DAI) and at five 
and seven DAI was bigger than the three control treatments. This effect of P. sanguineus 
extracts on the protein content was similar for the 4th non-treated leaf. 

 
Figure 4. Protein content in bean plants inoculated with Pseudocercospora griseola tree days after the 
application of water (), acibenzolar-S-methyl (ASM 75mg L-1) (), fungicide (azoxystrobin 40mg L-1) 
() and the aqueous extracts of basidiocarp of Pycnoporus sanguineus at 10% and 20% ( and ). A and 
B represent the 3rd treated and inoculated leaf and 4th non-treated and inoculated leaf, respectively. Bars 
indicate an average ± standard error. Average followed by * differ statistically (Dunnett’s test, P≤0.05) 
from the control treatments water (1), ASM (2) or fungicide (3). PF: fresh mass. 

The content of chlorophylls a, b and total in common bean treated with aqueous extracts of 
P. sanguineus basidiocarp and challenged with P. griseola was altered significantly, with 
increments in the level of pigments (Figure 5). It was verified a similar behavior in the 
chlorophyll content in the 4th non-treated leaf, emphasizing the systemic effects of P. 
sanguineus on the content of total chlorophyll in common bean. 

4. Discussion 

The basidiocarp extracts did not present direct antimicrobial activity on P. griseola. This is a 
satisfactory result, since for a product be considerate a resistance inductor, this should not 
show antimicrobial activity in vitro or in vivo assays [30]. 

In greenhouse and field it was observed reduction of AUDPC in plants treated with the 
extracts of P. sanguineus. In [13] the authors obtained similar results with aqueous extracts of 
the same basidiocarp, reducing the severity of anthracnose in common bean in a systemic 
way. In reference [31] was demonstrated partial reduction in the severity of anthracnose in 
cucumber leaf pre-treated with the fruiting bodies extracts of Lentinula edodes and Agaricus 
blazei, in a systemic way. The protection effect was dose-dependent and, in a minor degree, 
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time-dependent when it is considered the time interval between induction and pathogen 
inoculation. 
 

 
Figure 5. Chlorophylls a, b and total content in bean plants inoculated with Pseudocercospora griseola tree 
days after the application of water (), acibenzolar-S-methyl (ASM 75mg L-1) (), fungicide 
(azoxystrobin 40mg L-1) () and the aqueous extracts of basidiocarp of Pycnoporus sanguineus at 10% 
and 20% ( and ). A and B represent the 3rd treated and inoculated leaf and 4th non-treated and 
inoculated leaf, respectively. Bars indicate an average ± standard error. Average followed by * differ 
statistically (Dunnett’s test, P≤0.05) from the control treatments water (1), ASM (2) or fungicide (3).  
PF: fresh mass. 

The activities of peroxidase, polyphenoloxidase and -1,3 glucanase, and the content of total 
proteins and chlorophylls were altered in plants treated with P. sanguineus extract. Changes in 
the activities of peroxidase have being frequently correlated to the answer of resistance or 
susceptibility in different pathosystems. The peroxidase is responsible for the remove of atoms 
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proteins and chlorophylls were altered in plants treated with P. sanguineus extract. Changes in 
the activities of peroxidase have being frequently correlated to the answer of resistance or 
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of hydrogen of the hydroxyl cinnamic alcohols groups, whose radical polymerize to form the 
lignin. This polymer, together with cellulose and other polysaccharides occurring in the cell 
wall of the superior plants, works as a physical barrier to the pathogen penetration [4]. 

In [13] was verified peroxidase induction, local and systemically, in bean plants treated with 
aqueous extract of P. sanguineus and challenged with C. lindemuthianum, agreeing with the 
results obtained in this work. In reference [14] the authors evaluated the effects of organic 
extracts of P. sanguineus basidiocarp, and verified that the dichloromethane extract for 
sorghum and soybean, and ethanolic extract for soybean, inhibit the activity of peroxidase, 
while the hexanic extract promotes the activity for sorghum and soybean. In another work 
[32], the peroxidase activity in the common bean was influenced, in a time-dependent way, by 
the number of inducer applications. The inducer ASM promoted increase in the enzyme 
activity in a more accentuated way and faster than the biotic inducer Bacillus cereus. In [33] it 
was not found significant increments in activity of this enzyme in the common bean treated 
with P. sanguineus extract and inoculated with C. lindemuthianum. In [32] was observed that the 
activity of polyphenoloxidase in common bean was not altered by the treatment with Bacillus 
cereus and ASM, while in [34] was verified induction in the activity of these enzyme in tomato 
leaves treated with essential oil of Cymbopogon citratus and inoculated with Alternaria solani. 

In the resistance induction, the increment of -1,3-glucanase is related with the plant 
defense. This enzyme hydrolyzes -1,3-glucan, which, together chitin, is the main 
component of fungal cell wall [35]. In another pathosystem [33] was observed increase in 
specific activity of -1,3-glucanase in common bean treated with P. sanguineus extract and 
challenge with C. lindemuthianum. In the 1st leaf, treated and inoculated, the activity increased 
28%, while in the 2nd leaf, non-treated, but inoculated, the culture filtrate at 5% and the 
mycelium extract at 10% increased in 331% and 1,057%, respectively, the enzyme activity. 

Extracts from other basidiomycetes fruiting bodies have also induced the activity of -1,3-
glucanase. It was verified an increase in this enzyme in passion fruit inoculated with 
Xanthomonas campestris pv. passiflorae and treated with extracts of L. edodes and A. blazei in 
concentration of 20% and 40% [36]. According [19], bean plants challenged with P. griseola 
did not presented induction in the -1,3-glucanase activity, however, when challenged with 
Uromyces appendiculatus, was verified induction of this enzyme [25]. This behavior indicates 
the differential interaction among the elicitors treatment and pathogens challenging, in the 
activation of defense mechanisms in plants. The plant could invest in the production of 
compounds that normally would be produced in the presence of the pathogen, however, 
with greater efficiency when pre-disposed to an elicitor. 

In this work, the protein content was significantly altered both in the leaf treated with the P. 
sanguineus extracts as in the non-treated leaf, however, there was a faster response on 
protein synthesis in the 4th leaf. This result could be related to the age of the leaves in the 
moment of treatments application and pathogen inoculation, since the 4th leaf has probably 
more physiological activity than 3rd one, optimizing the protein synthesis and plant 
resistance response [37]. 
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Protein synthesis could be related with the increase of the demand for substrates, necessary 
to the production of plant defense mechanisms induced by P. sanguineus treatment. Among 
the proteins, there are the pathogenesis related proteins (PR-proteins) which are induced in 
plant tissues due to inoculation with pathogens/microorganisms, systemically or local, as 
well as with treatments with chemical agents [38]. The activation of protein synthesis leads 
to a phase of plant resistance [37]. In [32] was verified reduction in protein content of bean 
plants when treated with Bacillus cereus, contrary to the treatment with ASM, demonstrating 
specificity in the physiological response of this host to the elicitor treatment. 

The chlorophyll content a, b and total in bean plants treated with P. sanguineus extract and 
challenged with P. griseola was altered significantly, with increase in the levels of these 
pigments. These results suggest the need to generate energy for the synthesis of compounds 
involved in plant defense, considering that the chlorophyll molecules a and b constitute the 
two pigment systems responsible for the absorption and transference of the radiant energy 
[39]. The energy generated by the process of photosynthesis can, at a given time, be directed 
to the production of secondary metabolic compounds, as for example, in case of attack by 
pathogens [37]. An increase was observed in the levels of chlorophyll in regions infected 
with U. appendiculatus, which occurs both in the common bean cultivar moderately 
susceptible as in cultivar highly susceptible to pathogen [25]. 

5. Conclusions 

In this work can be concluded that the extract from P. sanguineus basidiocarp reduce the 
severity of the angular leaf spot in common bean, by increasing the activity of defense 
enzymes peroxidase, polyphenoloxidase and -1,3-glucanase, local and systemically. 
Additionally, physiological changes in the content of protein and chlorophylls were verified, 
probably due the apparatus energy synthesis required for plant defense mechanism 
involved in the reduction of this disease. In this way, the use of extracts from P. sanguineus 
fruiting bodies for the control of plant diseases in organic growth shows promising. 
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lignin. This polymer, together with cellulose and other polysaccharides occurring in the cell 
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two pigment systems responsible for the absorption and transference of the radiant energy 
[39]. The energy generated by the process of photosynthesis can, at a given time, be directed 
to the production of secondary metabolic compounds, as for example, in case of attack by 
pathogens [37]. An increase was observed in the levels of chlorophyll in regions infected 
with U. appendiculatus, which occurs both in the common bean cultivar moderately 
susceptible as in cultivar highly susceptible to pathogen [25]. 
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In this work can be concluded that the extract from P. sanguineus basidiocarp reduce the 
severity of the angular leaf spot in common bean, by increasing the activity of defense 
enzymes peroxidase, polyphenoloxidase and -1,3-glucanase, local and systemically. 
Additionally, physiological changes in the content of protein and chlorophylls were verified, 
probably due the apparatus energy synthesis required for plant defense mechanism 
involved in the reduction of this disease. In this way, the use of extracts from P. sanguineus 
fruiting bodies for the control of plant diseases in organic growth shows promising. 
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1. Introduction 

1.1. The “zigzag model” of plant-pathogen interactions 

During millions of years of co-evolution, plants have established sophisticated genetic 
mechanisms to protect their integrity against invading pathogens. Pathogens in turn have 
coped with such barriers to gain access to nutrients and proliferate inside the plant. The 
“zigzag model” illustrates in a simple way the different layers of innate immunity during 
interactions of plants with their pathogen [1]. This model describes two main immunity 
responses, the first one relies on plants' ability to recognize so-called microbial-associated 
molecular patterns (MAMPs), which are highly conserved structures and molecules in all 
kinds of pathogenic and nonpathogenic microorganisms. This response is known as MAMP-
triggered immunity (MTI) and is efficient against non-adapted or non-host pathogens [2]. 
The best-studied MAMPs are the flagelline peptide, the elongation factor Tu protein (EF-
Tu), chitin whis is a major component of fungal cell walls and lipopolysacharides (LPS). 
MAMPs perception depends on plant pathogen recognition receptors (PRRs), with FLS2 and 
EFR recognizing flagelline and EF-Tu, respectively. These two PRRs share a similar 
structural architecture formed by extracellular Leucine Rich Repeats (LRR) and a 
cytoplasmic kinase domain. CERK1, on the other hand, which is the Arabidopsis PRR 
involved in the recognition of chitine, contains three extracellular LysM domains and a 
cytoplasmic kinase domain. In response to MTI, pathogens developed strategies to 
overcome it by sending effector proteins inside plant cells. These effector proteins abolish 
MTI by either suppressing early recognition or interfering with down-stream signaling 
events [3]. A second layer of plant immunity known as effector-triggered immunity (ETI) 
relies on a more sophisticated mechanism to detect pathogens, based on the specific 
recognition of particular effector proteins by Resistance (R) proteins. In this case the effector 
proteins are named Avr factors. The Avr-R proteins interaction can be direct or mediated by 
another protein, referred to as pathogenicity target. In the later case the R protein guards the 
pathogenicity target and detects its modification caused by the effector protein [4]. The 
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largest group of R proteins includes a Nucleotide Binding Site (NBS) and a LRR domain. 
This group can be subdivided in two subclasses based on the presence or not of a Toll-
Interleukin Related (TIR) domain in the N terminus. Upon the perception of pathogen’s 
molecules by PRRs or R proteins, a signaling cascade including MAP kinases is activated, 
leading to a reprogramming in host's gene expression along with the activation of genes 
with antimicrobial function (PR, pathogenesis related) [2, 5]. In the last years a great effort in 
research has focused on understanding how gene expression is modified in response to 
pathogens, revealing some crucial factors for the interaction such as transcription factors, 
DNA regulatory elements and non-coding small RNAs. 

2. An overview of beneficial interactions 

Plant-microbe interactions are not always disadvantageous to plants. During millions of 
years of co-evolution, plants established symbiotic interactions with bacteria and fungi. The 
best-studied models illustrating this kind of interaction are the rhizobial and mycorrhizal 
symbiosis, which involve a particular group of bacteria and fungi, respectively. The 
establishment of symbiosis requires a concerted molecular dialogue involving the correct 
recognition and the activation/repression of specific signaling pathways [6]. In the rhizobial 
symbiosis, Rhizobia form an intimate relationship with leguminous plants. Plants provide 
carbon and energy to the bacteria, that in exchange fix atmospheric nitrogen of interest for 
plants [7]. Compatible Rhizobium species perceive plant-secreted flavonoids and induce the 
expression of bacterial nod genes that are essential for the development of nodules in plant 
hosts. The Nod factors are recognized by specific plant receptors carrying an extracellular 
LysM domain and an intracellular kinase domain. Upon perception several cytoplasmic 
events occur at the root epidermal cells, including membrane depolarization, calcium 
spiking and activation of a calmodulin-dependent kinase signaling [7]. These processes 
create a favorable cellular environment leading to the establishment of an infection thread 
branch through which Rhizobia penetrate into the host. Once in the cytoplasm, bacteria group 
and form bacteroids where nitrogen fixation occurs. In contrast to this highly specific 
interaction between legumes and Rhizobia, mycorrhizal fungi establish symbiosis with almost 
all terrestrial plant species. In this case, fungi provide nutrients from the soil to the plant, 
particularly P, and in exchange plants feed the fungus with their photosynthetic products [8]. 
The nutrient transfer occurs in the arbuscules, which are specialized structures formed in 
cortical root cells. Arbuscular mycorrhizae (AM) depend on the activation of a symbiosis 
signaling (Sym) pathway, which shares some elements with rhizobial symbiosis [6]. In the case 
of fungal AM, the perception relies on the recognition of diffusible Myc factors, leading to the 
reprogramming of the basic metabolism of plant cells and hyphens.  

However, these types of beneficial interactions are not always successful. Plants indeed 
tolerate the invasion of these microorganisms only under nitrogen or nutrient-deficient 
conditions. In consequence, a sophisticated perception mechanism should exist in plants in 
order to simultaneously estimate nutrient deficiency and distinguish between beneficial 
microbes and pathogens. To achieve symbiosis, a fine regulation of the plant immune 
responses is therefore required for accepting or not candidate microorganisms [6]. In the last 
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years we have learned a lot about how non coding RNAs are a crucial players in regulating 
such responses as well others. 

3. Non-coding small RNAs  

In eukaryotes, the endogenous regulation of gene expression is mostly dependent on the 
control of the RNA polymerase II by accessory proteins including activators, repressors and 
the mediator complex. Then, small non-coding RNAs (sncRNA) were discovered and found 
to be new key elements of gene expression regulation [9, 10]. sncRNAs are short molecules 
of typically 18 to 30 nt, involved in gene expression control, defense against other parasitic 
nucleic acids, epigenetic modification and heterochromatin regulation.  

The best-studied sncRNAs are microRNAs (miRNAs) and small interference RNAs 
(siRNAs). miRNAs derive from nuclear genes. A gene coding for a miRNA (MIRNA) is first 
transcribed by the RNA polymerase II to a primary miRNA (pri-miRNA), the size of which 
ranges from 100 nt to several kilobases (kb). A Dicer-like (DCL) protein DCL1 in 
Arabidopsis along with HYPONASTIC LEAVES1 (HYL1), process the pri-miRNA into a 70 
to 400 nt long precursor miRNA (pre-miRNA). This pre-miRNA forms a characteristic 
hairpin-like structure. A subsequent processing step involving DCL slices the pre-miRNA to 
form a miRNA:miRNA* duplex (21-22 nt). The duplex is then methylated by HEN1 and 
exported from the nucleus to the cytoplasm where it will join an AGO protein to form the 
silencing complex (RISC). Only the mature miRNA strand which is usually the one with less 
stable 5’-end pairing, is retained in the complex, while the passenger (miRNA*) strand is 
degraded. The miRNA* degradation process remain unknown, although some family of 
exoribonucleases encoded by the SMALL RNA DEGRADING NUCLEASE (SDN) genes 
degrades mature miRNAs which could also be involved in the miRNA* degradation [11]. 
The miRNA retained in the RISC complex will then guide the silencing of complementary 
mRNAs (targets) [12-13]. 

In contrast, siRNAs originate from transgenes, viruses, transposons or other RNAs that form 
perfectly complementary double-stranded RNA precursors (dsRNAs). In particular, virus-
derived siRNAs also known as virus induced RNAs (vsiRNAs), have been extensively 
studied in plants. From a siRNA precursor, multiple siRNAs are generated and the silencing 
signal can be further amplified upon the generation of secondary siRNAs subsequently 
processed by RNA dependent RNA polymerases (RDRs), SILENCING DEFECTIVE3 
(SDE3), NRPD1a and NRPD1b (largest subunits of Pol IVa and Pol IVb isoforms of RNA 
polymerase IV, respectively) [14-16].  

Recently, various new types of ncRNAs have been described. Among them are the trans-
acting siRNAs (ta-siRNAs) (21-22nt) which combine both the siRNA and miRNA pathways 
since they originate from a nuclear TAS gene which is transcribed into a mRNA and cleaved 
by a miRNA. The cleaved product is converted into dsRNA by the DEFECTIVE IN RNA-
DIRECTED DNA METHYLATION/SUPPRESSOR OF GENE SILENCING (RDR6/SGS3) 
processing complex, and leading to specific siRNAs called ta-siRNAs. These mature 21-nt 
long siRNAs, similar to miRNAs, are able to initiate the cleavage of homologous cellular 
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responses is therefore required for accepting or not candidate microorganisms [6]. In the last 

 
Small Non-Coding RNAs in Plant Immunity 171 
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to be new key elements of gene expression regulation [9, 10]. sncRNAs are short molecules 
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(siRNAs). miRNAs derive from nuclear genes. A gene coding for a miRNA (MIRNA) is first 
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silencing complex (RISC). Only the mature miRNA strand which is usually the one with less 
stable 5’-end pairing, is retained in the complex, while the passenger (miRNA*) strand is 
degraded. The miRNA* degradation process remain unknown, although some family of 
exoribonucleases encoded by the SMALL RNA DEGRADING NUCLEASE (SDN) genes 
degrades mature miRNAs which could also be involved in the miRNA* degradation [11]. 
The miRNA retained in the RISC complex will then guide the silencing of complementary 
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processed by RNA dependent RNA polymerases (RDRs), SILENCING DEFECTIVE3 
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transcripts, thus acting in trans. Additionally the siRNA signal from ta-siRNAs can also be 
amplified upon the generation of secondary siRNAs [14, 17-19]. Also reported are natural 
antisense transcripts-derived siRNAs (nat-siRNAs) (21-24 nt) which are cis-acting siRNAs 
derived from naturally occurring overlapping regions of sense and antisense transcripts 
[20]. The long siRNAs (lsiRNAs) (30-40 nt) are DCL1 and AGO7 dependent in their 
biogenesis and act by decapping or by 5’-3’ degradation of target mRNAs [21]. Whilst other 
types of sncRNA exist, we will focus on the most common ones and report on their role(s) in 
plant immunity. A comparison of the types of sncRNAs discussed in this chapter can be 
seen in table 1. 
 

 siRNA miRNA ta-siRNA nat-siRNAs 

Derived from Invasive nucleic 
acids (virus, 
transgenes) 

non-coding 
regions 

non-coding 
regions 

antisense genes 

Transcribed by Depends of origin RNA pol II RNA pol II RNA pol II 

Processed by DCL, RDR, SDE, 
NRPD 

DCL1, HYL1, 
HEN1 

RDR6/SGS3, 
DCL, miRNAs 

DCL1, HYL1 

Targets transcripts in cis trans trans cis 

Binds to AGO1, AGO2 AGO1 AGO1,AGO7 AGO1? 

Table 1. Comparison of important features of common types of scnRNAs found in plants. 

4. The “zigzag model” in plant-virus interactions 
The seminal work achieved on plant-virus interactions studies led to the discovery of post-
transcriptional gene silencing (PTGS) as a genuine plant defense mechanism against virus. 
Most of the plant viruses are positive single stranded RNAs (ssRNAs). To colonize and 
multiply into new plant cells, virus have to replicate several thousands of times. During this 
process of replication and infection, RNA viruses produce double-stranded RNAs 
(dsRNAs). A DCL protein, usually DCL4 in Arabidopsis, recognizes these dsRNAs and 
cleaves them producing vsiRNAs. The vsiRNAs are next incorporated into the RNA-
Induced Silencing Complex (RISC) where only one of the two RNA strands is retained. This 
RNA strand is complementary to the viral RNA and exploited to target the RNA viral 
molecule and degrade it. Some vsiRNAs serve as template and substrate of an RNA-
dependent RNA polymerase (RdRP), thereby amplifying the signal and producing more 
vsiRNAs [16, 22, 23]. These vsiRNAs move through the plasmodesmata of the cell-cell 
assuring a systemic anti-viral defense response [24, 25]. As a general plant defense 
mechanism against all viruses, this first branch of resistance can be considered as analogous 
to MAMP-triggered immunity. In this case, dsRNAs are considered as MAMPs and DCLs 
that recognize the dsRNAs are viewed as a sort of PRR.  

In line with the “zigzag model”, virus evolved strategies to overcome this first layer of 
immunity. As a matter of fact, viruses carry silencing suppressors (SS) are able to act at 
different levels of the silencing pathway [26]. Considering these suppressors as bona fide 
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pathogen effector proteins, this scenario is reminiscent of effector-triggered susceptibility or 
ETS. SS proteins were previously considered as pathogenicity factors with an important 
function in the development of symptoms on plant hosts during infection [26]. A single SS 
can exert suppressor activity at different steps of the silencing pathways. One of the best-
studied and more versatile SS is HC-Pro which is able to block silencing by either interfering 
with DCL proteins [27] and/or sequestering 21-nt siRNA duplexes [28]. The TCV P38 coat 
protein [29] and CMV 2b protein [30] affect the processing of dsRNA through the 
inactivation of DCL proteins. The P21 and P19 proteins respectively produced by the Beet 
yellows virus (BYV; Closterovirus, Closteroviridae) and the Tomato bushy 
stunt virus (TBSV, Tombusvirus, Tombusviridae), exert their function by interacting with 
miRNA duplexes and hairpin derived siRNAs [28, 31, 32]. Additionally, these SS interfere 
with the small RNAs stability by blocking the activity of the methyltransferase protein 
HEN1 [33, 34]. The Beet western yellows virus (BWYV; Polerovirus, Luteoviridae) P0 
protein interacts via an F-box domain with AGO1 which results in its degradation, 
illustrating again how important components of the RNA silencing machinery are targeted 
in order to affect silencing [35].  

To overcome virus-deployed strategies suppressing silencing, plants evolved R proteins 
recognizing specific viral proteins to trigger an immune response, which can be considered 
as a sort of effector-triggered immunity. This R-protein dependent ETI depends on the 
recognition of so called Avr proteins, which can virtually be encoded by any viral coding-
gene. Examples of viral Avr proteins include the coat, helicase, replicase and movement 
proteins [36]. More than 15 anti-viral R proteins and belonging to the large class of NBS-
LRRs have been characterized, including R proteins N [37], Y-1 [38] and RT4-4 [39] 
respectively isolated from Nicotiana tabacum, Solanum tuberosum and Phaseolus vulgaris and 
confering resistance to TMV, PVY and CMV. On the other hand, the Rx [40], HRT [41] and 
RCY1 [42] proteins respectively isolated from Solanum andigena and Arabidopsis, belong to 
the CC-NBS-LRR sub-class. The immunity triggered by these proteins is considered as 
monogenic and dominant, and manifested by an hypersensitive response (HR) [43]. 
Interestingly in most cases resistance of plants against virus segregates as a recessive trait, 
and is expressed as a cellular immunity. Remarkably, all recessive resistance genes isolated 
so far encode translation initiation factors [36]. As mentioned before, once the recognition of 
the virus is established, a re-programming in host gene expression takes place in plant host 
cells [44-47]  

5. sncRNAs and viruses: new frontiers of defense 
Recent studies suggest that sncRNAs are involved in global gene expression changes during 
plant-virus interaction. It has been proposed that the expression of plant miRNAs targeting 
plant transcripts is altered in response to virus recognition with the aim of affecting viral 
replication and spreading. Indeed various plant miRNAs are known to be up- or down-
regulated following viral infection [48-52]. For example miR1885 is induced in response to 
infection of Brassica rapa by Turnip mosaic virus and is known to target a TIR-NBS-LRR 
(TNL) disease-resistance gene [53]. miR164 is also induced upon viral infection and its 
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transcripts, thus acting in trans. Additionally the siRNA signal from ta-siRNAs can also be 
amplified upon the generation of secondary siRNAs [14, 17-19]. Also reported are natural 
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derived from naturally occurring overlapping regions of sense and antisense transcripts 
[20]. The long siRNAs (lsiRNAs) (30-40 nt) are DCL1 and AGO7 dependent in their 
biogenesis and act by decapping or by 5’-3’ degradation of target mRNAs [21]. Whilst other 
types of sncRNA exist, we will focus on the most common ones and report on their role(s) in 
plant immunity. A comparison of the types of sncRNAs discussed in this chapter can be 
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pathogen effector proteins, this scenario is reminiscent of effector-triggered susceptibility or 
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studied and more versatile SS is HC-Pro which is able to block silencing by either interfering 
with DCL proteins [27] and/or sequestering 21-nt siRNA duplexes [28]. The TCV P38 coat 
protein [29] and CMV 2b protein [30] affect the processing of dsRNA through the 
inactivation of DCL proteins. The P21 and P19 proteins respectively produced by the Beet 
yellows virus (BYV; Closterovirus, Closteroviridae) and the Tomato bushy 
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protein interacts via an F-box domain with AGO1 which results in its degradation, 
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in order to affect silencing [35].  
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as a sort of effector-triggered immunity. This R-protein dependent ETI depends on the 
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RCY1 [42] proteins respectively isolated from Solanum andigena and Arabidopsis, belong to 
the CC-NBS-LRR sub-class. The immunity triggered by these proteins is considered as 
monogenic and dominant, and manifested by an hypersensitive response (HR) [43]. 
Interestingly in most cases resistance of plants against virus segregates as a recessive trait, 
and is expressed as a cellular immunity. Remarkably, all recessive resistance genes isolated 
so far encode translation initiation factors [36]. As mentioned before, once the recognition of 
the virus is established, a re-programming in host gene expression takes place in plant host 
cells [44-47]  

5. sncRNAs and viruses: new frontiers of defense 
Recent studies suggest that sncRNAs are involved in global gene expression changes during 
plant-virus interaction. It has been proposed that the expression of plant miRNAs targeting 
plant transcripts is altered in response to virus recognition with the aim of affecting viral 
replication and spreading. Indeed various plant miRNAs are known to be up- or down-
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(TNL) disease-resistance gene [53]. miR164 is also induced upon viral infection and its 
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induction is due to hormone-dependent specific transcriptional activation [54]. However, 
the effect of this differential regulation in the outcome of the interaction is not well 
established, as it may also result from the silencing suppression activity of the virus. This is 
also the case of miR168, which is induced upon infection by various viruses in different 
plants [49, 55]. It was shown recently that miR168 accumulation upon infection with 
Cymbidum ringspot virus (CymRSV) is due to the action of the p19 SS [56]. The specific 
targeting of miR168 by p19 may be crucial for viral infection given that this miRNA is 
involved in a regulatory loop with AGO1, which forms the RISC complex and in thus 
involved in various silencing processes [56]. 

It has also been suggested that miRNAs directly target viral RNAs, as it occurs in animals 
[57, 58]. Indeed several studies demonstrated that artificial miRNAs (amiRNAs) targeting 
key components of the viral replication machinery can efficiently impair viral growth upon 
infection [59-65]. These efforts have revealed that such resistance is cell-autonomous, 
inheritable, more efficient than siRNA-mediated strategies and successful in blocking viral 
replication and movement [59, 66]. Furthermore transgenic plants expressing dimeric or 
polycistronic amiRNAs directed against different viruses result in a wider spectrum of viral 
resistance [60, 61, 63]. 

The hypothesis of plant microRNAs naturally evolving to target viral genomes has long 
being discussed, taking in account the potential disadvantages of the miRNA pathway over 
the siRNA one. The miRNA pathway is not an adaptive response since the evolution of viral 
genomes would be fast enough to surpass the evolution of miRNAs rendering them 
ineffective in a very short term. However some miRNA families may be adapted to target 
viral genomes, as suggested by bioinformatic analysis [67, 68].  

Viruses also encode miRNAs (or similar ncRNAs) directed against the plant genomes (or 
even their own genomes), that will use the host miRNA machinery to be processed and 
execute their silencing effect. This mechanism has been described only in animal infecting 
viruses [69]. So far, the only mechanisms found resembling viral miRNAs in plant viruses refer 
to sRNAs encoded by the Cauliflower mosaic virus (CaMV) that are partially complementary 
to regions of the Arabidopsis genome [70] and viral sRNAs that bind the RNAi machinery to 
divert the silencing machinery from viral promoter and coding regions [71].  

A general model of the way sncRNAs mediate the interaction between plants and viruses 
(as well as with bacteria discussed below) can be seen in Figure 1.   

6. The need for auxin: responses to bacteria, fungi and symbiotic 
microbes 

Auxin is a relatively well-known plant hormone mainly implicated in growth which acts, 
under particular conditions, as a repressor of salicylic acid (SA). SA is a hormone involved 
in the activation of plant defenses in response to biotrophic pathogens [72, 73]. It is therefore 
not surprising that plants, in response to microbes, have evolved sophisticated mechanism 
for fine-tuning of SA-mediated responses. 
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Figure 1. General model of sncRNAs role in plant-pathogen interaction. 1.Upon recognition of PAMPs 
from virus and bacteria the 2. transcription of loci coding for sncRNAs is regulated so the biogenesis 
pathways of either 4. miRNAs 5. nat-siRNAs 6. ta-siRNAs is activated with the aims of 7. targeting 
genes that when silenced would trigger defense responses (like Auxin response factors). Transcription 
of sncRNAs could be stopped by the plant in response to pathogens so that positive regulators of 
immunity (like NBS-LRR proteins) can escape miRNA regulation (not shown). 8. Additionally, in the 
case of virus, vsiRNAs can be produced during viral replication and they would target viral RNAs thus 
producing defense. 9. Virus and bacteria can counterattack by using effectors and silencing suppressors 
to disrupt silencing and in response 10. plants could recognize these effectors via resistance proteins. 
Fx= bacterial effector, SS= silencing supresor, dsRNA= double-stranded RNA, PRRs= pathogen 
recognition receptors, R proteins = resistance protein, RISC= RNA-induced silencing complex 

The best-studied miRNA induced upon bacterial infection is miR393. By comparing the gene 
expression profile of wild type and transgenic plants expressing several viral SS, it was 
elegantly demonstrated that upon treatment with flagellin (flg22), some transcripts were 
more abundant in transgenic plants. Among them was found a transcript coding for the F-
box auxin receptor TIR1. By RACE (rapid amplification of cDNA ends) the authors 
demonstrated that this particular mRNA is targeted and cleaved by miR393. The perception 
of flagellin by plants induced the expression of miR393 which correlates with a clear 
reduction of the TIR1 protein content. This led in turn to the stabilization of Aux/IAA 
proteins which repress auxin signaling by heterodimerization with Auxin Response Factors 
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(ARF). Flagellin perception leads to a repression of auxin signaling and consequently 
restricted the growth of Pseudomonas syringae pv. tomato (Pst). This study provided for the 
first time a link between auxin response, miRNAs and MTI. In summary plants repress the 
auxin signaling pathway in response to bacterial hit, favoring the defenses activated by SA, 
compromising vegetative growth [74]. 

miR393 was shown to be induced in Arabidopsis plants inoculated with Pst DC3000 strain 
mutated in hrcC [75]. This strain is defective for type III secretion, unable to deliver effector 
proteins into the host plant cell and consequently triggers MTI. Employing a small-RNA 
profiling analysis, Zhang et al. [76] investigated the differential expression of miRNAs in 
plants challenged with Pst DC3000 hrcC mutant, a virulent strain of the same species 
carrying an empty vector and avirulent Pst DC3000 containing the avrRpt2 effector [76]. 
Curiously, miR393 was repressed at 6 hours post-infection (hpi) and induced at 14 hpi in the 
three treatments. However Northern-blot experiments show an induction in all treatments 
and at both time points. To explain this discrepancy, the authors suggest that miR393 may 
regulate auxin signaling at an early stage of bacterial infection [76]. 

The complex interplay between auxin and miRNAs goes beyond miR393. Several reports 
have shown that different ARFs and auxin receptors coding genes are regulated by other 
miRNAs such as miR160, miR166 and miR167, not only in response to phytopathogenic 
bacteria and fungi but also during beneficial interactions involving Rhizobium or AM [72, 76-
80]. MiR167 and miR160 which target ARFs genes, are induced upon infection with different 
Pst DC3000 strains [76, 77]. MiR160 was also found to be induced in response to flg22 and 
bound to AGO1. Transgenic plants over-expressing miR160 show enhanced callose 
deposition and higher resistance to DC3000 indicating a role for miR160 as positive 
regulator of plant pathogen response [78].  

miR393 is highly conserved and was also detected in cassava plants challenged with 
Xanthomonas axonopodis pv. manihotis, which is the causal agent of Cassava Bacterial Blight 
(CBB) [81]. Interestingly the expression of miR160 and miR393 is reduced during the infection 
of Arabidopsis with Agrobacterium tumefaciens, thereby increasing auxin signaling [82]. 

During the symbiosis occurring between soybean and Bradirhizobium japonicum, miR160, 
which targets the auxin repressor ARF17, is down-regulated, suggesting an increase in free 
auxin during this interaction. In contrast, miR393 was found to be induced, which is in 
opposition to miR160 effect, as miR393 regulates the auxin receptor TIR1 and consequently 
inhibits auxin signaling [83]. In AM symbiosis, a strong connection between miRNAs and 
auxin has also been unveiled. During the interaction of M. truncatula plants with Glomus 
intraradices, it was reported that miR160c and miR167 are induced in mycorrhizal roots 
while miR160 was predominantly localized in the phloem [84]. These authors reported also 
miR5229a/b to be the most induced miRNA. By in situ hybridization it was demonstrated 
that it was exclusively expressed in arbuscule-containing cells of the root cortex, albeit with 
different signal intensities indicating a specific function during different stages of the 
arbuscule development. The predicted target of miR5229a/b is a transcript encoding for a 
heme peroxidase playing different roles in the regulation of ROS production, cell wall 
biosynthesis but also auxin and ethylene metabolism. This provides another example of the 

 
Small Non-Coding RNAs in Plant Immunity 177 

relationship between miRNAs and auxin at a more indirect level [84]. Among 33 pathogen-
responsive miRNAs detected during the interaction of Populus beijingensis with the fungus 
Dothiorella gregaria, the induction of miR393 was observed with a peak of expression at 7 days 
after inoculation but their levels were reduced at 14 and 21 days [85]. On the other hand, the 
same study showed the repression of miR160 as was previously reported in pine infected with 
the fungus Cronartium quercumm f. sp fusiforme [86]. In wheat interaction with Erysiphe graminis 
f. sp. tritici, the expression pattern of miR393 was less expressed in the susceptible cultivar 
Jingdong8 as compared to the near-isogenic resistant line Jingdong8-Pm30 [87]. These results 
illustrate the fact that in some cases, conserved miRNAs may play similar functions in 
different pathosystems. However in other cases, the expression profile and in consequence the 
function of miRNAs can be specific even if their sequences and targets are conserved. 
Altogether, these results highlight how crucial is auxin balance in plant-microbe interactions.  

7. MTI and silencing: beyond miR393 and auxin 

Fahlgreen et al. [77] reported on miRNAs repressed upon infection with a strain of  Pst 
DC3000 inactivated in hrcC which is a major component of the TTSS. One of the identified 
miRNAs is miR825, which is predicted to target transcripts encoding a Remorin, a 
transcription factor of the zinc-finger homeobox family and a frataxin-related protein. These 
targets are known to act as positive regulators of plant defense, it is therefore expected that 
the miRNAs controlling them are repressed.  

A first connection between miRNAs-mediated silencing and MTI emerged from the study of 
Arabidopsis AGO1 mutant lines, found to be compromised in MTI [78]. These plants are 
characterized by a reduction in seedling growth inhibition, callose deposition, expression of 
MTI-markers genes and the activation of MAP kinases and ROS production upon treatment 
with flagellin. Also, the growth of TTSS-mutant strains was increased in these plants. These 
results demonstrate that AGO1, and indirectly the silencing pathway, are key elements of 
MTI. These phenotypes are not observed in AGO7 mutant plants, indicating that only AGO1 
activity is associated with MTI. Interestingly, the involvement of miRNAs in regulating 
plant immunity is not restricted to MTI. It may also be associated to ETI, as exemplified by 
cases of plant resistance responses against fungal pathogens, where several components of 
the silencing machinery were showed to play a role [88]. More precisely, Arabidopsis sgs2-1, 
sgs1-1 and sgs-3 mutants which are defective in siRNA production, are more susceptible to 
various strains of Verticillum dahliae but not to other pathogens such as Botrytis cinerea, 
Alternaria brassicicola and Plectosphaerella cucumerina. Intriguingly, while ago7-2, dcl4-2, 
nrpd1a-3 and rdr2-4 mutants are more susceptible to V. dahlia, ago1-25, ago1-27, hen1-6 and 
hst-1 mutants display enhanced resistance to this pathogen. Finally, dcl-2, sde3-4 and sde3-5 
mutants were as susceptible as the Arabidopsis Col-0 wild type line [88].  

8. Towards ETS 

Accordingly to the “zigzag model”, adapted pathogens overcome MTI to infect particular 
host plants. Based on the study of Arabidopsis mutants affected in genes involved in the 
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relationship between miRNAs and auxin at a more indirect level [84]. Among 33 pathogen-
responsive miRNAs detected during the interaction of Populus beijingensis with the fungus 
Dothiorella gregaria, the induction of miR393 was observed with a peak of expression at 7 days 
after inoculation but their levels were reduced at 14 and 21 days [85]. On the other hand, the 
same study showed the repression of miR160 as was previously reported in pine infected with 
the fungus Cronartium quercumm f. sp fusiforme [86]. In wheat interaction with Erysiphe graminis 
f. sp. tritici, the expression pattern of miR393 was less expressed in the susceptible cultivar 
Jingdong8 as compared to the near-isogenic resistant line Jingdong8-Pm30 [87]. These results 
illustrate the fact that in some cases, conserved miRNAs may play similar functions in 
different pathosystems. However in other cases, the expression profile and in consequence the 
function of miRNAs can be specific even if their sequences and targets are conserved. 
Altogether, these results highlight how crucial is auxin balance in plant-microbe interactions.  

7. MTI and silencing: beyond miR393 and auxin 

Fahlgreen et al. [77] reported on miRNAs repressed upon infection with a strain of  Pst 
DC3000 inactivated in hrcC which is a major component of the TTSS. One of the identified 
miRNAs is miR825, which is predicted to target transcripts encoding a Remorin, a 
transcription factor of the zinc-finger homeobox family and a frataxin-related protein. These 
targets are known to act as positive regulators of plant defense, it is therefore expected that 
the miRNAs controlling them are repressed.  

A first connection between miRNAs-mediated silencing and MTI emerged from the study of 
Arabidopsis AGO1 mutant lines, found to be compromised in MTI [78]. These plants are 
characterized by a reduction in seedling growth inhibition, callose deposition, expression of 
MTI-markers genes and the activation of MAP kinases and ROS production upon treatment 
with flagellin. Also, the growth of TTSS-mutant strains was increased in these plants. These 
results demonstrate that AGO1, and indirectly the silencing pathway, are key elements of 
MTI. These phenotypes are not observed in AGO7 mutant plants, indicating that only AGO1 
activity is associated with MTI. Interestingly, the involvement of miRNAs in regulating 
plant immunity is not restricted to MTI. It may also be associated to ETI, as exemplified by 
cases of plant resistance responses against fungal pathogens, where several components of 
the silencing machinery were showed to play a role [88]. More precisely, Arabidopsis sgs2-1, 
sgs1-1 and sgs-3 mutants which are defective in siRNA production, are more susceptible to 
various strains of Verticillum dahliae but not to other pathogens such as Botrytis cinerea, 
Alternaria brassicicola and Plectosphaerella cucumerina. Intriguingly, while ago7-2, dcl4-2, 
nrpd1a-3 and rdr2-4 mutants are more susceptible to V. dahlia, ago1-25, ago1-27, hen1-6 and 
hst-1 mutants display enhanced resistance to this pathogen. Finally, dcl-2, sde3-4 and sde3-5 
mutants were as susceptible as the Arabidopsis Col-0 wild type line [88].  
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Accordingly to the “zigzag model”, adapted pathogens overcome MTI to infect particular 
host plants. Based on the study of Arabidopsis mutants affected in genes involved in the 
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silencing pathway like dcl and hen1, it could be demonstrated that non-pathogenic bacteria 
like P. fluorescens and E. coli were able to grow in these plants and not in the wild type. In 
addition, an increase in growth was observed upon inoculation of silencing-defective 
mutant lines with a TTSS-mutant Pst DC3000 strain and the non-host pathogen Pseudomonas 
phaseolicola [89]. These ground-breaking observations suggested a pivotal role of silencing in 
triggering MTI responses. In consequence, adapted pathogens should have acquired effector 
proteins capable of suppressing silencing-associated MTI pathways. As a matter of fact, the 
virulent strain Pst DC3000 was reported to repress the expression of miR393 which is 
normally induced upon flagellin recognition as well as other MTI responses, whereas a 
TTSS-mutant strain did not [89]. Since virulent Pst DC3000 wild type strain harbors an intact 
TTSS, it was concluded that miR393 repression results of the action of injected effectors. 
Upon Agrobacterium-mediated transient expression of particular T3 effectors into 
Arabidopsis leaves, the expression of miR393 primary transcripts was monitored. This assay 
successfully demonstrated that T3Es AvrPto and HOPT-1 block the miRNA pathway by 
targeting the activity of DCL1 and AGO, respectively [89]. Interestingly, it was also 
demonstrated that pre-inoculation of virus containing SS led to the development of disease-
like symptoms and favored multiplication of non-pathogenic and non-host bacteria 
inoculated subsequently. The authors suggest this as a molecular base explaining the 
synergistic interactions eventually observed between some viral and bacterial 
phytopathogens in the field [89]. 

9. The arms race goes on: miRNA's role in ETI 

As mentioned previously, the specific recognition of effectors by R proteins triggers ETI, 
which involves gene expression reprogramming. In a survey aimed at determining the role 
of siRNAs in gene expression during R-protein-mediated responses it was found that a 22 nt 
nat-siRNA was induced specifically by Pst DC3000 containing the avirulence gene avrRpt2 
[90]. This nat-siRNA named nat-siRNAATGB2 is produced due to an overlapping region 
between the At4g35860 and At4g35850 transcripts. At4g35860 encodes a Rab2-like small 
GTP-binding (ATGB2) while At4g35850 encodes a PPR (pentatricopeptide repeats) protein-
like gene (PPRL). The sequence of the nat-siRNAATGB2 is complementary to the 3’ UTR 
region of the antisense gene PPRL. In fact it was demonstrated a correlation between the 
induced expression of nat-siRNAATGB2 and a repression of PPRL after infection with Pst 
carrying avrRpt2 [90]. The induction of nat-siRNAATGB2 is dependent of the presence of 
RPS2 and NDR1, two genes required for the induction of the avrRpt2-mediated response. 
The biogenesis of nat-siRNAATGB2 depends on the DCL1-HYL1 complex, which is 
stabilized upon HEN1-mediated methylation and amplified by RDR6 and SGS3. In 
concordance, plants mutated in these genes do not show a reduction of the PPRL expression. 
On the other hand, the overexpression of PPRL produced a delayed HR and enhanced 
growth of Pst DC3000 carrying avrRpt2, indicating that PPRL is a negative regulator of plant 
defense responses [90]. A novel class of sncRNAs induced in response to Pst DC3000 strain 
carrying avrRpt2 was also identified [21]. In this case the sncRNAs are long siRNA (lsiRNA) 
of 30 to 40 nt. Among these lsiRNAs is AtlsiRNA-1 which is generated from a NAT pair 
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between the genes SRRLK and AtRAP. Interestingly, the biogenesis of AtlsiRNA-1 requires 
DCL1, DCL4, AGO7, HYL1, HEN1, HST1, RDR6 and Pol IV. The target of AtlsiRNA-1 is the 
gene AtRAP, which encodes for a RAP-domain protein with a role in plant resistance to 
pathogens. AtlsiRNA-1 does not cleave its target mRNA as most siRNAs usually do, but it 
guides their degradation through decapping and XRN4-mediated 5’-to-3’ decay. A knockout 
mutation in AtRAP increases the resistance of Arabidopsis against virulent and avirulent Pst 
strains. In addition, overexpression of AtRAP leads to an increase in bacterial growth [91]. 
Thus, AtRAP and PPRL can be considered negative regulators of plant immunity.  

10. R genes, my favorite targets: miRNAs 

Since the expression of R genes is constitutive in most cases, it should be expected that 
plants have developed mechanisms regulating their activity and restrain the activation of 
plant immune responses under pathogen-free conditions. Although an elegant mechanism 
of regulation of NB-LRR proteins by conformational changes depending of the presence of 
the effector and hydrolysis of ATP has been described [92], controlling the activity of 
negative regulators mediated by sncRNAs emerges as an additional strategy to control plant 
immune responses. 

Some reports have indeed demonstrated a direct regulation of R genes by siRNAs. In a 
pioneering study, Yi and Richards [93] detected endogenous siRNAs at the RPP5 locus with 
antisense transcription activity. In this locus were identified seven R genes of the TNL class 
interspersed with three related sequences and two other non R genes. The genes RPP4 
(Recognition of Peronospora parasitica, now referred to as Hyaloperonospora arabidopsis) and 
SNC1 (suppressor of npr1-1, constitutive 1) present in this cluster confer resistance to fungal 
and bacterial pathogens, respectively and are coordinately regulated by transcription 
control. It was shown that a production of antisense transcripts generates siRNAs to 
regulate the mRNA level of these genes. In fact, in dcl4 and ago1 mutant Arabidopsis plants 
the expression of SNC1 mRNA was elevated suggesting a role of siRNAs involved in its 
regulation [93]. A similar observation was reported in the symbiotic interaction of M. 
truncatula with Shinorhizobium meliloti where genome-wide analysis of small RNAs revealed 
a relatively high proportion of 21-nt sRNAs corresponding to NBS-LRR genes [94]. 

Another example of regulation of R genes mediated by sncRNAs deals with the tobacco N 
gene which confers resistance to the tobacco mosaic virus (TMV) and codes for a TNL 
protein. Two miRNAs were shown to guide the cleavage of the N gene, namely nta-miR6019 
and nta-miR6020 of 22 and 21 nt-long, respectively. In addition, a production of secondary 
siRNAs "in phase" with the miR6019 cleavage site of the N gene transcript was evidenced, 
and their biogenesis is dependent on DCL4 and RDR6 [95]. The co-expression of N with 
both of these nat-miRNAs led to reduced resistance against TMV confirming the importance 
of these nat-miRNA in the regulation of the N gene and N-dependent immune responses. 
The authors expanded these discoveries to tomato and potato, two species of the same 
Solanaceae family, finding that members of these miRNAs families are conserved across 
species as well as their potential for cleavage of NBS-LRR transcription products and the 
generation of secondary siRNAs [95].  
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between the genes SRRLK and AtRAP. Interestingly, the biogenesis of AtlsiRNA-1 requires 
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Since the expression of R genes is constitutive in most cases, it should be expected that 
plants have developed mechanisms regulating their activity and restrain the activation of 
plant immune responses under pathogen-free conditions. Although an elegant mechanism 
of regulation of NB-LRR proteins by conformational changes depending of the presence of 
the effector and hydrolysis of ATP has been described [92], controlling the activity of 
negative regulators mediated by sncRNAs emerges as an additional strategy to control plant 
immune responses. 
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protein. Two miRNAs were shown to guide the cleavage of the N gene, namely nta-miR6019 
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The authors expanded these discoveries to tomato and potato, two species of the same 
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During the infection of pine with the fusiform rust fungus Cronartium quercuum, a ta-siRNA 
(pta-22 ta-siRNA) targeting two disease resistance proteins was identified. In addition this 
study also reported and validated experimentally pta-miR946 and pta-miR948 and six of 
their targets which are predicted to encode for disease resistance-related transcripts, a 
transcript with similarity to RPS2 and serine/treonine kinases [86]. Two other miRNAs (pta-
miR950 and miR951) also target R genes [86]. In the response of poplar to the fungus 
Dothiorella gregaria, the targets of miRNAs pbe-miR482b, pbeSR3, pbe-SR23 and pbe-SR25 
also include R genes. Other miRNAs previously identified in Populus trichocarpa include 
miR1447 which targets a related disease resistance-coding gene, while two other conserved 
miRNAs also targeting R genes (miR1447 and miRNA1448) are repressed [85]. Once again, 
these results highlight a complex network of several R genes whose regulation is 
coordinated by a huge collection of miRNAs belonging to different families and isoforms. 
Although miRNAs and their targets are not always validated experimentally, there is 
overall a clear consistency between the expression of disease resistance-related genes and 
their corresponding miRNAs.  

R proteins play a pivotal role in triggering immune responses and should be able to 
recognize a broad spectrum of effector proteins (Jones and Dangl, 2006). The high repertory 
of plant immunity genes raises the question as to the control of their activity. Not 
surprisingly, several mechanisms were reported explaining the regulation of the expression 
and activity of this important type of genes. Because of the constitutive nature of many 
resistance genes expression, fitness costs translating into reduction of growth and 
productivity are significant. The regulation of R genes by miRNAs could have evolved as an 
alternative strategy for tight and cost effective regulation. 

On the other hand, to achieve successful colonization, symbiotic microbes must be able to  
block plant immune responses triggered by non-self recognition. An expected strategy 
would be trough the control of plant immunity master regulators, such as R genes-encoded 
proteins and other immunity receptors. As a matter of fact, miR482 was reported to be 
induced during the establishment of symbiosis between soybean and Bradyrhizobium 
japonicum. Interestingly, bioinformatically-predicted targets of miR482 include various R 
genes of which two were validated experimentally. In addition, a considerable increase in 
the number of mature nodules was observed upon accumulation of miR482 conditionally 
expressed in roots under a Rhizobium-responsive promoter [96]. In M. truncatula challenged 
with Shinorhizobium meliloti, 14 targets predicted for 9 Mtr-miRNA candidates correspond to 
NBS-LRR coding genes [94]. Also, a high proportion of targets identified in a degradome 
library generated from M. truncatula plants infected with Glomus intraradices include R genes 
(27 genes) and transcription factors (33 genes). In particular it was established that 
miR1510a*, miR1507, miR2678 and miR5213 regulate the expression of a subset of R genes 
[84]. More recently a deep sequencing analysis of 21 sRNAs libraries generated from four 
legumes (M. truncatula, soybean, peanut and common bean) led to the identification of 
several phased siRNAs (potentially ta-siRNAs), most of them targeting NBS-LRR encoding 
genes. These findings were expanded to potato based on bioinformatic analysis [97]. 
Although none of the phased siRNAs were validated by alternative experiments, the deep 
sequencing and the high number of libraries support well these data.  
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Besides disease resistance-related genes, other genes involved in defense pathways 
signaling are regulated by miRNAs. In the above-mentioned study of Pinus taeda infected 
with the fusiform rust, potential targets of a few isolated miRNAs include transcripts 
encoding a MYB transcription factor (pta-miR159), laccase-like genes, (miR397), peroxidases 
(miR420) and glutation S-transferase (GST). All these genes play a role in plant responses to 
pathogens, notably in gene regulation and control of ROS production [86]. Consistently, it 
has been shown that some of these targets are also regulated by miRNAs to avoid their 
expression during symbiosis. miR5282 and miRc_275 were induced specifically in 
mycorrhizal roots. These miRNAs both target MtGst1 which encodes for a GST [84].  

In conclusion it appears obvious that a successful symbiosis requires suppression of host 
defenses. Altogether these reports stress that R genes are set under a multilayered and 
complex regulation network during interactions with microorganisms, meant to allow the 
establishment of beneficial interactions in favorable conditions and avoid in the mean time 
the invasion of pathogens. 

11. Novel and specific miRNAs in beneficial interactions 

sRNA studies for beneficial interactions have focused mainly on the study of legumes, and 
had benefited from the identification of sRNA loci in model legumes as Lotus, Medicago, 
Glycine and Phaseolus [98-100]. Some studies focused on the expression of specifically- 
induced or repressed miRNAs during symbiosis at early [83] or late stages of the infection 
[72, 94]. For example, during the infection of soybean with Bradyrhizobium japonicum, miR168 
and miR172 were induced during the first 3 hours but were gradually down regulated to reach 
basal levels at 12 hours. In contrast, the induction of miR159 and miR393 was sustained along 
the 12 hours, whereas miR160 and miR169 were down-regulated [83]. Interestingly, these 
studies allowed the identification of apparently specific miRNAs present or expressed only in 
plants able to form AM or in the symbiotic structures, respectively. Among the soybean 
miRNAs identified during interaction with B. japonicum, miR1507 seems to be legume-specific 
whereas miR1512, miR1515 and miR1521 were only reported in soybean [96].  

miRNA expression was studied in soybean mutants nod49 (mutant for a Nod factor 
receptor NFR1) and nts382 (mutant for Nodule Autoregulation Receptor Kinase NARK) 
which are a non-nodulation and supernodulation mutants, respectively, as a result the 
expression of legume-specific miR1507, miR1511 and miR1512 was compromised in both 
mutants [96]. Another interesting and apparently specific symbiotic miRNA is miR5229a/g, 
which was identified in mycorrhizal roots of M. truncatula plants infected with Glomus 
intraradices [84]. MiR5229a/g which is the most strongly induced, was found by in situ 
hybridization to be exclusively expressed in arbuscules-containing cells in the root cortex, 
albeit with different signal intensities indicative of a specific function during different stages 
of the arbuscule development [84]. miR167 was localized in the differentiating peripheral 
vascular bundles and the novel miRNAs miR2586 and Mtr-s107 accumulate in the nodule 
meristem, leading the authors to conclude that miRNAs accumulate mainly in 
undifferentiated cells [94]. 
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As stated before, rhizobacteria and AM share several elements of their symbiosis pathway 
[6] and miRNAs-mediated regulation is not an exception. miR169 which targets the 
CCAAT-binding transcription factor MtHAP2-1, was identified in the symbiotic interaction 
occuring between Glycine max and B. japonicum [83]. This transcription factor is highly 
induced during symbiosis and its degradation is mediated by miR169, causing a delayed 
nodule development and subsequent inability to fix N2 [101]. This miRNA was also found to 
be up-regulated in Medicago interacting with AM, accumulating in the phloem and around 
fungal hyphae [84]. Another crosstalk must be established between symbiosis and nutrition 
pathways to determinate if the colonization of microbes occurs or not. An illustration of this 
comes from miR167 and miR5204 which are up-regulated in Medicago mycorrhizal roots 
under low phosphate conditions, as compared to nonmycorrhizal roots [84]. However these 
miRNAs were also regulated by phosphate, pointing to a direct connection between 
nutrition and symbiosis. Previous studies demonstrated an induction of miR399 under Pi 
depleted conditions in mycorrhizal M. truncatula and tobacco plants associated with a 
concomitant increase in Pi content [102] 

12. Conclusions and perspectives 

Research in sncRNAs is ultimately one of the most active and promising fields in plant 
biology, and it is expected to grow even more in importance in the near future, however 
many aspects of sncRNAs functions during plant-microbe interactions still remain 
unclear. How are these sncRNAs regulated? Are there common regulatory and feedback 
regulatory circuits between the different classes of sncRNAs? Are there core sncRNAs and 
targets for different class of pathogens and for different plant species? What is the 
evolutionary history of these different families of sncRNAs and how did they shape plant 
evolution? How did differences in sncRNA regulation across the plant kingdom arise? How 
are new sncRNA-specificities generated and how variable can these molecules be within 
species or populations? Studies reviewed here highlight the importance of sncRNAs in 
gene regulation in response of plants to pathogens as diverse as viruses, bacteria and 
fungi. Some sncRNAs have been shown to be induced or repressed in response to these 
diverse pathogens during incompatible and compatible interactions indicating a dual role 
of these RNAs as positive and negative regulators of plant immunity. This fact 
demonstrates the complex network of gene expression during plant-microbe interactions 
and should be considered in biotechnological programs focused to enhance the crop 
resistance to plant diseases. The notable repression of R genes during symbiotic 
interactions stresses the importance of these molecules during plant-microbe interactions 
and provides a bridge between pathogenic and beneficial interactions. The role that 
effectors have and its interaction with the plant silencing machinery reveals also the 
amazing and surprising mechanism that pathogens have evolved to surpass the plant 
immunity mechanisms. Deepening on all this knowledge surely will open new ways to 
improve resistance against biotic stress in several plants including crops of economical 
importance.  
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1. Introduction 
Plants have long been a source for traditional medicinal products. Indeed, greater than four 
billion people utilize plants to meet their primary health care [1-2]. There are >120 distinct 
drugs derived from plant sources representing >70% of the approved drugs in the past 20 
years [3, 4]. The manner to exploit the scale and cost advantages of agriculture while 
diversifying the product offerings made available by plants has been under intense 
investigation since the early 1980s. Traditional transgenic approaches were initially pursued, 
but the challenges associated with the transformation and regeneration of viable 
recombinant crops delayed the appearance of initial products of medicinal promise until 
1989 with the production of antibodies [5] and 1990 with the production of human serum 
albumin [6]. During this time, the concept of using plant virus genomes as expression 
vectors emerged. In early investigations, researchers recognized the natural capability of 
virus systems to change the translational priorities within infected cells such that virally 
encoded proteins were produced preferentially. This ability suggested that expression 
vectors could be constructed from viral nucleic acids to produce recombinant proteins 
throughout infected plants [7]. However, for this hypothesis to be tested, the genomes of 
viruses, starting with positive (+) strand RNA viruses, had to be cloned and characterized 
[8-10]. Soon after the first full-length “infectious” clones of a (+) strand RNA plant virus 
were constructed, and preceding traditional transgenic systems, the virus genome was 
converted into an expression vector [11]. Although limited with regards to in planta 
expression, this first vector revealed the promise of virus genomes to be efficient expression 
systems for plants. The advantages revealed in these early studies, continue to be present: 
cDNA “infectious clones” offer facile subcloning vehicles allowing rapid prototyping of 
genetic expression constructs, and recombinant protein expression levels that exceed that 
offered by transgenic systems. 
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The rapid replication cycle of the virus systems provided amplification of messenger RNA 
and the resulting proteins providing for a “burst” of recombinant expression that can 
provide impressive yields (reviewed in [12-15]). While these early vectors were useful in 
plant cell systems to produce recombinant protein products with potential market value 
[16], these early systems could not support large scale manufacturing nor did they exploit 
the advantages of agriculture to provide cost-effective products. This review will provide an 
overview of plant virus-based expression vectors, and provide select examples how virus 
expression systems have evolved to offer valuable tools for the production of medically 
important products [17] and support the study of plant structure and metabolic function 
(reviewed in [18]) in dicot- and monocotyledonous plants. The growing biomedical and 
agricultural markets have encouraged great creativity in the construction and testing of 
plant virus expression systems. 

2. Biomedical market for recombinant proteins 

As an example of the market drivers for plant-based expression vectors, the 
biopharmaceutical industry market will be briefly reviewed. Recombinant proteins, 
including monoclonal antibodies (mAbs), enzymes, hormones, cytokines and growth 
factors, and vaccine antigens, are the source for new medical therapies and the 
pharmaceutical market. The global pharmaceutical market continues to prove to be robust, 
>$850B in 2010, in spite of generic pressure and biosimilars appearance [19]. Recombinant 
protein drugs, known as biologics, expanded their market to $149B, including $48B in sales 
of the top selling monoclonal antibody (mAb) products treating cancer and other disorders 
[19, 20]. The global cancer therapeutic market is projected to continue growth at 12.6% 
compound annual growth rate through 2014 [21]. Monoclonal antibody immunotherapy has 
revolutionized the treatment of many diseases – most notably cancer where the 
nondestructive nature of mAb treatment synergizes with many existing therapies to result 
in improved efficacy. These molecules make up the most promising part of product 
portfolios for biopharmaceutical companies and this market is predicted to grow by 11-14% 
compounded annual growth rate (CAGR) in the next five years compared with the rather 
tepid growth of ~3% CAGR of small molecule drugs [22, 23]. Indeed, in the midst of an 
economic downturn (2008-2010), the growth in mAbs continues to occur with sales of 
therapeutic mAbs being $48B in 2010 compared with $40B in 2009 and $37B in 2008 [24]. 
Adding the $10B of sales for mAbs used for diagnosis and research reagents raises the total 
mAb market to $58B in 2010. The clinical development of immunotherapy has been revived 
after several breakthroughs that have led to the approval of drugs and treatment for cancer. 
Indeed, four of the top 10 mAbs in terms of sales, are used for cancer treatment [24]. New 
drug targets and associated drug interventions are under investigation that will provide 
therapeutic options for traditionally underserved populations. 

Recent successes and the growing market demand for more innovative biologic products to 
treat chronic patients has continued to fuel interest and investment to identify tools and 
strategies to accelerate discovery and product validation in immunotherapy fields. Further, 
clinical success is ultimately determined by established clinical endpoints indicative of 
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survival. However, these results often require monitoring for months to years after the 
therapy has been given to the patient. These timelines are not conducive to the iterative and 
experimental process that is cancer therapy. Therefore, surrogate markers are sought: more 
rapidly appearing measurements that correlate with longer-term clinical endpoints. These 
functions require access to relevant clinical samples from diseased and healthy patients as 
well as adapting laboratory assays to more clinical formats. Surrogate markers require 
specific assays used to demonstrate efficacy of immunologic therapies and, as noted above, 
will fuel extraordinary market growth in the coming decade. These assays are highly 
empirical and require well trained staff, highly controlled conditions and consistency in 
procedure to ensure trends in data can be validated as statistically significant. Diagnostic 
assays incorporating recombinant proteins or exploiting mAb for detecting and assessing 
medical conditions was $776M in 2010 and is expected to grow at a CAGR of 47% through 
2015 [25]. This growth in the use of biologics for immunotherapy and diagnostic products 
continues, in part, because of recent FDA approvals and physician implementation of 
several new immunology tools and immunotherapeutic products to diagnose and treat 
patients. 

3. Plant production of bio-pharmaceutical proteins 

Plants have steadily gained acceptance as alternative production systems for biologics. The 
recent United States Food and Drug Administration approval of Protalix Biotherapeutic’s 
Elelyso (taliglucerase alfa) [20] represents the successful realization of the goal for 
plant-produced human biologics, initiated soon after the formation of Agrigenetics in 1981. 
This product, produced in engineered carrot cells, benefits from the simpler culture 
conditions required by plant cells compared with Chinese hamster ovary (CHO), insect, or 
yeast systems. However, it still requires the capital intensive production methods, requiring 
multiplicative costs for increased scale [26]. Nevertheless, the approval of Elelyso, 
demonstrates that plants can be used to source biologics that meet the stringent demands for 
high quality in human products, at competitive scale and costs. Indeed, Protalix indicates 
that the lower production costs associated with carrot cell systems will allow pricing of 
Elelyso to be 75% of Cerezyme, the leading product in this market sector [20]. This approval 
strengthens the regulatory case for plant-based production systems that was established by 
the 2006 approval of a DowAgrosciences, LLC vaccine by the US Department of Agriculture 
for the prevention of Newcastle disease in chickens [27]. As with the Protalix product, this 
recombinant vaccine was derived from a transgenic plant cell culture system. 

Agriculture offers several advantages as a biologic production system. Plants allow 
capital-efficient design of upstream manufacturing capacity at various scales providing cost 
savings that cannot be easily matched by fermentation technologies. The market 
opportunities provided by follow-on biologics and the rising capital costs associated with 
production using traditional systems make plants particularly attractive. Considerable 
capital and time is required to construct the upstream facilities for cell culture production. 
The upstream facility must be linked with downstream capabilities supporting product 
purification and characterization. Although outdated, the published costs associated with 
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continues, in part, because of recent FDA approvals and physician implementation of 
several new immunology tools and immunotherapeutic products to diagnose and treat 
patients. 

3. Plant production of bio-pharmaceutical proteins 

Plants have steadily gained acceptance as alternative production systems for biologics. The 
recent United States Food and Drug Administration approval of Protalix Biotherapeutic’s 
Elelyso (taliglucerase alfa) [20] represents the successful realization of the goal for 
plant-produced human biologics, initiated soon after the formation of Agrigenetics in 1981. 
This product, produced in engineered carrot cells, benefits from the simpler culture 
conditions required by plant cells compared with Chinese hamster ovary (CHO), insect, or 
yeast systems. However, it still requires the capital intensive production methods, requiring 
multiplicative costs for increased scale [26]. Nevertheless, the approval of Elelyso, 
demonstrates that plants can be used to source biologics that meet the stringent demands for 
high quality in human products, at competitive scale and costs. Indeed, Protalix indicates 
that the lower production costs associated with carrot cell systems will allow pricing of 
Elelyso to be 75% of Cerezyme, the leading product in this market sector [20]. This approval 
strengthens the regulatory case for plant-based production systems that was established by 
the 2006 approval of a DowAgrosciences, LLC vaccine by the US Department of Agriculture 
for the prevention of Newcastle disease in chickens [27]. As with the Protalix product, this 
recombinant vaccine was derived from a transgenic plant cell culture system. 

Agriculture offers several advantages as a biologic production system. Plants allow 
capital-efficient design of upstream manufacturing capacity at various scales providing cost 
savings that cannot be easily matched by fermentation technologies. The market 
opportunities provided by follow-on biologics and the rising capital costs associated with 
production using traditional systems make plants particularly attractive. Considerable 
capital and time is required to construct the upstream facilities for cell culture production. 
The upstream facility must be linked with downstream capabilities supporting product 
purification and characterization. Although outdated, the published costs associated with 
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these facilities are $300–$500 million and require from four to five years to complete 
construction, validation, and to gain regulatory approval [28]. Agriculture-based production 
requires less specialized upstream facilities, typically controlled growth chambers, linked 
with similar downstream production capabilities. The use of plants therefore reduces capital 
expenditures and also provides for more flexible use of space and capital. 

The handling of plant biomass and its initial extraction requires unique biomanufacturing 
solutions [14]. Virus vector expression systems offer significant advantages at considerably 
reduced costs to current cell-based manufacturing systems, such as employed by Protalix 
and Dow AgroSciences, while avoiding concerns associated with stable plant transformation 
[29, 30]. Virus based expression systems have been extensively tested and shown safe and 
environmentally-friendly in both indoor and outdoor tests since 1991 [12] and multiple 
products completing early stage human clinical investigations [31, 32]. Additional 
advantages also exist compared with traditional cell-based fermentation approaches 
include: 1) speed and low cost of genetic manipulation; 2) rapid manufacturing cycles; 3) no 
mammalian pathogen contamination; 4) minimal endotoxin concentrations and 
5) economical production [12-15, 33, 34]. 

4. Types of plant virus-based expression vectors 

Many different types of plant viruses have been converted into vectors for the production of 
recombinant proteins or peptides (for complete review, see [12-15, 33, 34]). As different 
viruses have distinct biological limitations and gene expression potential, each vector 
system has its own unique opportunities. This review focuses on virus vectors that have 
been particularly useful to produce recombinant proteins for biomedical, therapeutic and  

 
Figure 1. The genomic structure of wild type Tobacco Mosaic tobamovirus RNA (a) and derivative 
independent (b) and minimal (c) expression vectors. Boxes represent the open reading frames on each 
RNA and are labeled with the the viral protein they encode. The 126K and 183K proteins are required 
for virus replication. The 30K gene is the virus movement protein required for cell-to-cell transport. The 
CP is the virus coat protein that is required for encapsidation and systemic movement. The green 
fluorescent protein (GFP) is used as a placeholder for a gene for protein overexpression in planta. 
Arrows indicate the position of subgenomic promoters used to express the downstream proteins. 
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research, use. Many groups have sought to categorize virus based expression systems. For this 
review, we will organize our thinking by using two categories: “independent-virus” or 
“minimal-virus”. Independent-virus vectors are replication competent vectors that can be 
principally inoculated to plants as virus particles or viral RNA, multiply in initially infected 
cells and exploit virus encoded cell to cell and systemic movement activities to infect the 
majority of the phloem sink tissue of a host. In contrast, minimal virus systems are replication 
competent systems that have be modified in order to possess greater expression capabilies. 
The modifications are typically replacement of a virus-encoded open reading frame, not 
essential for genome replication, with the gene of interest such that the minimal-virus systems 
lack the ability to systemically infect a host. Examples of each system will be provided in the 
following sections with Figure 1 illustrating the genetic structures of independent and minimal 
virus systems derived from the tobacco mosaic tobamovirus. (TMV) genome. 

4.1. Independent-virus vectors 

Initial RNA virus vectors were functionally minimal-virus vectors that utilized a “gene 
replacement” strategy where a foreign gene of interest replaced the capsid protein (CP) gene 
of a virus [11]. These early vectors expressed foreign genes, but, as with other minimal-virus 
systems, lacked certain virus functions thereby limiting activities. For example, brome 
mosaic virus (BMV) CP replacement vectors could not even move from cell to cell in an 
infected leaf [11], and although TMV-based CP replacement vectors could move from cell to 
cell, they could not move systemically in inoculated plants [35-37].  

With greater understanding of virus function, plant RNA virus vectors were constructed to 
express a foreign gene product in addition to all required viral proteins [36, 38]. These 
vectors were the first independent-virus system that expressed recombinant products while 
moving systemically in a host plant. To construct independent-virus systems for (+) strand 
RNA viruses, vectors exploit subgenomic mRNA production to express foreign genes by 
using an additional subgenomic promoter inserted into the virus [38-40]. For viruses that 
used polyprotein processing, the foreign gene was inserted in translational frame with the 
existing virus open reading frame (ORF) and peptide sequences that facilitate the proteolytic 
processing of the fusion protein were present to insure release of the recombinant protein. 
Some independent-virus vectors are designed to express potential products as fusions to 
viral proteins, such as the potatovirus X (PVX) CP (reviewed in [41]). Often the fusion 
methodology employs the foot and mouth virus 2A translational cleavage sequence (see 
references in [42]). The apparent pausing of the ribosome, and the discontinuity of the 
peptide bond that results, allows proteins upstream and downstream of the 2A sequence to 
be differentially targeted, such as a single chain antibody accumulating in the plant apoplast 
while the CP was sequestered in its normal cytosolic localization [43]. Using these strategies, 
independent-virus systems have been derived from the genomes of potexviruses (including 
potato virus X; PVX), tobamoviruses (including TMV), comoviruses (including cowpea mosaic 
virus), potyviruses, tobraviruses, closteroviruses and others [12, 13, 15]. 

Most independent-virus vectors are functional in Nicotiana or other herbacious species. This 
follows from their ease of inoculation and the receptivity of species to virus expression 
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these facilities are $300–$500 million and require from four to five years to complete 
construction, validation, and to gain regulatory approval [28]. Agriculture-based production 
requires less specialized upstream facilities, typically controlled growth chambers, linked 
with similar downstream production capabilities. The use of plants therefore reduces capital 
expenditures and also provides for more flexible use of space and capital. 

The handling of plant biomass and its initial extraction requires unique biomanufacturing 
solutions [14]. Virus vector expression systems offer significant advantages at considerably 
reduced costs to current cell-based manufacturing systems, such as employed by Protalix 
and Dow AgroSciences, while avoiding concerns associated with stable plant transformation 
[29, 30]. Virus based expression systems have been extensively tested and shown safe and 
environmentally-friendly in both indoor and outdoor tests since 1991 [12] and multiple 
products completing early stage human clinical investigations [31, 32]. Additional 
advantages also exist compared with traditional cell-based fermentation approaches 
include: 1) speed and low cost of genetic manipulation; 2) rapid manufacturing cycles; 3) no 
mammalian pathogen contamination; 4) minimal endotoxin concentrations and 
5) economical production [12-15, 33, 34]. 

4. Types of plant virus-based expression vectors 

Many different types of plant viruses have been converted into vectors for the production of 
recombinant proteins or peptides (for complete review, see [12-15, 33, 34]). As different 
viruses have distinct biological limitations and gene expression potential, each vector 
system has its own unique opportunities. This review focuses on virus vectors that have 
been particularly useful to produce recombinant proteins for biomedical, therapeutic and  
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RNA and are labeled with the the viral protein they encode. The 126K and 183K proteins are required 
for virus replication. The 30K gene is the virus movement protein required for cell-to-cell transport. The 
CP is the virus coat protein that is required for encapsidation and systemic movement. The green 
fluorescent protein (GFP) is used as a placeholder for a gene for protein overexpression in planta. 
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research, use. Many groups have sought to categorize virus based expression systems. For this 
review, we will organize our thinking by using two categories: “independent-virus” or 
“minimal-virus”. Independent-virus vectors are replication competent vectors that can be 
principally inoculated to plants as virus particles or viral RNA, multiply in initially infected 
cells and exploit virus encoded cell to cell and systemic movement activities to infect the 
majority of the phloem sink tissue of a host. In contrast, minimal virus systems are replication 
competent systems that have be modified in order to possess greater expression capabilies. 
The modifications are typically replacement of a virus-encoded open reading frame, not 
essential for genome replication, with the gene of interest such that the minimal-virus systems 
lack the ability to systemically infect a host. Examples of each system will be provided in the 
following sections with Figure 1 illustrating the genetic structures of independent and minimal 
virus systems derived from the tobacco mosaic tobamovirus. (TMV) genome. 

4.1. Independent-virus vectors 

Initial RNA virus vectors were functionally minimal-virus vectors that utilized a “gene 
replacement” strategy where a foreign gene of interest replaced the capsid protein (CP) gene 
of a virus [11]. These early vectors expressed foreign genes, but, as with other minimal-virus 
systems, lacked certain virus functions thereby limiting activities. For example, brome 
mosaic virus (BMV) CP replacement vectors could not even move from cell to cell in an 
infected leaf [11], and although TMV-based CP replacement vectors could move from cell to 
cell, they could not move systemically in inoculated plants [35-37].  

With greater understanding of virus function, plant RNA virus vectors were constructed to 
express a foreign gene product in addition to all required viral proteins [36, 38]. These 
vectors were the first independent-virus system that expressed recombinant products while 
moving systemically in a host plant. To construct independent-virus systems for (+) strand 
RNA viruses, vectors exploit subgenomic mRNA production to express foreign genes by 
using an additional subgenomic promoter inserted into the virus [38-40]. For viruses that 
used polyprotein processing, the foreign gene was inserted in translational frame with the 
existing virus open reading frame (ORF) and peptide sequences that facilitate the proteolytic 
processing of the fusion protein were present to insure release of the recombinant protein. 
Some independent-virus vectors are designed to express potential products as fusions to 
viral proteins, such as the potatovirus X (PVX) CP (reviewed in [41]). Often the fusion 
methodology employs the foot and mouth virus 2A translational cleavage sequence (see 
references in [42]). The apparent pausing of the ribosome, and the discontinuity of the 
peptide bond that results, allows proteins upstream and downstream of the 2A sequence to 
be differentially targeted, such as a single chain antibody accumulating in the plant apoplast 
while the CP was sequestered in its normal cytosolic localization [43]. Using these strategies, 
independent-virus systems have been derived from the genomes of potexviruses (including 
potato virus X; PVX), tobamoviruses (including TMV), comoviruses (including cowpea mosaic 
virus), potyviruses, tobraviruses, closteroviruses and others [12, 13, 15]. 

Most independent-virus vectors are functional in Nicotiana or other herbacious species. This 
follows from their ease of inoculation and the receptivity of species to virus expression 
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systems. Recently, the adaptation of closterovirus vectors to a non-herbacious plant system 
was accomplished by adaption of Grapevine leafroll-associated virus-2 into an expression 
vector [44]. This vector showed characteristic phloem-associated expression in inoculated 
grapevines involving the roots, stems, petioles, leaves and berries. A grapevine-A vector 
was also shown to induce inhibitory RNA (RNAi) of model genes in micropropogated 
grapevines [45]. These vectors for use in expression and RNAi-based functional genomics 
studies open new non-transgenic strategies for researchers in woody plants. 

As a more detailed example of an independent-virus system, Tobamoviruses-based vectors 
have been commonly used for recombinant protein expression. These viruses have a (+) 
sense single stranded RNA genome of ~6400 nucleotides helically encapsidated by many 
~2,100 copies of a 17.5 kDa CP in rigid rod shaped particles [12]. The viral 
replication-associated proteins are directly transcribed from the genomic RNA directly, 
whereas expression of internal genes is through the production of subgenomic RNAs. 
Sequences in the tobamovirus genome function as subgenomic promoters regulating the 
production of subgenomic RNAs. The virus movement protein MP and CP are translated 
from two separate, but co-terminal, subgenomic RNAs, with the CP being among the most 
abundant protein and RNA produced in the infected cell [46]. In a tobamovirus infected plant 
there are several milligrams of CP produced per gram of infected tissue. 

Tobamoviruses-based vectors are readily constructed as independent-virus systems, 
including cell-to-cell and systemic movement activities mediated by MP and CP, 
respectively (Figure 1). These vectors benefit from the strength of the viral subgenomic 
promoter’s activity to reprogram the translational activities of infected plant cells such that 
virus-encoded proteins are synthesized at high levels, often similar to the TMV CP [40]. A 
foreign gene encoding the protein for overexpression is added in place of the virus CP so it 
will be expressed from the endogenous virus CP promoter [38, 40]. A second CP promoter 
from a different tobamoviruses strain, of sequence divergent to the first CP promotor, is 
placed downstream of the heterologous coding region and a virus CP gene is then added 3’ 
terminal to the heterologous subgenomic promoter. Tobamoviruses-based vectors infect 
various species, but most commonly tobacco-related species (genus Nicotiana), including 
tabacum and benthamiana. For the vector to express foreign proteins, the infectious vector 
RNA enters plant cells via wounds induced by an abrasive. The virus RNA is released from 
the CP subunits, translated to produce replication-associated proteins and is replicated in 
the initial cell. The progeny RNA is moved to adjacent cells in association with the MP to 
produce infection foci. A proportion of the RNA, complexed with CP, enters the plants 
vascular system for transport to phloem sink tissues in the aerial leaves. This movement 
produces the systematic infection and the foreign gene is expressed in all cells that express 
other virus protein products. Within the cell, the foreign protein is deposited in the site 
dictated by its protein sequence, either naturally or purposely engineered [12, 46]. 

Tobamoviruses-based vectors have been used by literally hundreds of researchers to produce 
a range of human enzymes, antimicrobials, cytokines, subunit vaccine and immunoglobulin 
proteins. Several reviews have provided surveys of these products [12, 14]. In general, 
expression results were obtained in Nicotiana hosts and proteins were extracted from leaf 
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tissues using total homogenization and clarification methods or leaf infiltration and isolation 
of interstitial fluids [46, 47]. Several products have been purified using differential 
separation and standard chromatographic separations and tested in various model systems 
of human disease. TMV-based vectors, especially the well-developed GENEWARE® system, 
have been used to express a large range of recombinant proteins under research and Current 
Good Manufacturing Practice (cGMP) compliance [14].  One class of products has been 
successfully tested in human clinical trials, as described below. 

Active vaccination of Non-Hodgkin’s Lymphoma (NHL) patients with cancer antigens, in 
this case the idiotypic antibody expressed by the tumorogenic B-cells, has been shown to 
induce clinical remissions in human clinical trials [48]. However, more efficient and effective 
vaccines are sought. Full antibodies contain both idiotype-specific elements as well as 
constant sequences, shared by many antibodies, which may reduce the immunogenicity of 
the vaccine. In order to provide higher antigen content to vaccines, single chain antibodies 
(scFvs) were constructed from tumor-derived idiotypic antibodies to provide simpler and 
more sequence-focused vaccines for clinical testing. This vaccine strategy was shown to be 
effective in murine models of NHL [49] and a GENEWARE®-based production methodology 
was developed that could produce >80% of scFvs from human tumor samples [50]. Sixteen 
patients were enrolled in a Phase I clinical trial under the regulatory oversight of the US 
Food and Drug Administration [31, 51]. Vaccines were successfully produced for all patients 
and applied in two dosing groups with and without granulocyte-macrophage 
colony-stimulating factor adjuvant. The primary endpoint of the study was safety which, as 
the first parenteral administration of a plant-made vaccine, was an important outcome to 
monitor. The study results confirmed the safety of plant-derived vaccines, including 
plant-specific glycoforms present on 15 of the 16 vaccines. The secondary endpoint was 
determination of the immunogenicity of the vaccines in human subjects. Overall, 70% of the 
patients developed cellular or humoral immune responses to the scFv vaccines, with the 
adjuvant improving the frequency of responses, as predicted. The majority of the responses 
was shown to be vaccine specific and did not cross react with control idiotype proteins. 
These results demonstrated the flexibility of the TMV-based expression systems as well as 
the safety and effectiveness of the plant derived products [31, 51]. 

4.2. Minimal-virus vectors 

In contrast to independent-virus vectors, minimal-virus systems are capable of functions 
supporting RNA replication, yet are lacking in one or more functions necessary for systemic 
infection. Although this vector was the first type constructed, researchers moved away from 
this approach in favor of the independent-virus vectors. However, as limitations emerged 
from independent-virus systems, including the size of genes that can be expressed, host 
range limitations and problems with systemic movement, researchers revised minimal-virus 
systems with new energy. The resulting vectors were found to be incapable of systemic 
movement in inoculated plants, thus they must be delivered to each and every plant leaf to 
allow cell-to-cell movement activities allow infection of all inoculated leaves. Standard 
abrasion methods are too tedious to deliver inoculum to each leaf, so new methods were 
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systems. Recently, the adaptation of closterovirus vectors to a non-herbacious plant system 
was accomplished by adaption of Grapevine leafroll-associated virus-2 into an expression 
vector [44]. This vector showed characteristic phloem-associated expression in inoculated 
grapevines involving the roots, stems, petioles, leaves and berries. A grapevine-A vector 
was also shown to induce inhibitory RNA (RNAi) of model genes in micropropogated 
grapevines [45]. These vectors for use in expression and RNAi-based functional genomics 
studies open new non-transgenic strategies for researchers in woody plants. 

As a more detailed example of an independent-virus system, Tobamoviruses-based vectors 
have been commonly used for recombinant protein expression. These viruses have a (+) 
sense single stranded RNA genome of ~6400 nucleotides helically encapsidated by many 
~2,100 copies of a 17.5 kDa CP in rigid rod shaped particles [12]. The viral 
replication-associated proteins are directly transcribed from the genomic RNA directly, 
whereas expression of internal genes is through the production of subgenomic RNAs. 
Sequences in the tobamovirus genome function as subgenomic promoters regulating the 
production of subgenomic RNAs. The virus movement protein MP and CP are translated 
from two separate, but co-terminal, subgenomic RNAs, with the CP being among the most 
abundant protein and RNA produced in the infected cell [46]. In a tobamovirus infected plant 
there are several milligrams of CP produced per gram of infected tissue. 

Tobamoviruses-based vectors are readily constructed as independent-virus systems, 
including cell-to-cell and systemic movement activities mediated by MP and CP, 
respectively (Figure 1). These vectors benefit from the strength of the viral subgenomic 
promoter’s activity to reprogram the translational activities of infected plant cells such that 
virus-encoded proteins are synthesized at high levels, often similar to the TMV CP [40]. A 
foreign gene encoding the protein for overexpression is added in place of the virus CP so it 
will be expressed from the endogenous virus CP promoter [38, 40]. A second CP promoter 
from a different tobamoviruses strain, of sequence divergent to the first CP promotor, is 
placed downstream of the heterologous coding region and a virus CP gene is then added 3’ 
terminal to the heterologous subgenomic promoter. Tobamoviruses-based vectors infect 
various species, but most commonly tobacco-related species (genus Nicotiana), including 
tabacum and benthamiana. For the vector to express foreign proteins, the infectious vector 
RNA enters plant cells via wounds induced by an abrasive. The virus RNA is released from 
the CP subunits, translated to produce replication-associated proteins and is replicated in 
the initial cell. The progeny RNA is moved to adjacent cells in association with the MP to 
produce infection foci. A proportion of the RNA, complexed with CP, enters the plants 
vascular system for transport to phloem sink tissues in the aerial leaves. This movement 
produces the systematic infection and the foreign gene is expressed in all cells that express 
other virus protein products. Within the cell, the foreign protein is deposited in the site 
dictated by its protein sequence, either naturally or purposely engineered [12, 46]. 

Tobamoviruses-based vectors have been used by literally hundreds of researchers to produce 
a range of human enzymes, antimicrobials, cytokines, subunit vaccine and immunoglobulin 
proteins. Several reviews have provided surveys of these products [12, 14]. In general, 
expression results were obtained in Nicotiana hosts and proteins were extracted from leaf 
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tissues using total homogenization and clarification methods or leaf infiltration and isolation 
of interstitial fluids [46, 47]. Several products have been purified using differential 
separation and standard chromatographic separations and tested in various model systems 
of human disease. TMV-based vectors, especially the well-developed GENEWARE® system, 
have been used to express a large range of recombinant proteins under research and Current 
Good Manufacturing Practice (cGMP) compliance [14].  One class of products has been 
successfully tested in human clinical trials, as described below. 

Active vaccination of Non-Hodgkin’s Lymphoma (NHL) patients with cancer antigens, in 
this case the idiotypic antibody expressed by the tumorogenic B-cells, has been shown to 
induce clinical remissions in human clinical trials [48]. However, more efficient and effective 
vaccines are sought. Full antibodies contain both idiotype-specific elements as well as 
constant sequences, shared by many antibodies, which may reduce the immunogenicity of 
the vaccine. In order to provide higher antigen content to vaccines, single chain antibodies 
(scFvs) were constructed from tumor-derived idiotypic antibodies to provide simpler and 
more sequence-focused vaccines for clinical testing. This vaccine strategy was shown to be 
effective in murine models of NHL [49] and a GENEWARE®-based production methodology 
was developed that could produce >80% of scFvs from human tumor samples [50]. Sixteen 
patients were enrolled in a Phase I clinical trial under the regulatory oversight of the US 
Food and Drug Administration [31, 51]. Vaccines were successfully produced for all patients 
and applied in two dosing groups with and without granulocyte-macrophage 
colony-stimulating factor adjuvant. The primary endpoint of the study was safety which, as 
the first parenteral administration of a plant-made vaccine, was an important outcome to 
monitor. The study results confirmed the safety of plant-derived vaccines, including 
plant-specific glycoforms present on 15 of the 16 vaccines. The secondary endpoint was 
determination of the immunogenicity of the vaccines in human subjects. Overall, 70% of the 
patients developed cellular or humoral immune responses to the scFv vaccines, with the 
adjuvant improving the frequency of responses, as predicted. The majority of the responses 
was shown to be vaccine specific and did not cross react with control idiotype proteins. 
These results demonstrated the flexibility of the TMV-based expression systems as well as 
the safety and effectiveness of the plant derived products [31, 51]. 

4.2. Minimal-virus vectors 

In contrast to independent-virus vectors, minimal-virus systems are capable of functions 
supporting RNA replication, yet are lacking in one or more functions necessary for systemic 
infection. Although this vector was the first type constructed, researchers moved away from 
this approach in favor of the independent-virus vectors. However, as limitations emerged 
from independent-virus systems, including the size of genes that can be expressed, host 
range limitations and problems with systemic movement, researchers revised minimal-virus 
systems with new energy. The resulting vectors were found to be incapable of systemic 
movement in inoculated plants, thus they must be delivered to each and every plant leaf to 
allow cell-to-cell movement activities allow infection of all inoculated leaves. Standard 
abrasion methods are too tedious to deliver inoculum to each leaf, so new methods were 
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developed. The most common method is Agro-infiltration of host plants to launch the 
infection process [33, 52-54]. This process introduces a DNA plasmid, containing the virus 
vector under the control of an appropriate transcriptional unit within normal Ti plasmid 
integration sites, into Agrobacterium tumefaciens cells to create an inoculum. The 
Agrobacterium strain containing the DNA expression constructs are grown in overnight 
cultures and diluted for inoculation. Plants are inverted, submerged in inoculum solution 
and a vacuum is applied removing the air trapped in the leaves. As the vacuum is released, 
the inoculum replaces the air in the leaf spaces providing the Agrobacterium strain access to 
cells throughout the submerged leaves for invasion. The bacteria then exploits the transfer 
DNA mechanisms to introduce the DNA copy of the virus expression vector into the 
nucleus of infected plants. RNA transcription produces infectious RNA or mRNA 
transcripts that are processed by nuclear enzymes into an intact and capped transcript and 
exported to the cytoplasm. These transcripts are then translated and replication protein 
expression initiates similar to independent-virus systems. 

The activity of viral movement proteins move the vectors from the initially infected cells to 
adjacent cells creating a more rapid and synchronous infection of inoculated leaves than 
independent-virus vectors. This eliminates the delays associated with systemic plant 
movement and can yield greater amounts of recombinant proteins in a shorter period of 
time than independent-virus systems [33, 54]. This approach increases the genetic load 
carried by the minimal-virus systems allowing efficient expression of larger recombinant 
proteins [55]. Minimal-virus systems have been developed from the genomes of potexviruses, 
tobamoviruses, bromoviruses, comoviruses and geminiviruses [12, 13]. 

Nicotiana benthamiana is an ideal host for minimal-virus expression since it highly susceptible 
to Agrobacterium infection to mediate initial entry and introduction of the viral expression 
vectors. The expression of a defective form of RNA dependent RNA polymerase in N. 
benthamiana [56] makes it nearly universally susceptible to plant viruses and the great 
experience with this host has led it to be the common host for independent-virus as well for 
the expression of many recombinant proteins. The flexibility of Agroinfiltration inoculation 
procedures allow more than one expression vector into a host plant in a given treatment. 
The co expression of silencing suppressor proteins has been shown to be a key factor for 
optimized yields [57-59]. Such methods have been used to produce a range of 
biopharmaceutical proteins [60-62] and offer strategies to modify the plant enzymatic 
machinery, producing more stable and “human” like recombinant proteins, including 
glycan structures [34, 60] which will be discussed later in this review. 

Examples of minimum-virus vectors include the systems developed using TMV genomes 
include those developed by (Figure 1)[63,64]. Two TMV variants were developed – one, 
actually an independent-virus system, employed the full TMV virus capable of systemic 
movement [63] and a second – lacked the virus coat protein as minimum-virus system [64]. 
The minimum-virus system (TRBO vector) produced significantly higher levels of the green 
fluorescent protein (up to 5.5 mg/g FW). This vector did not require the co-expression of a 
silencing suppressor and worked with very high inoculum dilution in infiltration medium. 
The RNA2 of cowpea mosaic virus (CPMV) was also adapted as a minimum-virus system 
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which overcame the historic limitation of the insert size in CPMV vectors and allows 
expression hetero-oligomeric proteins from a single vector [65, 66]. However, the system 
also requires co-expression of silencing suppressors for optimal expression. 

DNA viruses have been adapted to minimal virus systems. Both single and bipartite plant 
geminivirus systems have modified to produce recombinant proteins – usually at the 
expense of expression of the capsid or key movement or transmission proteins. Maize streak 
virus is an example of a single component virus which has been converted into an 
expression vector [67]. Bean yellow dwarf virus (BeYDV) has been developed into a single 
and dual-component replicon system that permits simultaneous, efficient replication of two 
DNA replicons and thus high-level accumulation of one or two recombinant proteins in the 
same plant cell [68, 69]. This system has been used to produce express immunoglobulin 
proteins and human papilloma virus HPV-16 and the p24 protein of HIV-1 [70]. The system 
requires co-expression of the silencing suppressors. Some geminivirus systems have been 
adapted to express recombinant proteins in non-Nicotiana species, including lettuce [71]. 

The most advanced minimum-virus system is magnICON®. This technology has been used 
to express a large number of recombinant proteins, including cytokines, interferon, bacterial 
and viral antigens, growth hormone, single chain antibodies (reviewed in [54, 72]). The 
ability of Agroinfiltration to introduce more than one expression vector into a host plant in 
the same inoculation allows the use of two magnICON® vectors to produce heteromeric 
recombinant proteins, such as mAbs. For production of mAbs, two non-competitive virus 
vectors are used: one based on turnip vein clearing tobamovirus (TVCV) and the second, 
potatovirus X (PVX [55, 73]). In mAb production, two magnICON® virus expression vectors 
each contain a separate mAb chain, heavy or light, and are co-delivered by Agroinfiltration. 
Each vector replicates independently and expresses mAb chains in the same cells that 
self-assemble functional mAbs at yields up to 1 g/kg fresh weight [33, 54, 55]. These vectors 
have been used for efficient large scale production of multi-gram batches of mAbs under 
Current Good Manufacturing Practices that have been tested in several challenge model 
systems, including non-human primates [14, 74]. 

5. Synergy of transgenic plants and virus-based expression vectors 

Standard integrative plant expression vectors allow transformation of plant lines using 
Agrobacterium tumefaciens-mediated transfer-DNA delivery methods. These methods allows 
for great flexibility and synergy when mixed with transient, virus-based expression vectors. 
The mixture of these two approaches allows for the efficient expression of the recombinant 
biopharmaceutical protein of interest and provision of the required co-factors improving 
pharmaceutical protein yield and processing. As noted above, the co-expression of silencing 
suppressor proteins has been shown to be a key factor for optimized yields with some 
minimal-virus expression systems. Further, entire protein processing systems can be 
introduced into plants to produce more stable and “human” like recombinant proteins, 
including glycan structures [60, 34]. Concerns over the potential immunogenicity of 
plant-specific glycan linkages on recombinant proteins (the presence of β1,2-xylosylation 
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developed. The most common method is Agro-infiltration of host plants to launch the 
infection process [33, 52-54]. This process introduces a DNA plasmid, containing the virus 
vector under the control of an appropriate transcriptional unit within normal Ti plasmid 
integration sites, into Agrobacterium tumefaciens cells to create an inoculum. The 
Agrobacterium strain containing the DNA expression constructs are grown in overnight 
cultures and diluted for inoculation. Plants are inverted, submerged in inoculum solution 
and a vacuum is applied removing the air trapped in the leaves. As the vacuum is released, 
the inoculum replaces the air in the leaf spaces providing the Agrobacterium strain access to 
cells throughout the submerged leaves for invasion. The bacteria then exploits the transfer 
DNA mechanisms to introduce the DNA copy of the virus expression vector into the 
nucleus of infected plants. RNA transcription produces infectious RNA or mRNA 
transcripts that are processed by nuclear enzymes into an intact and capped transcript and 
exported to the cytoplasm. These transcripts are then translated and replication protein 
expression initiates similar to independent-virus systems. 

The activity of viral movement proteins move the vectors from the initially infected cells to 
adjacent cells creating a more rapid and synchronous infection of inoculated leaves than 
independent-virus vectors. This eliminates the delays associated with systemic plant 
movement and can yield greater amounts of recombinant proteins in a shorter period of 
time than independent-virus systems [33, 54]. This approach increases the genetic load 
carried by the minimal-virus systems allowing efficient expression of larger recombinant 
proteins [55]. Minimal-virus systems have been developed from the genomes of potexviruses, 
tobamoviruses, bromoviruses, comoviruses and geminiviruses [12, 13]. 

Nicotiana benthamiana is an ideal host for minimal-virus expression since it highly susceptible 
to Agrobacterium infection to mediate initial entry and introduction of the viral expression 
vectors. The expression of a defective form of RNA dependent RNA polymerase in N. 
benthamiana [56] makes it nearly universally susceptible to plant viruses and the great 
experience with this host has led it to be the common host for independent-virus as well for 
the expression of many recombinant proteins. The flexibility of Agroinfiltration inoculation 
procedures allow more than one expression vector into a host plant in a given treatment. 
The co expression of silencing suppressor proteins has been shown to be a key factor for 
optimized yields [57-59]. Such methods have been used to produce a range of 
biopharmaceutical proteins [60-62] and offer strategies to modify the plant enzymatic 
machinery, producing more stable and “human” like recombinant proteins, including 
glycan structures [34, 60] which will be discussed later in this review. 

Examples of minimum-virus vectors include the systems developed using TMV genomes 
include those developed by (Figure 1)[63,64]. Two TMV variants were developed – one, 
actually an independent-virus system, employed the full TMV virus capable of systemic 
movement [63] and a second – lacked the virus coat protein as minimum-virus system [64]. 
The minimum-virus system (TRBO vector) produced significantly higher levels of the green 
fluorescent protein (up to 5.5 mg/g FW). This vector did not require the co-expression of a 
silencing suppressor and worked with very high inoculum dilution in infiltration medium. 
The RNA2 of cowpea mosaic virus (CPMV) was also adapted as a minimum-virus system 
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which overcame the historic limitation of the insert size in CPMV vectors and allows 
expression hetero-oligomeric proteins from a single vector [65, 66]. However, the system 
also requires co-expression of silencing suppressors for optimal expression. 

DNA viruses have been adapted to minimal virus systems. Both single and bipartite plant 
geminivirus systems have modified to produce recombinant proteins – usually at the 
expense of expression of the capsid or key movement or transmission proteins. Maize streak 
virus is an example of a single component virus which has been converted into an 
expression vector [67]. Bean yellow dwarf virus (BeYDV) has been developed into a single 
and dual-component replicon system that permits simultaneous, efficient replication of two 
DNA replicons and thus high-level accumulation of one or two recombinant proteins in the 
same plant cell [68, 69]. This system has been used to produce express immunoglobulin 
proteins and human papilloma virus HPV-16 and the p24 protein of HIV-1 [70]. The system 
requires co-expression of the silencing suppressors. Some geminivirus systems have been 
adapted to express recombinant proteins in non-Nicotiana species, including lettuce [71]. 

The most advanced minimum-virus system is magnICON®. This technology has been used 
to express a large number of recombinant proteins, including cytokines, interferon, bacterial 
and viral antigens, growth hormone, single chain antibodies (reviewed in [54, 72]). The 
ability of Agroinfiltration to introduce more than one expression vector into a host plant in 
the same inoculation allows the use of two magnICON® vectors to produce heteromeric 
recombinant proteins, such as mAbs. For production of mAbs, two non-competitive virus 
vectors are used: one based on turnip vein clearing tobamovirus (TVCV) and the second, 
potatovirus X (PVX [55, 73]). In mAb production, two magnICON® virus expression vectors 
each contain a separate mAb chain, heavy or light, and are co-delivered by Agroinfiltration. 
Each vector replicates independently and expresses mAb chains in the same cells that 
self-assemble functional mAbs at yields up to 1 g/kg fresh weight [33, 54, 55]. These vectors 
have been used for efficient large scale production of multi-gram batches of mAbs under 
Current Good Manufacturing Practices that have been tested in several challenge model 
systems, including non-human primates [14, 74]. 

5. Synergy of transgenic plants and virus-based expression vectors 

Standard integrative plant expression vectors allow transformation of plant lines using 
Agrobacterium tumefaciens-mediated transfer-DNA delivery methods. These methods allows 
for great flexibility and synergy when mixed with transient, virus-based expression vectors. 
The mixture of these two approaches allows for the efficient expression of the recombinant 
biopharmaceutical protein of interest and provision of the required co-factors improving 
pharmaceutical protein yield and processing. As noted above, the co-expression of silencing 
suppressor proteins has been shown to be a key factor for optimized yields with some 
minimal-virus expression systems. Further, entire protein processing systems can be 
introduced into plants to produce more stable and “human” like recombinant proteins, 
including glycan structures [60, 34]. Concerns over the potential immunogenicity of 
plant-specific glycan linkages on recombinant proteins (the presence of β1,2-xylosylation 
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and core α1,3-fucosylation) have been mitigated by the use of RNAi technologies to 
down-regulate endogenous beta1,2-xylosyltransferase and alpha1,3-fucosyltransferase 
genes [75-77] in N. benthamiana plant lines. Proteins produced from these lines show almost 
homogeneous N-glycan species without detectable beta 1,2-xylose and alpha1,3-fucose 
residues providing a host that produces humanized glycan structures. Indeed, production of 
antibody products using the magICON® system using the RNAi plants have demonstrated 
the synergy of the systems – rapid production of high quantity production of antibodies that 
show humanized glycan structures [14]. Indeed, the lack of fucose glycans on mAb products 
produced in the N. benthamiana producing humanized glycans have shown enhanced 
potency in the treatment of Ebola infection in a non-human primate model, anti-tumoral 
investigations of a plant-derived trastuzumab in murine xenograph models and HIV-1 
neutralization studies [74, 78, 79]. The mechanism responsible for this enhanced in vivo 
activity appears to be the improved Fcγ and FcγRIII receptors of nonfucosylated, plant 
produced mAbs. This advantage based on glycan engineering offers great promise for plant 
derived biosimilar antibody products. 

The present of sialic acid terminal sugars on glycan structures of human plasma proteins is 
correlated with their long half-life and the pharmacokinetic properties of effective 
recombinant therapeutics which must function in human plasma [80]. The capability to 
sialylate plant proteins has been demonstrated in transient and transgenic Arabidopsis 
systems by [81-83]. This effort required transformation events providing enzymatic 
synthesis of the sialic acid metabolic precursor, which is normally not synthesized in plants, 
in addition to transferase activities. Efforts are now ongoing to introduce this multi-genic 
modification into N. benthamiana. This glyco-modified host in combination with transient 
virus-based expression of recombinant proteins benefiting from sialylation offers potential 
single-step production of human plasma enzymes with similar pharmacokinetic properties 
as the native proteins. By eliminating any need for post-production enzyme modification, 
successful development and deployment of these plant lines would contribute to both faster 
speed of delivery and lower cost of goods. From these examples, the synergy between 
tailored expression hosts, genetically engineered for appropriate protein post-translational 
modifications, and virus-based expression strategies to provide recombinant products that 
meet the biological function and production rigors of modern biotechnology. 

6. Transient virus-based expression: Transitioning from dicot- to 
monocotyledonous plants 

The focus of the previous material was virus expression systems providing recombinant 
protein expression primarily in plant dicotyledonous plant species. This emphasis comes 
from the historical emphasis on dicot expression due to the availability of more facile 
systems. Yet monocotyledonous species, especially the cereals, are the most important of 
crops for feeding humans and livestock in many parts of the world. Further, maize, 
sugarcane, bamboo and other monocot species, are used extensively in the production of 
biofuels and other industrial products. Monocots possess unique morphological features 
and seed biology suggesting gene functions not present in dicots. Monocot species have also 
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developed unique mechanisms for tolerance of adverse environmental conditions like 
drought and high salinity. In the past, most protein functions were proposed based on 
homology to better characterized dicot systems, such as Arabidopsis thaliana, but functional 
assays are required to truly ascertain gene function. Overexpression and RNAi gene 
silencing strategies are key to these direct studies [84]. The construction of transgenic plant 
lines is not an adequate solution due to the time consuming nature of the approach and the 
frequency of lethal phenotypes. Therefore, a more rapid, transient strategy is needed. RNA 
virus expression vectors offer such powerful tools for understanding the biology of these 
species. In the remaining sections of this review, we will examine the contributions that 
monocot viral expression systems have made and provide a few detailed examples. 

6.1. Use of transient expression vectors as functional gene discovery tools in 
moncot species 

One of the challenges in developing any plant based expression system is to achieve high 
level expression without triggering the post translational gene silencing (PTGS) and related 
RNAi mechanisms that plants and other organisms have evolved (reviewed in [18]). These 
mechanisms have been observed to operate in transgenic plants, and even exploited to 
generate pathogen-derived resistance to viruses in cases where the silencing of viral 
transgenes prevents related viruses from infecting the transgenic host [85, 86]. The 
identification of plant viral proteins that are able to suppress these silencing mechanisms 
suggested that these mechanisms have evolved in part to prevent or slow viral infection. 

Expression of proteins using viral vectors can also trigger PTGS, and is referred to as viral 
induced gene silencing (VIGS). Using VIGS, an endogenous plant gene can be silenced by 
inserting only a small portion of the target gene (100-500 nt in length) which creates loss of 
function phenotypes to study gene function. A wide range of viruses have been developed 
as VIGS vectors, originally, and most extensively, for dicot hosts [18, 87]. Shortly after the 
first dicot examples, a barley stripe mosaic virus (BSMV) vector, was used to silence the 
endogenous phytoene desaturase (pds) gene systemically in barley [88]. 

BSMV, the type member of the hordeivirus family, infects many agriculturally important 
monocot species such as barley, rice, corn, oat and wheat [89-92]. It is known to be highly 
seed transmitted in barley, which could be a potential advantage for assessing gene function 
in seeds and early development. As showen in Figure 2, BSMV has a tripartite (+) sense 
RNA genome consisting of RNAs  and  [93]. The virus uses well characterized 
subgenomic promoters for gene expression from each of its genomic RNAs [94]. 

As a more detailed example of a VIGS vector, BSMV was constructed by inserting fragments of 
the silencing target so that they would be expressed only as untranslated RNA on a 
subgenomic promoter following the b ORF [88]. Although the strongest silencing in barley 
plants was observed using the barley pds fragments, fragments from pds taken from maize and 
rice caused a degree of silencing that was proportional to their sequence similarity with the 
barley homolog. Further modification of the virus to delete the coat protein enhanced the 
suppression of the endogenous pds. Since this first demonstration of VIGS in barley, BSMV 
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and core α1,3-fucosylation) have been mitigated by the use of RNAi technologies to 
down-regulate endogenous beta1,2-xylosyltransferase and alpha1,3-fucosyltransferase 
genes [75-77] in N. benthamiana plant lines. Proteins produced from these lines show almost 
homogeneous N-glycan species without detectable beta 1,2-xylose and alpha1,3-fucose 
residues providing a host that produces humanized glycan structures. Indeed, production of 
antibody products using the magICON® system using the RNAi plants have demonstrated 
the synergy of the systems – rapid production of high quantity production of antibodies that 
show humanized glycan structures [14]. Indeed, the lack of fucose glycans on mAb products 
produced in the N. benthamiana producing humanized glycans have shown enhanced 
potency in the treatment of Ebola infection in a non-human primate model, anti-tumoral 
investigations of a plant-derived trastuzumab in murine xenograph models and HIV-1 
neutralization studies [74, 78, 79]. The mechanism responsible for this enhanced in vivo 
activity appears to be the improved Fcγ and FcγRIII receptors of nonfucosylated, plant 
produced mAbs. This advantage based on glycan engineering offers great promise for plant 
derived biosimilar antibody products. 

The present of sialic acid terminal sugars on glycan structures of human plasma proteins is 
correlated with their long half-life and the pharmacokinetic properties of effective 
recombinant therapeutics which must function in human plasma [80]. The capability to 
sialylate plant proteins has been demonstrated in transient and transgenic Arabidopsis 
systems by [81-83]. This effort required transformation events providing enzymatic 
synthesis of the sialic acid metabolic precursor, which is normally not synthesized in plants, 
in addition to transferase activities. Efforts are now ongoing to introduce this multi-genic 
modification into N. benthamiana. This glyco-modified host in combination with transient 
virus-based expression of recombinant proteins benefiting from sialylation offers potential 
single-step production of human plasma enzymes with similar pharmacokinetic properties 
as the native proteins. By eliminating any need for post-production enzyme modification, 
successful development and deployment of these plant lines would contribute to both faster 
speed of delivery and lower cost of goods. From these examples, the synergy between 
tailored expression hosts, genetically engineered for appropriate protein post-translational 
modifications, and virus-based expression strategies to provide recombinant products that 
meet the biological function and production rigors of modern biotechnology. 

6. Transient virus-based expression: Transitioning from dicot- to 
monocotyledonous plants 

The focus of the previous material was virus expression systems providing recombinant 
protein expression primarily in plant dicotyledonous plant species. This emphasis comes 
from the historical emphasis on dicot expression due to the availability of more facile 
systems. Yet monocotyledonous species, especially the cereals, are the most important of 
crops for feeding humans and livestock in many parts of the world. Further, maize, 
sugarcane, bamboo and other monocot species, are used extensively in the production of 
biofuels and other industrial products. Monocots possess unique morphological features 
and seed biology suggesting gene functions not present in dicots. Monocot species have also 
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developed unique mechanisms for tolerance of adverse environmental conditions like 
drought and high salinity. In the past, most protein functions were proposed based on 
homology to better characterized dicot systems, such as Arabidopsis thaliana, but functional 
assays are required to truly ascertain gene function. Overexpression and RNAi gene 
silencing strategies are key to these direct studies [84]. The construction of transgenic plant 
lines is not an adequate solution due to the time consuming nature of the approach and the 
frequency of lethal phenotypes. Therefore, a more rapid, transient strategy is needed. RNA 
virus expression vectors offer such powerful tools for understanding the biology of these 
species. In the remaining sections of this review, we will examine the contributions that 
monocot viral expression systems have made and provide a few detailed examples. 

6.1. Use of transient expression vectors as functional gene discovery tools in 
moncot species 

One of the challenges in developing any plant based expression system is to achieve high 
level expression without triggering the post translational gene silencing (PTGS) and related 
RNAi mechanisms that plants and other organisms have evolved (reviewed in [18]). These 
mechanisms have been observed to operate in transgenic plants, and even exploited to 
generate pathogen-derived resistance to viruses in cases where the silencing of viral 
transgenes prevents related viruses from infecting the transgenic host [85, 86]. The 
identification of plant viral proteins that are able to suppress these silencing mechanisms 
suggested that these mechanisms have evolved in part to prevent or slow viral infection. 

Expression of proteins using viral vectors can also trigger PTGS, and is referred to as viral 
induced gene silencing (VIGS). Using VIGS, an endogenous plant gene can be silenced by 
inserting only a small portion of the target gene (100-500 nt in length) which creates loss of 
function phenotypes to study gene function. A wide range of viruses have been developed 
as VIGS vectors, originally, and most extensively, for dicot hosts [18, 87]. Shortly after the 
first dicot examples, a barley stripe mosaic virus (BSMV) vector, was used to silence the 
endogenous phytoene desaturase (pds) gene systemically in barley [88]. 

BSMV, the type member of the hordeivirus family, infects many agriculturally important 
monocot species such as barley, rice, corn, oat and wheat [89-92]. It is known to be highly 
seed transmitted in barley, which could be a potential advantage for assessing gene function 
in seeds and early development. As showen in Figure 2, BSMV has a tripartite (+) sense 
RNA genome consisting of RNAs  and  [93]. The virus uses well characterized 
subgenomic promoters for gene expression from each of its genomic RNAs [94]. 

As a more detailed example of a VIGS vector, BSMV was constructed by inserting fragments of 
the silencing target so that they would be expressed only as untranslated RNA on a 
subgenomic promoter following the b ORF [88]. Although the strongest silencing in barley 
plants was observed using the barley pds fragments, fragments from pds taken from maize and 
rice caused a degree of silencing that was proportional to their sequence similarity with the 
barley homolog. Further modification of the virus to delete the coat protein enhanced the 
suppression of the endogenous pds. Since this first demonstration of VIGS in barley, BSMV 



 
Plant Science 202 

silencing vectors have been successfully used to demonstrate gene functions related to 
pathogen resistance, aphid defense, development and mophogenesis in a variety of monocots 
including oat, rice, and the model grass Brachypodium distachyon [87]. BSMV mediated VIGS 
was recently shown to operate in root, leaf and meiotic tissues of wheat, along with efforts to 
optimize its efficacy in this important agricultural host [95]. In addition, BSMV mediated VIGS 
can be inherited and has been observed for up to 6 generations in wheat and barley, which not 
only enhances the range of phenotypes that can be explored for reasons related to the timing of 
developmental events, but also because progeny frequently have fewer viral symptoms [87, 
96]. Most recently, the  RNA has been modified to incorporate untranslated foreign gene 
fragments and was used with the modified  RNA vector described above to silence two 
endogenous genes simultaneously, or to achieve enhanced silencing of a single gene [97]. In 
addition to BSMV, a strain of BMV has also been engineered as a VIGS vector and has been 
used successfully in barley, rice and maize [98, 99]. 

 
Figure 2. The general structure of BSMV genomic RNAs  and . Boxes represent the open reading 
frames on each RNA and are labeled with the the viral protein they encode. Arrows indicate the 
position of subgenomic promoters used to express the downstream proteins. 

Coupling VIGS with high-throughput cloning and sequencing technologies has additionally 
allowed these viral vectors to be used in functional genomics. In this approach, cDNA 
libraries are constructed within virus expression vectors and gene function to be assessed by 
screening infected plant hosts for phenotypic or metabolic changes measured by various 
input and output focused screening assays. TMV and PVX VIGS vectors were the first to 
employed in this manner in the dicot N. benthamiana, with BSMV used shortly after in the 
monocot barley [84, 100]. Since these first reports, vector systems for functional genomics 
have continued to be refined and optimized in an expanding number of hosts [18, 87], 
including systems amenable for high throughput screens in monocots based on BSMV [101, 
102]. 

6.2. Use of transient virus expression systems for recombinant protein 
expression in monocot species 

As with dicot expression vectors, monocot vectors include both minimal and independent 
virus vectors [103]. As noted above, minimal type BMV vectors have been constructed by 
replacing the coat protein ORF with a foreign gene. For example, French et al. [11] used this 
strategy to express the CAT protein in barley protoplasts. In another example, involving 
BSMV, substitution of the open reading frame (ORF) for the βb triple gene block 1 (TGB1) 

Transient Virus Expression Systems for 
Recombinant Protein Expression in Dicot- and Monocotyledonous Plants 203 

movement protein was used to express the luciferase reporter gene [104]. An example of an 
independent vector is one based on the potyvirus, wheat streak mosaic virus (WSMV). In 
this system the foreign ORF is inserted in frame within the virus polyprotein and flanked by 
cleavage sequences that allow for its release after translation [105]. These systems have the 
limitations of low foreign gene insertion efficiency and the smaller number of hosts that can 
be infected and tested for recombinant protein expression. 

6.3. Using barley stripe mosaic virus vectors for recombinant protein expression 

BSMV has been developed to express recombinant proteins as fusions to several individual 
virus proteins expressed from subgenomic RNAs. To date these systemic vectors have not 
incorporated any sequences to liberate the foreign protein from the fusion protein. For 
example Lawrence and Jackson [106] expressed GFP as a fusion to the N terminus of the βb 
(TGB1) protein at levels sufficient to explore the function of the viral protein in cell-to-cell 
movement. Higher levels of expression however were achieved with fusions to the C-
terminus of the BSMV b protein. This includes systemic expression of a b::GFP fusion 
protein used to study viral movement in barley [107, 108]. More recently, C-terminal b 
fusions have been use to test the fungal ToxA protein activity in wheat, barley and N. 
benthamiana [109]. In the latter case, the recombinant virus genome, containing the ToxA 
gene, was sufficiently stable that Agroinfiltrated N. benthamiana was used as the inoculum 
source for systemic expression in barley and wheat. ToxA phenotypes were replicated in all 
species. The systemic expression by BSMV of non-fusion recombinant proteins in barley and 
wheat has been achieved by substituting most of the b ORF with the gene for either the 
wild type and mutant ToxA protein [110]. Again, the resulting phenotypes indicate the 
ToxA proteins were expressed appropriately. 

These efforts to develop independent viral expression vectors in monocots are extended by 
previously unpublished work described here. Our aim in this work was to improve foreign 
gene stability, increase the level of foreign gene expression, and generate free, non-fusion, 
foreign proteins that could function and localize independently of viral proteins. 

Expression of GFP::b Fusion Protein from RNA  

To test whether insert stability was related to the fusion orientation, we constructed a vector 
with GFP fused (indicated by the “::” in construct name) to N-terminus of the b protein 
(.GFP::b, Figure 3A). Co-inoculation of protoplasts and barley leaves with and RNAs 
(BSMV-GFP::b) resulted GFP fluorescence and fusion protein accumulation to levels that 
were indistinguishable from co-inoculations with ,  and b::GFP (BSMV-b::GFP) as 
shown in Table 1 (compare #3 and #4). However, as the infection in plants progressed 
beyond 7 dpi, GFP fluorescence and fusion protein accumulation were observed longer in 
.GFP::b infected plants than in those infected with .b::GFP. Specifically, GFP::b 
expression is regularly observed in leaves 1-4 above the inoculated leaf by BSMV-GFP::b, 
compared to 1-2 leaves for BSMV-b::GFP (data not shown). Thus, the GFP gene is generally 
maintained and expressed by BSMV-GFP::b to 18 dpi. We believe that the increased 
stability of fusions to the N-terminus of b results from more restrictive requirements for the 
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silencing vectors have been successfully used to demonstrate gene functions related to 
pathogen resistance, aphid defense, development and mophogenesis in a variety of monocots 
including oat, rice, and the model grass Brachypodium distachyon [87]. BSMV mediated VIGS 
was recently shown to operate in root, leaf and meiotic tissues of wheat, along with efforts to 
optimize its efficacy in this important agricultural host [95]. In addition, BSMV mediated VIGS 
can be inherited and has been observed for up to 6 generations in wheat and barley, which not 
only enhances the range of phenotypes that can be explored for reasons related to the timing of 
developmental events, but also because progeny frequently have fewer viral symptoms [87, 
96]. Most recently, the  RNA has been modified to incorporate untranslated foreign gene 
fragments and was used with the modified  RNA vector described above to silence two 
endogenous genes simultaneously, or to achieve enhanced silencing of a single gene [97]. In 
addition to BSMV, a strain of BMV has also been engineered as a VIGS vector and has been 
used successfully in barley, rice and maize [98, 99]. 

 
Figure 2. The general structure of BSMV genomic RNAs  and . Boxes represent the open reading 
frames on each RNA and are labeled with the the viral protein they encode. Arrows indicate the 
position of subgenomic promoters used to express the downstream proteins. 

Coupling VIGS with high-throughput cloning and sequencing technologies has additionally 
allowed these viral vectors to be used in functional genomics. In this approach, cDNA 
libraries are constructed within virus expression vectors and gene function to be assessed by 
screening infected plant hosts for phenotypic or metabolic changes measured by various 
input and output focused screening assays. TMV and PVX VIGS vectors were the first to 
employed in this manner in the dicot N. benthamiana, with BSMV used shortly after in the 
monocot barley [84, 100]. Since these first reports, vector systems for functional genomics 
have continued to be refined and optimized in an expanding number of hosts [18, 87], 
including systems amenable for high throughput screens in monocots based on BSMV [101, 
102]. 

6.2. Use of transient virus expression systems for recombinant protein 
expression in monocot species 

As with dicot expression vectors, monocot vectors include both minimal and independent 
virus vectors [103]. As noted above, minimal type BMV vectors have been constructed by 
replacing the coat protein ORF with a foreign gene. For example, French et al. [11] used this 
strategy to express the CAT protein in barley protoplasts. In another example, involving 
BSMV, substitution of the open reading frame (ORF) for the βb triple gene block 1 (TGB1) 
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movement protein was used to express the luciferase reporter gene [104]. An example of an 
independent vector is one based on the potyvirus, wheat streak mosaic virus (WSMV). In 
this system the foreign ORF is inserted in frame within the virus polyprotein and flanked by 
cleavage sequences that allow for its release after translation [105]. These systems have the 
limitations of low foreign gene insertion efficiency and the smaller number of hosts that can 
be infected and tested for recombinant protein expression. 

6.3. Using barley stripe mosaic virus vectors for recombinant protein expression 

BSMV has been developed to express recombinant proteins as fusions to several individual 
virus proteins expressed from subgenomic RNAs. To date these systemic vectors have not 
incorporated any sequences to liberate the foreign protein from the fusion protein. For 
example Lawrence and Jackson [106] expressed GFP as a fusion to the N terminus of the βb 
(TGB1) protein at levels sufficient to explore the function of the viral protein in cell-to-cell 
movement. Higher levels of expression however were achieved with fusions to the C-
terminus of the BSMV b protein. This includes systemic expression of a b::GFP fusion 
protein used to study viral movement in barley [107, 108]. More recently, C-terminal b 
fusions have been use to test the fungal ToxA protein activity in wheat, barley and N. 
benthamiana [109]. In the latter case, the recombinant virus genome, containing the ToxA 
gene, was sufficiently stable that Agroinfiltrated N. benthamiana was used as the inoculum 
source for systemic expression in barley and wheat. ToxA phenotypes were replicated in all 
species. The systemic expression by BSMV of non-fusion recombinant proteins in barley and 
wheat has been achieved by substituting most of the b ORF with the gene for either the 
wild type and mutant ToxA protein [110]. Again, the resulting phenotypes indicate the 
ToxA proteins were expressed appropriately. 

These efforts to develop independent viral expression vectors in monocots are extended by 
previously unpublished work described here. Our aim in this work was to improve foreign 
gene stability, increase the level of foreign gene expression, and generate free, non-fusion, 
foreign proteins that could function and localize independently of viral proteins. 

Expression of GFP::b Fusion Protein from RNA  

To test whether insert stability was related to the fusion orientation, we constructed a vector 
with GFP fused (indicated by the “::” in construct name) to N-terminus of the b protein 
(.GFP::b, Figure 3A). Co-inoculation of protoplasts and barley leaves with and RNAs 
(BSMV-GFP::b) resulted GFP fluorescence and fusion protein accumulation to levels that 
were indistinguishable from co-inoculations with ,  and b::GFP (BSMV-b::GFP) as 
shown in Table 1 (compare #3 and #4). However, as the infection in plants progressed 
beyond 7 dpi, GFP fluorescence and fusion protein accumulation were observed longer in 
.GFP::b infected plants than in those infected with .b::GFP. Specifically, GFP::b 
expression is regularly observed in leaves 1-4 above the inoculated leaf by BSMV-GFP::b, 
compared to 1-2 leaves for BSMV-b::GFP (data not shown). Thus, the GFP gene is generally 
maintained and expressed by BSMV-GFP::b to 18 dpi. We believe that the increased 
stability of fusions to the N-terminus of b results from more restrictive requirements for the 
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deletion of the GFP gene in order to gain a competitive advantage. For example, internal 
deletions in the GFP ORF have a one in three chance of maintaining the continuity of the 
ORF with b, which is critical because b is an important virulence factor for BSMV [111]. 
Thus, those deletions which result in a b frame shift are likely to be less competitive than 
those viruses which maintained the full GFP ORF. In contrast, for C-terminal fusions of GFP 
to b, all deletions within the GFP ORF would maintain b expression and would 
presumably be more competitive than the parental virus due the reduced genetic load. 

 
Figure 3. Genomic organization of BSMV  RNAs engineered to express GFP. Vector components 
.b::GFP and .GFP::b as designed to produce a fusion of GFP to the b protein C and N terminus, 
respectively (a). The vector component a.b-GFP designed to produce only free GFP (b). Vector 
components .b::2A-GFP and .GFP::2A-b as designed to produce a free GFP protein following 
cleavage by the FMDV 2A cleavage sequence from the b protein C or N terminus, respectively (c). 
Open boxes indicate ORFs, hatched boxes indicate untranslated ORF sequences, grey boxes indicate 
FMDV 2A cleavage sequence, arrows indicate subgenomic promoters. EcoRV restriction sites indicate 
the position of the a sequences that have been deleted from the wild type  RNA. 

Inoculum GFP expression Systemic symptoms of 
BSMV infection 

Inoculation# Vector RNA components 
Tobacco 

Protoplasts 
Barley 
Plants Barley Plants 

1   none  - - yes 
2   TMV-GFP ***** - no 
3   .b::GFP **** systemic yes 
4   .GFP::b  **** systemic yes 
5   .a.b.GFP - - no 
6   .a.b.GFP  ***** - yes 

Table 1. Comparative expression of GFP in tobacco protoplasts and barley plants using BSMV vector 
constructs 

Expression of native GFP from RNA  

To develop a BSMV vector able to express a free foreign protein, we tested a variety of novel 
vectors with the most promising of which described here. In each case, the BSMV  RNA 
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was modified to express GFP in combination with wild type BSMV  and  RNA. A three 
component vector with RNA , , and a.b-GFP (a RNA containing a deletion of a, 
the replicase protein ORF, and GFP in place of the b ORF, Figure 3C) did not express GFP 
in protoplasts (#5, Table 1). However, the addition of wild type  RNA created a four 
component vector, which was equivalent in GFP expression levels to TMV 30B (TMV-GFP 
[40]) in protoplasts (compare #6 with #2, Table 1). In contrast to its behavior in protoplasts, 
the four component vector did not express GFP systemically in barley, even though 
systemic viral symptoms were observed (#6, Table 1), apparently due to the loss of the GFP 
bearing component during systemic movement. This system may be amenable to expression 
in whole plants if delivered using an Agroinoculation strategy, or in transgenic plants 
expressing the a and b proteins to complement RNA , , and a.b-GFP. 

In a different approach, BSMV vectors expressing N- and C-terminus fusions of GFP to 
BSMV b were modified to release GFP in vivo after autocleavage of the fusion protein. 
Cleavage of the fusion protein was achieved by inserting the foot and mouth disease virus 
(FMDV) 2A co-translational cleavage sequence [112, 113] between the fused ORFs 
(Figure 3C). Western analysis of GFP::2A::b and b::2A::GFP infected tobacco protoplasts 
and barley plants revealed that the FMDV 2A cleavage sequence was at least >90% effective 
in both cases (data not shown). Viral spread and GFP fluorescence in barley plants infected 
with GFP::2A::b was indistinguishable from those containing GFP::b. In contrast, the 
systemic spread of the BSMV-b::2A::GFP virus was slightly delayed compared to BSMV-
b::GFP (data not shown). Both BSMV-b::2A::GFP and BSMV-GFP::2A::b were able to 
infect and express GFP in N. benthamiana plants in a manner similar to that reported for 
b::GFP [108].  

 
Figure 4. BSMV Coat protein deletion vector and GFP expression. Genomic organization of BSMV  
RNA engineered with a deletion of the BSMV coat protein, a (a). Open boxes indicate ORFs, hatched 
boxes indicate indicate untranslated ORF sequences, arrows indicate subgenomic promoters. BstB1 
restriction site indicates the position of the a sequences that have been deleted from the wild type  
RNA. Western blot analysis of b::GFP protein in barley leaves (b). 
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Figure 5. Genomic organization of BSMV  RNAs and expression of free GFP or heterologous proteins 
from a cDNA library. Vector components .GFP::HA::2A-b and .cDNA::HA::2A-b as designed to 
produce a fusion of GFP or a heterologous protein with an HA epitope tag and the FMDV 2A sequence. 
The 2A sequence is designed to release the b protein is during translation (a). Open boxes indicate 
ORFs, checkered boxes indicate the HA epitope sequence, grey boxes indicate FMDV 2A cleavage 
sequence, arrows indicate subgenomic promoters. Western blot analysis of GFP::HA fusion protein in 
barley leaves (b). Graph of rice cDNA sequences arranged according to size (c). cDNAs whose predicted 
proteins were detected by Western blot analysis are unshaded, while blue shaded bars indicate the lack 
of detectable HA tagged protein. Green bar represents the internal GFP::HA::2A control. 
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Coat Protein Deletion Enhances Expression from b Subgenomic Promoter 

The coat protein (a) of BSMV is not required for systemic infection. To determine the 
impact of a deletion on b subgenomic expression, a  genomic RNA containing a deletion 
of the a ORF was constructed (.a, Figure 4A). In tobacco protoplasts, using a 
increased GFP accumulation from the  RNA 2-5 fold for viruses bearing the b fusions 
(b::GFP, GFP::b, b::2A::GFP, and GFP::2A::b) or GFP substitutions of b 
(a.b.GFP) (Figure 4B and data not shown). Using .a also increased GFP 
fluorescence and accumulation for b::GFP, GFP::b, b::2A::GFP, and GFP::2A::b, in 
systemic barley tissue (data not shown). 

Expression of Epitope Tagged Heterologous Proteins from RNA  Derived Vectors 

To detect heterologous proteins, .GFP::2A-b was modified to contain the hemagglutinin 
(HA) epitope tag fused between GFP and the FMDV 2A cleavage sequence (.GFP::HA::2A-
b, Figure 4A). In barley plants infected with BSMV RNAs a,and.and 
.GFP::HA::2A-b, Western blot analysis detected the HA tagged GFP (Figure 5B). The 
addition of the HA tag had no effect on the efficiency of the 2A cleavage sequence. These 
results suggested that the HA epitope tags would allow for the efficient detection of BSMV 
expressed heterologous proteins. 

To test the flexibility of BSMV to express heterologous proteins in barley, plant genes, from 
a variety of subcellular locations were expressed as N-terminal fusions to HA::2A-b 
(.cDNA::HA::2A-b, Figure 5A). A total of 42 full-length rice genes were amplified from 
sequenced, cDNA library clones and inserted in frame with the HA::2A-b ORF. All 42 
.cDNA::HA::2A-b RNAs were infectious when co-inoculated onto barley plant with BSMV 
RNAs  and a. For each vector, systemically infected barley tissue was tested in 
replicate for recombinant protein expression using two anti-HA antibodies. From the 42 
genes, 38 genes showed confirmed expression of protein product in each plant tested 
(Figure 5C). In each case, the size of the protein detected in the Western blot was consistent 
with the size predicted for the post-cleavage heterologous protein, with the addition of the 
HA epitope tag and the 2A sequence. The 2A cleavage differed between the different 
heterologous genes, but cleavage rates of 60-95% were usually observed. 

In our survey of 42 full length rice ORFs between 200 and 1800 nucleotides in size. The 
resulting gene products including proteins of 38, 46, 54 and 64 kDa proteins. Due to the 
average insert size of the library, proteins of 20-30 kDa were most commonly detected in our 
study. The flexibility of the BSMV expression vector was further demonstrated is ability to 
successfully express proteins of cytosolic localization (GFP and BMV CP) and those that are 
matured through the plant secretory pathway (including a lysozyme, interferon, human 
growth hormone and protease inhibitor). The maturation of these proteins demonstrates the 
ability of the 2A cleavage system to deliver proteins to distinct subcellular fates and still 
retain activity. In addition, these data also demonstrate the ability of the vector to express 
genes from both plant and animal sources successfully. 

In summary, to develop a monocot vector capable of expressing free, heterologous proteins, 
we have tested a variety of strategies based on the BSMV RNA. All of the strategies relied 
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(b::GFP, GFP::b, b::2A::GFP, and GFP::2A::b) or GFP substitutions of b 
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RNAs  and a. For each vector, systemically infected barley tissue was tested in 
replicate for recombinant protein expression using two anti-HA antibodies. From the 42 
genes, 38 genes showed confirmed expression of protein product in each plant tested 
(Figure 5C). In each case, the size of the protein detected in the Western blot was consistent 
with the size predicted for the post-cleavage heterologous protein, with the addition of the 
HA epitope tag and the 2A sequence. The 2A cleavage differed between the different 
heterologous genes, but cleavage rates of 60-95% were usually observed. 

In our survey of 42 full length rice ORFs between 200 and 1800 nucleotides in size. The 
resulting gene products including proteins of 38, 46, 54 and 64 kDa proteins. Due to the 
average insert size of the library, proteins of 20-30 kDa were most commonly detected in our 
study. The flexibility of the BSMV expression vector was further demonstrated is ability to 
successfully express proteins of cytosolic localization (GFP and BMV CP) and those that are 
matured through the plant secretory pathway (including a lysozyme, interferon, human 
growth hormone and protease inhibitor). The maturation of these proteins demonstrates the 
ability of the 2A cleavage system to deliver proteins to distinct subcellular fates and still 
retain activity. In addition, these data also demonstrate the ability of the vector to express 
genes from both plant and animal sources successfully. 

In summary, to develop a monocot vector capable of expressing free, heterologous proteins, 
we have tested a variety of strategies based on the BSMV RNA. All of the strategies relied 
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on expression from the b subgenomic RNA facilitating expression of >90% (38/42) 
recombinant proteins tested. The recombinant proteins were of a variety of sizes, ranging 
from 11 to 64 kDa. These data demonstrate that monocot recombinant expression vectors 
can be developed that show many of the flexile and attractive features of traditional dicot 
expression systems. These vectors can be deployed for testing the function of plant genes in 
both monocot and dicot species as well as express proteins of recombinant proteins of 
biomedical importance. 
 

Dicot Vectors Monocot Vectors
Primarily monopartite genomes with some 
multipartite examples 

Primarily multipartite genomes with a 
monopartite example 

Independent and minimal-virus vectors 
demonstrated for whole plant expression 

Independent-virus vectors only demonstrated 
for whole plant expression; minimal-virus 
vectors restricted to cell culture expression 

Vector delivery as infectious RNA transcripts or 
Agroinfiltration of DNA-based expression 
vectors 

Vector delivery as infectious RNA transcripts 

Successfully used for gene silencing and gene 
overexpression 

Successfully used for gene silencing and gene 
overexpression 

Systemic expression of foreign proteins 
primarily through non-genetic fusion strategies 

Systemic expression of foreign proteins 
primarily through genetic fusions to virus 
proteins and inclusion of cleavage sequences 

Expression of single gene cistrons Potential expression of multiple cistrons as and 
 gene fusions 

Systemic expression of wide range of gene sizes 
and classes of proteins 

Systemic expression of wide range of gene sizes 
and classes of proteins 

Successful integration into cGMP recombinant 
protein production environment 

Not integrated to date into cGMP production 
environment 

Table 2. Comparison of properties of virus vectors for expression in dicot and monocotyledonous plant 
species.  

7. Conclusion 

The last few decades have seen tremendous progress in developing tools and expertise to 
produce recombinant proteins in plants. Although conceptually straightforward, the 
technical hurdles included not only improving our understanding of plant biology, 
development of expression systems, but also the perfection of purification and analytical 
methods to meet the specifications of research, industrial and medical applications. The 
successes described in this chapter involved a convergence of economic incentives, market 
forces and regulatory acceptance, the latter being particularly important for biomedical 
products. Throughout much of this time, transient viral expression systems have played a 
significant role. The adaptability of virus systems and their ease of use continue to help push 
the boundaries of recombinant protein expression in plants. Beginning with a few examples, 
highlighted in this review, a diverse array of viral vector systems have emerged capable of 
delivering target genes to a wide array of host species, and compliant with a wide range of 
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regulatory and technical constraints. As shown in this chapter, expression successes initially 
observed in dicotyledonous plants have now been extended to monocotyledonous plants 
through the use of the BSMV genome. A comparison of the properties of virus vectors 
designed for recombinant protein expression in dicot and monocot plant species is provided 
in Table 2. Research continues to improve their effectiveness and ease of use. Indeed, the 
advantages of low development costs, flexible design, and relatively quick turnaround from 
conception to proof of principle to scale up, will continue to drive innovation and 
application of viral expression vectors. The synergy of customizing specific plant hosts for 
post-translational modifications offers a strategy to produce plant-sourced products which 
match the needs of the proposed end uses. Further, the unexpected discovery of viral 
vectors as tools to silence specific genes in plants has also been of tremendous value to the 
plant research community, and has effectively complemented their use in overexpression in 
a way that has only begun to be appreciated and applied in the last decade. The use of these 
two complementary approaches to address functional genomics in a high throughput 
fashion, and on a broad range of hosts, will likely emerge in the coming years. 
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1. Introduction 

The geminiviruses are plant-infecting viruses with genomes consisting of circular, single-
stranded DNA (ssDNA) geminate particles [86]. Members of the family Geminiviridae have 
been grouped into four genera (Begomovirus, Curtovirus, Mastrevirus and Topocuvirus) based 
on genome organization, host range and insect vector [29, 87]. The majority of geminiviruses 
belong to the genus Begomovirus, are transmitted by whiteflies (Bemisia tabaci: Gennadius), 
and infect dicotyledonous plant species [85]. The monopartite begomovirus genome is ∼2.8 
kb nucleotides in length and encode genes both in complementary and virion sense from a 
non-coding intergenic region that contains promoter sequences and the origin (ori) of virion-
strand DNA replication. The ori consists of a predicted hairpin structure that contains the 
absolutely conserved (for geminiviruses) nonanucleotide (TAATATTAC) loop sequence and 
repeated motifs upstream known as iterons.  

2. Functions of effectors encoded by monopartite begomoviruses 

2.1. Complementary-sense  

The complementary-sense strand encodes the Rep proteins, also known as C1, AC1 and 
AL1, is a multifunctional protein and the only viral protein absolutely required for virus 
replication. Rep is encoded on the complementary sense strand (Fig. 1 DNA A). This protein 
is involved in several biological processes:  initiation and termination of rolling circle 
replication (RCR) by nicking and religating the replication origin of viral DNA [45] and 
repression of its own gene transcription [19]. The Rep proteins of geminiviruses are closely 
related and show substantial sequence conservation.  Four functional domains have been 
delineated for begomovirus Rep : the N-terminal domain (amino acids 1 to 120), which is 
involved in initiation by geminiviruses [63], AC1 protein initiates rolling circle replication 
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by a site-specific cleavage within the loop of the conserved nonamer sequence, 
TAATATTAC [30]. The AC1 protein binding site is located between the TATA box and the 
transcription start site for the Rep gene and acts as the origin recognition sequence and as a 
negatively regulatory element for AC1 gene transcription  [19], the oligomerization domain 
(121 to 180 aa), leading to interactions with itself and with host factors [28]. The AC1 protein 
alone can initiate RCR without requiring other accessory viral factors [34]. AC1 protein also 
has DNA helicase activity which depends upon the oligomeric state of the protein [14].  

The transcriptional activator protein (TrAP); is also known as AC2, C2 an AL2. AC2 is a 15-
KD a transcriptional activator protein unique to begomoviruses because it is absent in 
mastreviruses and a related protein in curtoviruses, AC2 protein, seems to play a different 
role. In mastreviruses, AC1 protein provide the functions of AC2 [51]. TrAP is necessary for 
transactivation of late genes [90]. Recently, several researchers have shown that the AC2 
gene of Cabbage leaf curl virus (CaLCuV) activates the CP promoter in mesophyll and acts to 
derepress the promoter in vascular tissue, similar to that observed for TGMV [44]. Further, 
since AC2 1-100 is as effective a suppressor as the full-length AC2 protein, activation and 
silencing suppression appear to be independent activities. For example Gopal et al. [26] 
showed that AC2 of Bhindi yellow vein mosaic virus (BYVMV) is involved in transactivation 
and only mildly in suppression of gene silencing of monopartite begomoviruses viruses and 
not in transmission. 

The replication enhancer protein (REn); also named as AC3/AL3. AC3 is a 16 KD a protein 
in curtoviruses and in begomoviruses. The AC3 protein greatly enhances viral DNA 
accumulation of curtoviruses and begomoviruses [22, 92] by interacting with Rep [81]. 
Experimental observations suggested that AC3 protein might increase the affinity of Rep for 
the origin. Complementation studies revealed that AC3 could act on heterologous viruses 
[93].  

The C4 protein, for which the function remains unclear but for some viruses is a 
pathogenicity determinant and a suppressor of PTGS [73]. AC4 is highly variable among 
begomoviruses, which is expressed from an open reading frame (ORF) embedded in the Rep 
ORF.  

2.2. Virion-sense 

The virion-sense strand encodes the genes required for insect transmission and movement 
in plants, coat protein (CP) and V2 protein. Monopartite begomovirus capsids are composed 
of a single CP, encoded by the V1 gene or (also known as AV1), depending on the 
geminivirus [107]. For monopartite geminiviruses, CP is essential for systemic spread 
through the plant [12]. Besides the encapsidation function, CP is also required for 
transmission of the virus between the plants. The CP of the monopartite begomoviruses 
facilitates the transfer of infecting viral DNA into the host cell nucleus and is essential for 
systemic virus movement [5, 46, 50, 104]. The CP also determines the vector specificity [10, 
32, 33] and protects the viral ssDNA from degradation during transmission by the insect 
vector [3], or mechanical inoculation [24].  
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In contrast to New World (NW) begomoviruses, Old World (OW) begomoviruses have 
AV2/V2 and this is involved in the movement of monopartite viruses. A recent report 
shown that the V2 (a homolog of AV2) of a monopartite begomovirus is involved in 
overcoming host defenses mediated by post-transcriptional gene silencing as well as in 
movement [114, 115]. V2 targets a step in the RNA silencing pathway which is subsequent to 
the Dicer-mediated cleavage of dsRNA [109, 70].  

3. Role of effectors encoded by satellites 

3.1. Betasatellite 

Recently, the majority of the begomoviruses originating from the OW have been shown to 
be monopartite and to associate with a class of ssDNA satellites known as betasatellites 
(earlier known as DNAβ) [9]. Betasatellites are approximately half the size of their helper 
begomoviruses (approx.1.4 kb) and are required by the helper virus to induce typical 
disease symptoms in their original hosts. The success of begomovirus-betasatellite disease 
complexes appears to be due to the promiscuous nature of betasatellites that allows them to 
be trans-replicated by several distinct begomoviruses [53, 59]. These begomovirus-
betasatellite disease complexes are widespread throughout OW and outnumber bipartite 
begomoviruses whereas in the NW only bipartite begomoviruses are native. There have 
been recent reports which showed that betasatellite can complement the function of DNA B, 
suggesting that the betasatellite may provide movement functions to its helper begomovirus 
[74]. Betasatellite can be associated with distinct begomoviruses and it can interact and 
make new complex with diverse monopartite begomoviruses [110-112]. 

Tomato leaf curl virus (ToLCV), originating from Australia, was shown to be associated with a 
single-stranded DNA satellite molecule [18]. The ToLCV satellite (ToLCV-sat) is 
approximately 682 nt in length and sequence unrelated to ToLCV and it depends on ToLCV 
for replication and encapsidation. It has no discernable effects on viral replication or 
symptoms caused by ToLCV. Betasatellites have three structural features: a approx.115 bp 
highly conserved region, βC1 gene and a region rich in adenine, [76, 108] (Fig. 1 
betasatellite). This gene has the capacity to encode a 13-14-kDa protein comprising 118 
amino acids, although some betasatellites have additional N-terminal amino acids [79, 108]. 
Recently it has been shown that betasatellite to be pathogenicity determinant and 
suppressor of RNA silencing [16, 66]. It also induced abnormal cell division in N. 
benthamiana [17]. Betasatellites do not contain the iterons of their helper begomoviruses, 
although betasatellite clearly must possess sequences that are recognized by the 
begomovirus-encoded Rep in order to allow transreplication of the betasatellite [76].  

All the reported betasatellites [54] or defective betasatellites (half size of wild type 
betasatellite) [7] contain the A-rich region, the A-rich region may play biological role in 
betasatellites [95]. A-rich region is not required for trans-replication of betasatellite and not 
related with encapsidation also. However, the A-rich region deleted mutant caused milder 
symptom [95]. The begomovirus accumulates to normal levels in Ageratum in the presence 
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by a site-specific cleavage within the loop of the conserved nonamer sequence, 
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The replication enhancer protein (REn); also named as AC3/AL3. AC3 is a 16 KD a protein 
in curtoviruses and in begomoviruses. The AC3 protein greatly enhances viral DNA 
accumulation of curtoviruses and begomoviruses [22, 92] by interacting with Rep [81]. 
Experimental observations suggested that AC3 protein might increase the affinity of Rep for 
the origin. Complementation studies revealed that AC3 could act on heterologous viruses 
[93].  

The C4 protein, for which the function remains unclear but for some viruses is a 
pathogenicity determinant and a suppressor of PTGS [73]. AC4 is highly variable among 
begomoviruses, which is expressed from an open reading frame (ORF) embedded in the Rep 
ORF.  

2.2. Virion-sense 

The virion-sense strand encodes the genes required for insect transmission and movement 
in plants, coat protein (CP) and V2 protein. Monopartite begomovirus capsids are composed 
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geminivirus [107]. For monopartite geminiviruses, CP is essential for systemic spread 
through the plant [12]. Besides the encapsidation function, CP is also required for 
transmission of the virus between the plants. The CP of the monopartite begomoviruses 
facilitates the transfer of infecting viral DNA into the host cell nucleus and is essential for 
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vector [3], or mechanical inoculation [24].  
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of betasatellite suggesting that the satellite functions either by facilitating the replication or 
movement of the begomovirus or by suppressing a host defense mechanism such as gene 
silencing. Recently it has been shown that a betasatellite can override the AC4 pathogenicity 
phenotype of TLCV and it can complement the function of DNA B [73]. Despite its 
importance to the disease phenotype, there is still no information available concerning even 
the most fundamental properties of the satellite.  
 

 
Figure 1. Genome organization of monopartite begomoviruses-satellite complex. DNA-A (encoding 
replication-associated protein [Rep], coat protein [CP], replication enhancer protein [REn], 
transcriptional activator protein [TrAP] and proteins possibly involved in virus movement [AV2], 
pathogenicity determinant and a suppressor of RNA silencing [AC4], viral genome replication [AC5]) 
Alphasatellites are self-replicating molecules encoding their own Rep. Betasatellites are dependent on 
their helper viruses for their replication and encode a single protein, βC1, which upregulate replication 
of helper virus and suppress host defense. Both satellites have an A-rich region and in addition to this 
betasatellites have a region of sequence conserved between all examples known as the satellite 
conserved region (SCR). 

In Arabidopsis, these pathways are affected by the DICER- like proteins (DCL1, DCL2, and 
DCL3) that are nuclear localized and are required for miRNA and siRNA biogenesis. Thus, 
C1 protein may affect the activity of the DICER-like proteins in plants during nuclear 
activities that function in silencing suppression. The other possibilities are that C1 protein 
could down-regulate transcription of a host protein that acts in the PTGS pathway in the 
cytoplasm or that C1 protein could activate transcription of a host PTGS inhibitor [15]. 
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4. Alphasatellites  

Many begomovirus betasatellite complexes are also associated with a third ssDNA 
component for which the collective term alphasatellite (earlier known as DNA 1; R.W. 
Briddon, manuscript in preparation). However, alphasatellites are dispensable for virus 
infection and appear to play no significant role in the etiology of the diseases with which 
they are associated [56]. Alphasatellite components are satellite-like, circular ssDNA 
molecules approx.1375 nucleotides in length (Fig.1 alphasatellite). They encode a single 
gene, a rolling circle replication initiator protein (Rep), and are capable of autonomous 
replication in plant cells.  Closely related to the replication associated protein encoding 
components of nanoviruses (a second family of plant infecting ssDNA viruses), from which 
they are believed to have evolved, they require a helper begomovirus for movement within 
and between plants [56, 80].  

Several alphasatellites are capable of replicating and systemically infecting their plant host 
in the presence of a helper begomovirus without a visible effect on symptom development 
or virulence [6, 40]. However AYVSGA a different type of  ‘DNA-2’-class alphasatellite that 
ameliorates symptom severity in an infected host and also capable of reducing virulence 
and the relative accumulation of its associated Tomato leaf curl betasatellite (ToLCB) [1]. 
Alphasatellites have been acquired by helper begomoviruses to restrain virulence to achieve 
increased viral fitness [76, 105]. 

Recently, two ‘DNA-1-type’ alphasatellites Gossypium mustelinium symptomless 
alphasatellite (GMusSLA) and Gossypium darwinii symptomless alphasatellite (GDarSLA) 
phylogenetically divergent from the DNA-2-type alphasatellite have each been shown to 
attenuate symptoms caused by their helper begomovirus [60]. However [35] hypothesize 
that symptom attenuation and a relative reduction in betasatellite accumulation might result 
from DNA-2-mediated modulation of betasatellite activity. Possibly alphasatellite 
modulates begomovirus-betasatellite pathogenicity by interfering with βC1, a key virulence 
factor [8]. Also alphasatellite rep can interact with C4 of CLCuRaV that might be providing 
an additional possible mechanism for symptom amelioration by alphasatellites. 
Furthermore alpha-Rep down regulate betasatellite replication (In the field), and thus down- 
regulation of the manifestation of the pathogenicity determinant βC1 [60], moreover alpha-
Rep proteins GMusSLA and GDarSLA can act as a strong suppression of posttranscriptional 
gene silencing (PTGS) [60]. 

5. Post-transcriptional gene silencing (PTGS) 

Post-transcriptional gene silencing (PTGS) which is initiated by  double stranded RNA 
(dsRNA) is common in plant–virus interactions and is an evolutionarily conserved 
mechanism that protects  host cells against invasive nucleic acids, such as viruses, 
transposons and transgenes [100]. As a counter to this host defense, most plant viruses 
encode proteins which act as suppressors of PTGS [71]. Viral suppressors of PTGS interfere 
with various steps of this pathway including initiation, maintenance or systemic silencing  
which are mainly downstream of dsRNA production [52, 57].  
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RNA silencing in plants operates as an antiviral defense response; to establish infection, 
viruses must suppress RNA silencing by the host [100]. Begomoviruses have been shown to 
induce PTGS in infected plants by producing virus specific siRNAs (21, 22 and 24 nt) [97]. 
To counteract this host defence, geminiviruses encode RNA silencing suppressors [4]. 
However, depending on each intrinsic virus and its interaction with plant host factors, the 
efficacy of virus-induced PTGS may vary [99]. At least three RNA-silencing suppressors 
have been reported in TYLCD-associated or related begomoviruses. Thus, the V2 protein of 
TYLCV functions as an RNA-silencing suppressor; it counteracts the innate immune 
response of the host plant by interacting with SISGS3, the tomato homolog of the 
Arabidopsis SGS3 protein involved in the RNA-silencing pathway. The TrAP protein of the 
related monopartite begomovirus. Tomato yellow leaf curl China virus (TYLCCNV) is also 
involved in suppression of RNA silencing [98], probably by activating transcription of host 
genes that control silencing [97]. The C4 protein of the monopartite begomoviruses ToLCV, 
Ageratum yellow vein virus (AYVV), and Bhendi yellow vein mosaic virus (BiYVMV) also have 
the ability to suppress RNA silencing [26, 84].  

6. Mutagenesis of effectors encoded by monopartite begomoviruses  

Little is known about gene function in monopartite begomoviruses. However, gene function 
has been studied extensively in other types of geminiviruses which share organization and 
nucleotide sequence similarities with TYLCV. Mutational analysis of few monopartite 
begomoviruses like TYLCV define similarities and differences between this single 
component geminivirus and bipartite geminiviruses in functions essential for systemic 
spread and infectivity [103]. The CP appeared to be required for systemic movement of 
TYLCV in N. benthamiana and tomato, consistent with those of mutation analyses obtained 
with other monopartite geminiviruses such as MSV, BCTV, and TLCV [5, 12, 69, 61] have 
shown that Tomato yellow leaf curl virus-Sardinia (TYLCV-Sar) C2 can form stable complexes 
with ssDNA (and less preferably with dsDNA) and that the binding is sequence nonspecific. 
AC2 of TYLCV have also been involved in the activation of other viral genes and was 
considered as a transcriptional activator [91]. However, transcription factors usually show 
high sequence specificity. 

TYLCV ORF V1 truncated either 133 nt upstream or 19 nt downstream of the initiation 
codon of ORF V2 would altered the viral DNA forms, it suggested that the V1 protein may 
participate in the switch from dsDNA to ssDNA synthesis. Indeed, interaction between V1 
and the CP has already been proposed, in view of the concerted evolution of these two 
protein sequences following a geo-graphical gradient of similarity [39], and the synergistic 
reduction in ssDNA levels of a TYLCV V1-V2 double mutant compared to single mutants 
[69]. Although TYLCV V1 mutants did not greatly overproduce dsDNA, the similarity of 
phenotype between BCTV V2 and TYLCV V1 mutants may indicated that the two 
corresponding gene products serve a related function. It has shown [69] (Table 1) has shown 
that disruption of the V1 gene in the monopartite Australian isolate of TLCV did not affect 
its ability to spread in tomato, although the infection was asymptomatic and the DNA levels 
reduced. 
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Virus Accession
number 
 

Mutated 
ORF 

Mutation Position Type of
mutation 

References 

TLCV-[AU] AF084006 V1 N-terminal/ 
BamHI 

frameshift Rigden et al., 
1993 

  V2 N-terminal/ 
BglII 

frameshift  

  V/V2 N-terminal/BglII/ 
BamHI 

frameshift  

  V/V2 C-terminal/BglII/ 
BamHI 

deletion  

  V/V2 C-terminal/BamHI/ 
BglII 

inversion  

TLCV-[AU] AF084006 C4 N-terminal  
(at 2457&2463) 

deletion Rigden et al., 
1993 

  C4 N-terminal (at 
2457&2463) 

revertion  

TYLCV-
Sar[ES:Psp95:93] 

Z25751 C4 C>T at 2432 point Jupin et al., 
1994 

  C4 C>T at 2423  
TYLCV-
Sar[ES:Psp95:93] 

Z25751 C2 ∆CC2>31 deletion Noris et al., 
1996 

  C2 ∆NC2>33 deletion  
  C2 ∆C2>33-104 deletion  
TYLCV-Sar[FR:98] X61153 C2 1523+GATC frameshift Wartig et 

al.,1997 
  V1 156+GATC frameshift  
  V1 324C>T stop  
  V2 748>CTAG stop  
TYLCV-
Sic[IT:pSic36:95] 

Z28390 CP H134 substitution Noris et al., 
1998 

  RepC1 L198 substitution  
TYLCV-
Sar[ES:Psp95:93] 

Z25751 CP Q134H site-directedNoris et al., 
1998 

TYLCV-DO[DO:99] AF024715 CP ∆NCP>180 deletion Rojas et al., 
2001 

  CP ∆CCP>150 deletion  
  V1 ∆NV1>63 deletion  
  V1 ∆CV1>84 deletion  
  C4 ∆NC4>54 deletion  
  C4 ∆CC4>60 deletion  
AYVV-
[SG:pHN419:97] 

X74516 C4 A>T at 2419 C4mut substitution Saunders et 
al., 2004 
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RNA silencing in plants operates as an antiviral defense response; to establish infection, 
viruses must suppress RNA silencing by the host [100]. Begomoviruses have been shown to 
induce PTGS in infected plants by producing virus specific siRNAs (21, 22 and 24 nt) [97]. 
To counteract this host defence, geminiviruses encode RNA silencing suppressors [4]. 
However, depending on each intrinsic virus and its interaction with plant host factors, the 
efficacy of virus-induced PTGS may vary [99]. At least three RNA-silencing suppressors 
have been reported in TYLCD-associated or related begomoviruses. Thus, the V2 protein of 
TYLCV functions as an RNA-silencing suppressor; it counteracts the innate immune 
response of the host plant by interacting with SISGS3, the tomato homolog of the 
Arabidopsis SGS3 protein involved in the RNA-silencing pathway. The TrAP protein of the 
related monopartite begomovirus. Tomato yellow leaf curl China virus (TYLCCNV) is also 
involved in suppression of RNA silencing [98], probably by activating transcription of host 
genes that control silencing [97]. The C4 protein of the monopartite begomoviruses ToLCV, 
Ageratum yellow vein virus (AYVV), and Bhendi yellow vein mosaic virus (BiYVMV) also have 
the ability to suppress RNA silencing [26, 84].  

6. Mutagenesis of effectors encoded by monopartite begomoviruses  

Little is known about gene function in monopartite begomoviruses. However, gene function 
has been studied extensively in other types of geminiviruses which share organization and 
nucleotide sequence similarities with TYLCV. Mutational analysis of few monopartite 
begomoviruses like TYLCV define similarities and differences between this single 
component geminivirus and bipartite geminiviruses in functions essential for systemic 
spread and infectivity [103]. The CP appeared to be required for systemic movement of 
TYLCV in N. benthamiana and tomato, consistent with those of mutation analyses obtained 
with other monopartite geminiviruses such as MSV, BCTV, and TLCV [5, 12, 69, 61] have 
shown that Tomato yellow leaf curl virus-Sardinia (TYLCV-Sar) C2 can form stable complexes 
with ssDNA (and less preferably with dsDNA) and that the binding is sequence nonspecific. 
AC2 of TYLCV have also been involved in the activation of other viral genes and was 
considered as a transcriptional activator [91]. However, transcription factors usually show 
high sequence specificity. 

TYLCV ORF V1 truncated either 133 nt upstream or 19 nt downstream of the initiation 
codon of ORF V2 would altered the viral DNA forms, it suggested that the V1 protein may 
participate in the switch from dsDNA to ssDNA synthesis. Indeed, interaction between V1 
and the CP has already been proposed, in view of the concerted evolution of these two 
protein sequences following a geo-graphical gradient of similarity [39], and the synergistic 
reduction in ssDNA levels of a TYLCV V1-V2 double mutant compared to single mutants 
[69]. Although TYLCV V1 mutants did not greatly overproduce dsDNA, the similarity of 
phenotype between BCTV V2 and TYLCV V1 mutants may indicated that the two 
corresponding gene products serve a related function. It has shown [69] (Table 1) has shown 
that disruption of the V1 gene in the monopartite Australian isolate of TLCV did not affect 
its ability to spread in tomato, although the infection was asymptomatic and the DNA levels 
reduced. 
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TYLCV-Sar[FR:98] X61153 C2 1523+GATC frameshift Wartig et 

al.,1997 
  V1 156+GATC frameshift  
  V1 324C>T stop  
  V2 748>CTAG stop  
TYLCV-
Sic[IT:pSic36:95] 

Z28390 CP H134 substitution Noris et al., 
1998 

  RepC1 L198 substitution  
TYLCV-
Sar[ES:Psp95:93] 

Z25751 CP Q134H site-directedNoris et al., 
1998 

TYLCV-DO[DO:99] AF024715 CP ∆NCP>180 deletion Rojas et al., 
2001 

  CP ∆CCP>150 deletion  
  V1 ∆NV1>63 deletion  
  V1 ∆CV1>84 deletion  
  C4 ∆NC4>54 deletion  
  C4 ∆CC4>60 deletion  
AYVV-
[SG:pHN419:97] 

X74516 C4 A>T at 2419 C4mut substitution Saunders et 
al., 2004 
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Virus Accession
number 
 

Mutated 
ORF 

Mutation Position Type of
mutation 

References 

PaLCuV-[PK:02] AJ436992 V2 N-terminal (1-32) deletion Mubin et al., 
2010 

  V2 N-terminal (1-60) deletion  
  V2 C-terminal  

(130-149) 
deletion  

  V2 C-terminal (111-149) deletion  
  V2 C-terminal (101-149) deletion  
  V2 C-terminal (91-149) deletion  
  V2 C-terminal (71-149) deletion  
  V2 C-terminal (30-149) deletion  
TYLCV-IL[IL:89] X15656 CP Lys-Thr CPmut3 substitution Yaakov et al., 

2011 
  CP Arg-Pro CPmut4 substitution  
  CP Arg-Leu CPmut19 substitution  
TYLCV-
Mld[ES:72:97] 

AF071228 C4 C>G at 9 C4mut substitution Tomas et al., 
2011 

ToLCJV-A[ID] AB100304 CP CPΔ191-257 deletion Sharma et al., 
2009 

  CP CPΔ1-190 deletion  
  CP CPΔ31-257 deletion  
  CP CPΔ1-30/Δ50-257 deletion  
  CP CPΔ1-30/Δ191-257 deletion  
  CP CPΔ1-31 deletion  
  CP CPΔ16-20 deletion  
  CP CPΔ1-190/Δ245-250 deletion  
  CP CPΔ1-30/Δ62-257 deletion  
ToLCJV-A[ID] AB100304 V2 N-terminal (58aa)  Sharma et al., 

2010 
  V2 C-terminal (58aa)   
ToLCJV-A[ID] AB100304 V2 pGEMV2ΔC  Sharma et al., 

2011 
 

Table 1. List of published studies reporting deletion mutants of monopartite begomoviruses 

For example Noris et al. [62] suggested that the region of the CP between amino acids 129 
and 134 is essential for both the correct assembly of virions and transmission by the insect 
vector. The genome of the SicRcv (infectious) had the same size as the original Sic DNA 9 
(non-infectious) differed by only 2 nt. One change was at nt 2025 (A instead of T in the plus 
strand), determining a CAC-to-CUC codon change in the RepC1 mRNA and an H198L 
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replacement in the RepC1 protein. The other mutation located at nt 708 (C instead of G), 
determining a CAG-to-CAC codon change in the CP mRNA and a Q134H replacement in 
the CP. This indicated that the Q134H mutation changed a viral DNA, only capable of 
replicating in single cells (Sic), into one that was systemically infectious, but not insect 
transmissible (SicRcv). Comparative analysis of Sic, SicRcv, and the hybrid genomes and 
showed that the mutation in the CP gene, not in the Rep gene, was responsible for restoring 
infectivity in SicRcv; however, it still did not result in a whitefly-transmissible TYLCV. In 
TYLCV-Sar, the two capsid protein alterations resulted in the same either non-infectious or 
non-transmissible  phenotype. Mutants containing the combinations QQ, QH, and PH at 
positions 129 and 134 were infectious in plants, whereas those with PQ are not. The PQ 
mutants can replicate and accumulate CP and V2 protein in leaf discs, but appear unable to 
produce virus particles. Mutants having the PH combination at positions 129 and 134 infect 
plants and form apparently normal virions, but are not transmissible by whiteflies. 
Changing the amino acid at position 152 (D or E) does not influence the phenotype. 
Requirement of the CP for infection has been demonstrated previously [62] suggested that 
accurate particle assembly is also necessary. In fact, the PQ mutants, which are unable to 
assemble virions, accumulate CP in leaf discs, showing that its expression and stability were 
not altered. Another TYLCV protein, V2, for which a role in virus assembly has recently 
been, suggested [103]. 

For example Rojas et al. [70] has shown that C4, V1, and CP gene may function in TYLCV-
DO movement. The CP localized to nuclei and nucleoli and was found to act as a nuclear 
shuttle, mediating the import and export of DNA [70]. It was consistent with results 
obtained for the TYLCV CP in heterologous experimental systems [43, 68]. Recently, Liu et 
al [49] also showed the same behavior for the CP of the monopartite mastrevirus, MSV. 
TYLCV CP was found to accumulate in the nucleolus and the absence of the N-and C-
terminal CP mutants from the nucleolus implicates CP motifs in this localization. As the 
nucleolus is the site of rRNA synthesis and packaging of ribosomal proteins, it may also 
serve as the site of geminiviral replication/gene expression [70]. The TYLCV C4 targeted to 
the cell periphery and/or cell wall, consistent with a role in cell-to-cell movement of viral 
DNA [65, 75, 101].  

Disruption of the AYVV C4 ORF (A>T at position 2419nt) alters the phenotype in 
agroinoculated N. benthamiana from upward leaf roll and vein swelling to downward leaf 
curl [79] (Table 2). Previously,[88] also found the identical functions of BCTV C4 ORF 
mutant in this host. The AYVV C4 proteins may perform partially redundant functions 
involving convergent pathways and the behavior of ACMV AC4 and TYLCCNV C4 is 
consistent with such a function [98].  

For example Stanley and Latham [58] have shown that  V2 protein of Papaya leaf curl virus 
(PaLCuV) is potentially involved in the elicitation of cell death response. The deletion 
mutants (having deletions of 32 and 60 amino acids, respectively, at the N-terminal end of 
V2) exhibited a systemic HR in Nicotiana benthamiana plants. While C-terminal end deletions 
of 60 , 80 and 119 amino acids abolished the induction of HR, however 50 amino acids deletion  
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Virus Accession
number 
 

Mutated 
ORF 

Mutation Position Type of
mutation 

References 

PaLCuV-[PK:02] AJ436992 V2 N-terminal (1-32) deletion Mubin et al., 
2010 

  V2 N-terminal (1-60) deletion  
  V2 C-terminal  

(130-149) 
deletion  

  V2 C-terminal (111-149) deletion  
  V2 C-terminal (101-149) deletion  
  V2 C-terminal (91-149) deletion  
  V2 C-terminal (71-149) deletion  
  V2 C-terminal (30-149) deletion  
TYLCV-IL[IL:89] X15656 CP Lys-Thr CPmut3 substitution Yaakov et al., 

2011 
  CP Arg-Pro CPmut4 substitution  
  CP Arg-Leu CPmut19 substitution  
TYLCV-
Mld[ES:72:97] 

AF071228 C4 C>G at 9 C4mut substitution Tomas et al., 
2011 

ToLCJV-A[ID] AB100304 CP CPΔ191-257 deletion Sharma et al., 
2009 

  CP CPΔ1-190 deletion  
  CP CPΔ31-257 deletion  
  CP CPΔ1-30/Δ50-257 deletion  
  CP CPΔ1-30/Δ191-257 deletion  
  CP CPΔ1-31 deletion  
  CP CPΔ16-20 deletion  
  CP CPΔ1-190/Δ245-250 deletion  
  CP CPΔ1-30/Δ62-257 deletion  
ToLCJV-A[ID] AB100304 V2 N-terminal (58aa)  Sharma et al., 

2010 
  V2 C-terminal (58aa)   
ToLCJV-A[ID] AB100304 V2 pGEMV2ΔC  Sharma et al., 

2011 
 

Table 1. List of published studies reporting deletion mutants of monopartite begomoviruses 

For example Noris et al. [62] suggested that the region of the CP between amino acids 129 
and 134 is essential for both the correct assembly of virions and transmission by the insect 
vector. The genome of the SicRcv (infectious) had the same size as the original Sic DNA 9 
(non-infectious) differed by only 2 nt. One change was at nt 2025 (A instead of T in the plus 
strand), determining a CAC-to-CUC codon change in the RepC1 mRNA and an H198L 
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replacement in the RepC1 protein. The other mutation located at nt 708 (C instead of G), 
determining a CAG-to-CAC codon change in the CP mRNA and a Q134H replacement in 
the CP. This indicated that the Q134H mutation changed a viral DNA, only capable of 
replicating in single cells (Sic), into one that was systemically infectious, but not insect 
transmissible (SicRcv). Comparative analysis of Sic, SicRcv, and the hybrid genomes and 
showed that the mutation in the CP gene, not in the Rep gene, was responsible for restoring 
infectivity in SicRcv; however, it still did not result in a whitefly-transmissible TYLCV. In 
TYLCV-Sar, the two capsid protein alterations resulted in the same either non-infectious or 
non-transmissible  phenotype. Mutants containing the combinations QQ, QH, and PH at 
positions 129 and 134 were infectious in plants, whereas those with PQ are not. The PQ 
mutants can replicate and accumulate CP and V2 protein in leaf discs, but appear unable to 
produce virus particles. Mutants having the PH combination at positions 129 and 134 infect 
plants and form apparently normal virions, but are not transmissible by whiteflies. 
Changing the amino acid at position 152 (D or E) does not influence the phenotype. 
Requirement of the CP for infection has been demonstrated previously [62] suggested that 
accurate particle assembly is also necessary. In fact, the PQ mutants, which are unable to 
assemble virions, accumulate CP in leaf discs, showing that its expression and stability were 
not altered. Another TYLCV protein, V2, for which a role in virus assembly has recently 
been, suggested [103]. 

For example Rojas et al. [70] has shown that C4, V1, and CP gene may function in TYLCV-
DO movement. The CP localized to nuclei and nucleoli and was found to act as a nuclear 
shuttle, mediating the import and export of DNA [70]. It was consistent with results 
obtained for the TYLCV CP in heterologous experimental systems [43, 68]. Recently, Liu et 
al [49] also showed the same behavior for the CP of the monopartite mastrevirus, MSV. 
TYLCV CP was found to accumulate in the nucleolus and the absence of the N-and C-
terminal CP mutants from the nucleolus implicates CP motifs in this localization. As the 
nucleolus is the site of rRNA synthesis and packaging of ribosomal proteins, it may also 
serve as the site of geminiviral replication/gene expression [70]. The TYLCV C4 targeted to 
the cell periphery and/or cell wall, consistent with a role in cell-to-cell movement of viral 
DNA [65, 75, 101].  

Disruption of the AYVV C4 ORF (A>T at position 2419nt) alters the phenotype in 
agroinoculated N. benthamiana from upward leaf roll and vein swelling to downward leaf 
curl [79] (Table 2). Previously,[88] also found the identical functions of BCTV C4 ORF 
mutant in this host. The AYVV C4 proteins may perform partially redundant functions 
involving convergent pathways and the behavior of ACMV AC4 and TYLCCNV C4 is 
consistent with such a function [98].  

For example Stanley and Latham [58] have shown that  V2 protein of Papaya leaf curl virus 
(PaLCuV) is potentially involved in the elicitation of cell death response. The deletion 
mutants (having deletions of 32 and 60 amino acids, respectively, at the N-terminal end of 
V2) exhibited a systemic HR in Nicotiana benthamiana plants. While C-terminal end deletions 
of 60 , 80 and 119 amino acids abolished the induction of HR, however 50 amino acids deletion  
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induced local necrosis, but not systemic. The mutants with 20 and 40 amino acids deletion 
produce HR both at the inoculated and in newly emerged leaves, although the systemic 
symptoms for the 40-amino-acid deletion mutant were delayed and were milder.  The amino 
acid sequences between positions 92 and 101 are essential for the elicitation of HR, whereas 
those between 102 and 115 affect the timing and severity of the response. V2 of PaLCuV at 
amino acid positions 116 and 118 contains a conserved CxC. Mutations of this motif have 
been shown to abolish both the pathogenicity and suppressor of RNA silencing activities  
of the protein [64, 109]. Phosphorylation of MPs may also play a role in controlling the 
switch from viral replication to translation [36, 37].  Few earlier studies showed that for 
PaLCuV V2, deletion of sequences encompassing this motif abrogates the ability to induce 
HR [58].  

The first 30 N-terminal  amino acids of the TYLCV-IL CP are needed for nuclear import of  
the protein into the plant cell, suggesting the CP’s involvement in  nuclear shuttling of the 
virus genome [43]. This was confirmed by the finding of a strong interaction between the CP 
and  the plant nuclear import receptor karyopherin α1 (Kap α1) [94]. The TYLCV CP has 
been found to inter act with itself (CP–CP or homotypic interaction) which may be 
important for capsule assembly as it is made up solely of CP units serving as building 
blocks. Mutations in the TYLCV-IL V1 gene  coding  for the TYLCV-IL CP by replacing Lys 
with Thr, Arg with Pro,  and Arg with Leu, according to the positions of amino acids 
mutated [31]. TYLCV CP mutated failed to interact with the w.t. CP, while the w.t. protein 
showed strong homo typic interaction. As the CP has been suggested to be a shuttle protein 
for the viral genome into the plant cell nucleus [43, 70], its interaction with the nuclear-
transport mediator Kap  α1 is an important step and has been shown to occur at high 
affinity [94]. A mutation in the NLS domain, in particular at Arg19, disrupts the CP’s 
interaction with proteins that are known to interact with the w.t. CP [106.]. Earlier Sharma et 
al. [113-115] demonstrated by the constructed a series of single and double deletions into the 
coding sequence of Tomato leaf curl Java virus ToLCJAV-A[ID] CP and found that, amino 
acids (aa)16KVRRR20 in the N-terminal region of CP functioned as nuclear/nucleolar 
localization signals (NLSs). Further, the region from aa 52RKPR55 contained basic amino 
acid cluster was capable to redirect the CP to the nucleus. Deletion mutant analysis revealed 
that this property was attributed to a nuclear export signal (NES) sequence consisted of aa 
(245LKIRIY250) reside at C-terminal part of CP. Additionally ToLCJV V2 is a target of host 
defense responses. Deletion of 58 amino acids (aa) from the N-terminus did not affect the 
HR, suggesting that this region has no role in the HR, while deletion of 58 aa from the C-
terminus of V2 abolished both the HR response and V2 silencing suppressor activity, 
suggesting that these sequences are required for the HR-like response and suppression of 
PTGS. He also demonstrated that ToLCJV V2 is a pathogenicity determinant that elicits an 
HR-like response. Further deletion analysis that fusion of Nterminal part of the V2, 
containing the nuclear export signals (NES), directed the accumulation of fluorescence 
towards the cell cytoplasm. Also V2 enhances the coat protein-mediated nuclear export of 
ToLCJV and is consistent with the model in which V2 mediates viral DNA export from the 
nucleus to the plasmodesmata. 
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Satellite Accession region (nt.) Type of References 
 number  mutation  

 

AYVB-[SG:pBS-beta:99] AJ252072 AT>TA at 547/ 
548 βC1mut1 

Saunders et al., 2004 

  G>T at 486 
βC1mut2 

  

TYLCCNB-[CN:Y10:01] AJ421621 ATG>ATC  
(CIM-F) 

site-derected Cui et al., 2004 

  ACT>TGA 
(ACIM-S) 

site-derected  

  ATG (2) >ATC (2) 
(CIM-B) 

site-derected  

  GAA>TAG  
(CIM-T) 

site-derected  

TYLCCNB-[CN:Y10:01] AJ421621 742-952 deletation Xiaorong et al., 2004 
TYLCCNB-[CN:Y10:01] AJ421621 ∆C1β truncation Qian and Zhou 2005 
CLCuVβ-[PK:00] AJ298903 195-484 site-derected Saeed et al., 2005 
  504-596 stop  
  586 frame-shift  
  ATG>ATA stop  
BYVMB-[IN:Muth:01] AJ308425 51-140 ∆NβC1 deletation Kumar et al., 2006 
  1-80 ∆CβC1 deletation  
TYLCV-satDNA-
[AU:96] 

U74627 ∆nt 35-146 (112nt) deletation Li et al., 2007 

  ∆nt 146-296 
(151nt) 

deletation  

  ∆nt 35-296 (262nt) deletation  
  ∆nt 296-420 

(1251nt) 
deletation  

  ∆nt 296-492 
(197nt) 

deletation  

  ∆nt 492-540 (49nt) deletation  
  ∆nt 540-641 

(105nt) 
deletation  

AYVJB-[ID:04] AB162142 4>ATGtga  stop Kont et al., 2007 
AYVB-[SG:pBS-beta:99] AJ252072 794-795 deletation Saunders et al., 2008 
  118-119 deletation  
  804-806 deletation  
  801-1047 deletation  
  1048-1051 deletation  
  1146-1147 deletation  
  1146-1150 deletation  
  1269-1271 deletation  
  1229-1234 deletation  
TbCSVB-[CN:Y35:01] AJ420318 DNA∆C1β  Qian et al., 2008 
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induced local necrosis, but not systemic. The mutants with 20 and 40 amino acids deletion 
produce HR both at the inoculated and in newly emerged leaves, although the systemic 
symptoms for the 40-amino-acid deletion mutant were delayed and were milder.  The amino 
acid sequences between positions 92 and 101 are essential for the elicitation of HR, whereas 
those between 102 and 115 affect the timing and severity of the response. V2 of PaLCuV at 
amino acid positions 116 and 118 contains a conserved CxC. Mutations of this motif have 
been shown to abolish both the pathogenicity and suppressor of RNA silencing activities  
of the protein [64, 109]. Phosphorylation of MPs may also play a role in controlling the 
switch from viral replication to translation [36, 37].  Few earlier studies showed that for 
PaLCuV V2, deletion of sequences encompassing this motif abrogates the ability to induce 
HR [58].  

The first 30 N-terminal  amino acids of the TYLCV-IL CP are needed for nuclear import of  
the protein into the plant cell, suggesting the CP’s involvement in  nuclear shuttling of the 
virus genome [43]. This was confirmed by the finding of a strong interaction between the CP 
and  the plant nuclear import receptor karyopherin α1 (Kap α1) [94]. The TYLCV CP has 
been found to inter act with itself (CP–CP or homotypic interaction) which may be 
important for capsule assembly as it is made up solely of CP units serving as building 
blocks. Mutations in the TYLCV-IL V1 gene  coding  for the TYLCV-IL CP by replacing Lys 
with Thr, Arg with Pro,  and Arg with Leu, according to the positions of amino acids 
mutated [31]. TYLCV CP mutated failed to interact with the w.t. CP, while the w.t. protein 
showed strong homo typic interaction. As the CP has been suggested to be a shuttle protein 
for the viral genome into the plant cell nucleus [43, 70], its interaction with the nuclear-
transport mediator Kap  α1 is an important step and has been shown to occur at high 
affinity [94]. A mutation in the NLS domain, in particular at Arg19, disrupts the CP’s 
interaction with proteins that are known to interact with the w.t. CP [106.]. Earlier Sharma et 
al. [113-115] demonstrated by the constructed a series of single and double deletions into the 
coding sequence of Tomato leaf curl Java virus ToLCJAV-A[ID] CP and found that, amino 
acids (aa)16KVRRR20 in the N-terminal region of CP functioned as nuclear/nucleolar 
localization signals (NLSs). Further, the region from aa 52RKPR55 contained basic amino 
acid cluster was capable to redirect the CP to the nucleus. Deletion mutant analysis revealed 
that this property was attributed to a nuclear export signal (NES) sequence consisted of aa 
(245LKIRIY250) reside at C-terminal part of CP. Additionally ToLCJV V2 is a target of host 
defense responses. Deletion of 58 amino acids (aa) from the N-terminus did not affect the 
HR, suggesting that this region has no role in the HR, while deletion of 58 aa from the C-
terminus of V2 abolished both the HR response and V2 silencing suppressor activity, 
suggesting that these sequences are required for the HR-like response and suppression of 
PTGS. He also demonstrated that ToLCJV V2 is a pathogenicity determinant that elicits an 
HR-like response. Further deletion analysis that fusion of Nterminal part of the V2, 
containing the nuclear export signals (NES), directed the accumulation of fluorescence 
towards the cell cytoplasm. Also V2 enhances the coat protein-mediated nuclear export of 
ToLCJV and is consistent with the model in which V2 mediates viral DNA export from the 
nucleus to the plasmodesmata. 
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Satellite Accession region (nt.) Type of References 
 number  mutation  

 

AYVB-[SG:pBS-beta:99] AJ252072 AT>TA at 547/ 
548 βC1mut1 

Saunders et al., 2004 

  G>T at 486 
βC1mut2 

  

TYLCCNB-[CN:Y10:01] AJ421621 ATG>ATC  
(CIM-F) 

site-derected Cui et al., 2004 

  ACT>TGA 
(ACIM-S) 

site-derected  

  ATG (2) >ATC (2) 
(CIM-B) 

site-derected  

  GAA>TAG  
(CIM-T) 

site-derected  

TYLCCNB-[CN:Y10:01] AJ421621 742-952 deletation Xiaorong et al., 2004 
TYLCCNB-[CN:Y10:01] AJ421621 ∆C1β truncation Qian and Zhou 2005 
CLCuVβ-[PK:00] AJ298903 195-484 site-derected Saeed et al., 2005 
  504-596 stop  
  586 frame-shift  
  ATG>ATA stop  
BYVMB-[IN:Muth:01] AJ308425 51-140 ∆NβC1 deletation Kumar et al., 2006 
  1-80 ∆CβC1 deletation  
TYLCV-satDNA-
[AU:96] 

U74627 ∆nt 35-146 (112nt) deletation Li et al., 2007 

  ∆nt 146-296 
(151nt) 

deletation  

  ∆nt 35-296 (262nt) deletation  
  ∆nt 296-420 

(1251nt) 
deletation  

  ∆nt 296-492 
(197nt) 

deletation  

  ∆nt 492-540 (49nt) deletation  
  ∆nt 540-641 

(105nt) 
deletation  

AYVJB-[ID:04] AB162142 4>ATGtga  stop Kont et al., 2007 
AYVB-[SG:pBS-beta:99] AJ252072 794-795 deletation Saunders et al., 2008 
  118-119 deletation  
  804-806 deletation  
  801-1047 deletation  
  1048-1051 deletation  
  1146-1147 deletation  
  1146-1150 deletation  
  1269-1271 deletation  
  1229-1234 deletation  
TbCSVB-[CN:Y35:01] AJ420318 DNA∆C1β  Qian et al., 2008 
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Satellite Accession region (nt.) Type of References 
 number  mutation  

 

CLCuMA-[PK:2:99] AJ132345 915-1117 deletation Shahid et al., 2009 
CLCuMuB-[PK:09] FJ607041 ∆150-840 deletation Nawaz-ul-Rehman et al., 

2009 
  ∆1130-116 deletation  
  ∆995-1095 deletation  
CLCuMB-[PK:00] AJ298903 ∆C1β deletation Kharazmi et al., 2012 
TYLCCNB-[CN:Y10:01] AJ421621 N-terminal (NTG) deletation Cheng et al., 2011 
  C-terminal (CTG) deletation  
  βC1-∆CTD deletation  

Table 2. List of published studies reporting deletion mutants of DNA Satellites 

7. Mutational analysis of effectors encoded by satellites 

Betasatellite molecules have been associated with numerous monopartite begomoviruses in 
China, including Tobacco curly shoot virus (TbCSV) and TYLCCNV that infect tomato and 
tobacco field plants [108, 47]. TbCSB is not essential for infection but increases symptoms in 
some hosts [17, 47]. However in case of TYLCCNB which is essential for symptom 
induction, The βC1 gene of TYLCCNB is required for symptom induction but not for the 
replication of betasatellite. Also a mutated βC1 deleted is stably maintained in few hosts by 
TYLCCNV [17, 67]. TbCSB with the complete βC1 deleted (∆βC1) returns to a size 
comparable to that of the intact betasatellite in few systemically infected N. glutinosa, N. 
tabacum Samsun and P. bybrida plants plants. The levels of accumulation of the size revertant 
betasatellite were similar to those of ∆βC1 in same hosts (N. benthamiana and N. glutinosa)  
plants showing size reversion of the betasatellite developed viral symptoms similar to those 
induced by TbCSV and DNA∆βC1 [67]. A βC1 gene frame-shift mutant of TYLCCNVB was 
unable to induce disease symptoms and consequently, did not play a role in silencing 
suppression [67]. The complete coding region of Y10βC1 (TYLCCNB), followed by N- and 
C-terminal deletion mutants showed multimerization mediated by amino acids between 
positions 60 and 100 [13]. Karyopherin-α, a transport receptor involved in nuclear import 
were reported to interact with the C-terminal sequences of BYVMB- βC1 [42]. A 
myristoylation-like motif (GMDVNE) positioned at the C-terminal of CLCuMB-βC1 (103 to 
108aa) interacted with a ubiquitin-conjugating enzyme involved in targeting proteins for 
degradation by the 26S proteasome [20, 78] identified sequences on AYVB by deletion 
mutagenesis required for trans-replication by AYVV. βC1 of Cotton leaf curl Multan 
betasatellite (CLCuMuB) has been shown to have possible virus movement function [74]. 
Generally, sequences between the βC1 gene and the A-rich region are not essential for trans-
replication by begomoviruses. Nevertheless, deletion of these sequences abolish the ability 
of the betasatellite to upregulate virus levels in plants and the symptoms expression [59]. 
For geminiviruses hairpin structure that contains the nonanucleotide sequence is an 
essential part of the virion sense origin of replication that is recognized and nicked (within 
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the nonanucleotide sequence) by Rep to initiate rolling-circle replication of the virion strand. 
Similarly, deletion of betasatellite sequences from 1130 to 116 that is conserved  (between all 
betasatellites) stopped the betasatellite’s ability to be trans-replicated and maintained by 
helper viruses both from OW (CLCuRaV) and New world and Cabbage leaf curl virus 
(CbLCuV). Trans-replication of CLCuMuB remained unaffected by deletion of the sequence 
between coordinates 995 and 1095 by CLCuRaV [59]. 

ToLCJAV alone can cause infection and displayed leaf curl symptoms. But, symptom 
expression of ToLCJAV in the presence of ToLCJAB is enhanced. In contrast, ToLCJAV and 
AYVB (mutated βC1) restored mild symptoms. It suggested that the βC1 protein was 
required for symptom induction and is a determinant of pathogenicity, βC1 protein 
expression in N. benthamiana plants and as a suppressor of PTGS [41]. 

For example Li et al. [47] have shown the deletion mutant of TYLCV sat-DNA (from 296-
641nt) lacked the ability to replicate or replicated poorly by deleting of (region nt 35-296). 
Also sequence from nt 296-35 is to be essential for sat-DNA replication. The deletion of a 112 
nt region downstream of the stem-loop from nt 35-146 and 151nt from 146-296 cannot effect 
on the replication of sat-DNA but reduced significantly. However, the deletion from nt 35-
296 regions diminished sat-DNA replication  these deletions loss of genomic sequences 
required for replication or due to changes in genome size. Heterologous non-viral DNA 
fragments can restore the wild-type 682 nt sat-DNA size and of replication when the 
replacement occurred in the region between nt 35 and 296. However, the sequence 
replacements in the region nt 35 to 296 of the sat-DNA improved the accumulation of sat-
DNA considerably relative to the deleted constructs in this region. The sequence elements 
distributed within the entire sat-DNA molecule contribute to replication activity, but that 
sequence elements within the region from nt 35 to 296 are dispensable for replication.  

For example Saeed et al. [72] used mutagenesis study of CLCuMB and tobacco was used as 
the host plant rather that cotton, the natural host of CLCuB. Few studies showed that it was 
symptomless when inoculated with Cotton leaf cur Multan virus (CLCuMV) alone but showed 
drastic symptoms when coinoculated with CLCuMB [9]. Nicotiana benthamiana showed a 
severe symptom on inoculated with CLCuMV with or without CLCuMB. Evidence for the 
involvement of the βC1 ORF in modulation of symptom expression also provided by [108] 
demonstrated few DNA β species associated with tomato and tobacco infecting 
begomoviruses and found that in-frame mutation of the βC1 initiation codon resulted in loss 
of symptom severity in N. benthamiana.  

In recent studies Saunders et al. [79] have proved that disruption of the βC1 ORF prevented 
infection of the AYVB complex in ageratum and altered their phenotype in N. benthamiana to 
that produced by AYVV alone. For example Kumar et al. [42] tested the infectivity of two 
βC1 mutant constructs, first carrying a stop codon at amino acid position 41 and second 
with two stop codons at positions 9 and 41, and both resulted in loss of pathogenicity in 
tobacco plants on coinoculated with TLCV as helper virus. These mutation studies indicated 
that the βC1 ORF is involved in pathogenicity and that the expression of its N terminal 40 
amino acids is not sufficient for its function.  
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Satellite Accession region (nt.) Type of References 
 number  mutation  

 

CLCuMA-[PK:2:99] AJ132345 915-1117 deletation Shahid et al., 2009 
CLCuMuB-[PK:09] FJ607041 ∆150-840 deletation Nawaz-ul-Rehman et al., 

2009 
  ∆1130-116 deletation  
  ∆995-1095 deletation  
CLCuMB-[PK:00] AJ298903 ∆C1β deletation Kharazmi et al., 2012 
TYLCCNB-[CN:Y10:01] AJ421621 N-terminal (NTG) deletation Cheng et al., 2011 
  C-terminal (CTG) deletation  
  βC1-∆CTD deletation  

Table 2. List of published studies reporting deletion mutants of DNA Satellites 

7. Mutational analysis of effectors encoded by satellites 

Betasatellite molecules have been associated with numerous monopartite begomoviruses in 
China, including Tobacco curly shoot virus (TbCSV) and TYLCCNV that infect tomato and 
tobacco field plants [108, 47]. TbCSB is not essential for infection but increases symptoms in 
some hosts [17, 47]. However in case of TYLCCNB which is essential for symptom 
induction, The βC1 gene of TYLCCNB is required for symptom induction but not for the 
replication of betasatellite. Also a mutated βC1 deleted is stably maintained in few hosts by 
TYLCCNV [17, 67]. TbCSB with the complete βC1 deleted (∆βC1) returns to a size 
comparable to that of the intact betasatellite in few systemically infected N. glutinosa, N. 
tabacum Samsun and P. bybrida plants plants. The levels of accumulation of the size revertant 
betasatellite were similar to those of ∆βC1 in same hosts (N. benthamiana and N. glutinosa)  
plants showing size reversion of the betasatellite developed viral symptoms similar to those 
induced by TbCSV and DNA∆βC1 [67]. A βC1 gene frame-shift mutant of TYLCCNVB was 
unable to induce disease symptoms and consequently, did not play a role in silencing 
suppression [67]. The complete coding region of Y10βC1 (TYLCCNB), followed by N- and 
C-terminal deletion mutants showed multimerization mediated by amino acids between 
positions 60 and 100 [13]. Karyopherin-α, a transport receptor involved in nuclear import 
were reported to interact with the C-terminal sequences of BYVMB- βC1 [42]. A 
myristoylation-like motif (GMDVNE) positioned at the C-terminal of CLCuMB-βC1 (103 to 
108aa) interacted with a ubiquitin-conjugating enzyme involved in targeting proteins for 
degradation by the 26S proteasome [20, 78] identified sequences on AYVB by deletion 
mutagenesis required for trans-replication by AYVV. βC1 of Cotton leaf curl Multan 
betasatellite (CLCuMuB) has been shown to have possible virus movement function [74]. 
Generally, sequences between the βC1 gene and the A-rich region are not essential for trans-
replication by begomoviruses. Nevertheless, deletion of these sequences abolish the ability 
of the betasatellite to upregulate virus levels in plants and the symptoms expression [59]. 
For geminiviruses hairpin structure that contains the nonanucleotide sequence is an 
essential part of the virion sense origin of replication that is recognized and nicked (within 
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the nonanucleotide sequence) by Rep to initiate rolling-circle replication of the virion strand. 
Similarly, deletion of betasatellite sequences from 1130 to 116 that is conserved  (between all 
betasatellites) stopped the betasatellite’s ability to be trans-replicated and maintained by 
helper viruses both from OW (CLCuRaV) and New world and Cabbage leaf curl virus 
(CbLCuV). Trans-replication of CLCuMuB remained unaffected by deletion of the sequence 
between coordinates 995 and 1095 by CLCuRaV [59]. 

ToLCJAV alone can cause infection and displayed leaf curl symptoms. But, symptom 
expression of ToLCJAV in the presence of ToLCJAB is enhanced. In contrast, ToLCJAV and 
AYVB (mutated βC1) restored mild symptoms. It suggested that the βC1 protein was 
required for symptom induction and is a determinant of pathogenicity, βC1 protein 
expression in N. benthamiana plants and as a suppressor of PTGS [41]. 

For example Li et al. [47] have shown the deletion mutant of TYLCV sat-DNA (from 296-
641nt) lacked the ability to replicate or replicated poorly by deleting of (region nt 35-296). 
Also sequence from nt 296-35 is to be essential for sat-DNA replication. The deletion of a 112 
nt region downstream of the stem-loop from nt 35-146 and 151nt from 146-296 cannot effect 
on the replication of sat-DNA but reduced significantly. However, the deletion from nt 35-
296 regions diminished sat-DNA replication  these deletions loss of genomic sequences 
required for replication or due to changes in genome size. Heterologous non-viral DNA 
fragments can restore the wild-type 682 nt sat-DNA size and of replication when the 
replacement occurred in the region between nt 35 and 296. However, the sequence 
replacements in the region nt 35 to 296 of the sat-DNA improved the accumulation of sat-
DNA considerably relative to the deleted constructs in this region. The sequence elements 
distributed within the entire sat-DNA molecule contribute to replication activity, but that 
sequence elements within the region from nt 35 to 296 are dispensable for replication.  

For example Saeed et al. [72] used mutagenesis study of CLCuMB and tobacco was used as 
the host plant rather that cotton, the natural host of CLCuB. Few studies showed that it was 
symptomless when inoculated with Cotton leaf cur Multan virus (CLCuMV) alone but showed 
drastic symptoms when coinoculated with CLCuMB [9]. Nicotiana benthamiana showed a 
severe symptom on inoculated with CLCuMV with or without CLCuMB. Evidence for the 
involvement of the βC1 ORF in modulation of symptom expression also provided by [108] 
demonstrated few DNA β species associated with tomato and tobacco infecting 
begomoviruses and found that in-frame mutation of the βC1 initiation codon resulted in loss 
of symptom severity in N. benthamiana.  

In recent studies Saunders et al. [79] have proved that disruption of the βC1 ORF prevented 
infection of the AYVB complex in ageratum and altered their phenotype in N. benthamiana to 
that produced by AYVV alone. For example Kumar et al. [42] tested the infectivity of two 
βC1 mutant constructs, first carrying a stop codon at amino acid position 41 and second 
with two stop codons at positions 9 and 41, and both resulted in loss of pathogenicity in 
tobacco plants on coinoculated with TLCV as helper virus. These mutation studies indicated 
that the βC1 ORF is involved in pathogenicity and that the expression of its N terminal 40 
amino acids is not sufficient for its function.  
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Disruption of the βC1 ORF of AYVB by introducing an internal in-frame nonsense codon 
(G>T) did not prevent transreplication and systemic movement of the βC1 mutant by AYVV 
in lab host (N.benthamiana). The mutated βC1 removed the influence of the satellite on 
symptom development in this host and prevented symptomatic infection of ageratum. That 
suggested the βC1 protein is an important pathogenicity factor that plays an essential role in 
the proliferation of the AYVV-betasatellite complex in its real host. For example Saunders et 
al. [79] also shown that βC1 ORF initiation codon (AT) to a nonsense codon (TA) did not 
completely eliminate betasatellite activity. A similar mutation in the βC1 ORF of a satellite 
associated with TYLCCNB was shown previously [108]. The βC1 ORF encodes a 
pathogenicity determinant that suppressed a host defense mechanism [76]. 

For example [78] have demonstrated that the region of AYVB between the introduced nt 114 
and 1047 sites is not required for betasatellite replication. This region includes the βC1 open 
reading frame (ORF), which encodes a gene essential for pathogenicity [79] and an A-rich 
region that may serve to maintain the size integrity of the satellite [76]. For example [78]  
found that the entire ORF is dispensable  and is consistent with the findings of [67] for the 
betasatellite associated with TYLCCNV. In addition, removal of the A-rich region from 
TYLCCNB was tolerated, although the deletion mutant was associated with milder infection 
than those produced by the wild-type satellite [95]. In contrast, deletion of this region in 
AYVB did not affect the phenotype, at least in N. benthamiana. Maximum deletions within 
non coding regions of the begomovirus genome were not tolerated and the deletion mutants 
revert to wild type size by both intra-and intermolecular recombination during systemic 
movement [23, 25,]. For example Saunders et al. [78] also demonstrated removal of 361 nt of 
betasatellite representing 27% of the satellite and the region between nt 1047 and 1146 is 
important for betasatellite replication. It contained an inverted repeat flanking a sequence that 
is identical to the ToLCV iteron ToLCV sat-DNA [18]. Protein binding assays followed by 
mutagenesis have demonstrated that this motif in both ToLCV and sat-DNA represents a high 
affinity Rep binding site, although it is not required for replication of either the begomovirus 
or its satellite [48]. Saunders and associates [80] found that the region between nt 1146-1229 
and sequences across the nt 1268 of AYVB are also required for replication.  

SCR is highly conserved nature between distinct satellites [typically above 65% sequence 
identity with blocks of absolutely conserved sequence [7] strongly suggests that it also plays 
an important role in the virus replication cycle. In addition, the adjacent stem-loop and 
conserved nonanucleotide sequence would be expected to participate in replication. 
Approximately the 386 nt upstream of the stem–loop structure in ToLCV sat-DNA, as well 
as the stem–loop structure itself, are essential for replication [47].  

βC1 is a multi-functional protein encoded by betasatellites that are associated with the 
majority of monopartite begomoviruses [11]. For example Cheng et al. [13] proved by 
deletion mutants of Y10βC1 that multimerization was mediated by amino acids between 
positions 60 and 100. Previous studies say that the C-terminal sequences of BYVMB-βC1 
were interact with karyopherin α, a transport receptor involved in nuclear import [42]. A 
myristoylation-like motif (GMDVNE) located at the C-terminal of CLCuMB-βC1 (103-108aa) 
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interacted with a ubiquitin-conjugating enzyme involved in targeting proteins for 
degradation by the 26S proteasome [21]. It also seems to indicate interference with a 
functionality associated with the C terminus of Y10βC1. βC1 protein of AYVB, CLCuMB or 
BYVMB with GFP fused at the N-terminus also presented as granular spots in the cytoplasm 
and around the nucleus [42, 84]. 

TYLCCNB presumably has one or more cis-acting elements needed for replication and binds 
to TYLCCNV replication protein (Rep) for replication, and these elements are most probably 
located in the 115-nucleotide highly conserved region of betasatellite upstream of its stem-
loop structure. Recently, Astroga [2] showed that a 5-bp core sequence (GGN1N2N3) is a 
typical constituent of Rep-binding iterons. Conserved GG motifs occur upstream of the115-
nucleotide highly conserved region of betasatellite. One or more of these GG motifs, combined 
with the 115 nucleotide highly conserved region, possibley responsible for Rep binding to 
betasatellite. However, the Rep binding activity of the TLCV-sat from Australia seems much 
less specific: TLCV-sat contains an A-rich region but lacks a βC1 gene and is believed to be a 
defective betasatellite molecule [48]. The effect of mutation of the conserved βC1 gene of 
TYLCCNVB indicated that the βC1 protein plays a key role in symptom induction.  

The position and size of the βC1 gene of the betasatellite molecules are conserved in all 
betasatellite molecules, and the mutation of the start codon of C1 gene in TYLCCNB showed 
that it’s a pathogenicity determinant [108, 6]. Few studies has been also shown that the βC1 
protein of betasatellite associated with TYLCCNV or AYVV is an essential pathogenicity 
determinant [17, 79], it may act as suppressors of post-transcriptional gene silencing that 
interfering the host defense system, thus, the presence of C1 protein facilitates efficient 
infection of the virus in hosts [102]. For example Tau and Zhou [96] showed that βC1 gene 
was not required for the TYLCCNV and betasatellite replication and truncated betasatellite 
molecules with the deletion of the entire βC1 gene were stable in infected plants. Defective 
DNAs, betasatellite and alphasatellite associated with begomoviruses are maintained at 
approximately half the size of the genomic components [83, 89, 55, 80, 77]. Some proofs have 
been displayed that geminiviruses CP can encapsidate circular ssDNA molecules of about 
half or quarter the size of the genomic DNA [18, 51]. Immunocapture PCR indicated that the 
truncated TYLCCNB of about 1 kb in length may be encapsidated with TYLCCNV coat 
protein in vivo [67].  

βC1of BYVMB have a nuclear export or peripheral localization function and βC1 interacts 
with itself, also with CP and the tomato protein karyopherin α. Mutagenesis of βC1 protein 
showed that the domain of βC1 interacting with CP is at the N terminal half whereas the 
domain(s) of βC1interacting with itself and karyopherin α are at the C terminal half and the 
role of BYVMD βC1 as a suppressor of posttranscriptional gene silencing was explored [42]. 
Karyopherins are soluble transport receptors that interact with basic NLS sequences and 
help in nuclear import [27]. Full length betasatellite  of CLCuMB can substitute for the 
movement function of the DNA B of a bipartite begomovirus Tomato leaf cur New Dehli virus 
DNA-B (ToLCNDV DNA-B). However, the betasatellite containing a disrupted βC1 ORF did 
not mobilize the DNA A for systemic infection, suggested that the βC1 protein was required 
for movement [74]. 
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Disruption of the βC1 ORF of AYVB by introducing an internal in-frame nonsense codon 
(G>T) did not prevent transreplication and systemic movement of the βC1 mutant by AYVV 
in lab host (N.benthamiana). The mutated βC1 removed the influence of the satellite on 
symptom development in this host and prevented symptomatic infection of ageratum. That 
suggested the βC1 protein is an important pathogenicity factor that plays an essential role in 
the proliferation of the AYVV-betasatellite complex in its real host. For example Saunders et 
al. [79] also shown that βC1 ORF initiation codon (AT) to a nonsense codon (TA) did not 
completely eliminate betasatellite activity. A similar mutation in the βC1 ORF of a satellite 
associated with TYLCCNB was shown previously [108]. The βC1 ORF encodes a 
pathogenicity determinant that suppressed a host defense mechanism [76]. 

For example [78] have demonstrated that the region of AYVB between the introduced nt 114 
and 1047 sites is not required for betasatellite replication. This region includes the βC1 open 
reading frame (ORF), which encodes a gene essential for pathogenicity [79] and an A-rich 
region that may serve to maintain the size integrity of the satellite [76]. For example [78]  
found that the entire ORF is dispensable  and is consistent with the findings of [67] for the 
betasatellite associated with TYLCCNV. In addition, removal of the A-rich region from 
TYLCCNB was tolerated, although the deletion mutant was associated with milder infection 
than those produced by the wild-type satellite [95]. In contrast, deletion of this region in 
AYVB did not affect the phenotype, at least in N. benthamiana. Maximum deletions within 
non coding regions of the begomovirus genome were not tolerated and the deletion mutants 
revert to wild type size by both intra-and intermolecular recombination during systemic 
movement [23, 25,]. For example Saunders et al. [78] also demonstrated removal of 361 nt of 
betasatellite representing 27% of the satellite and the region between nt 1047 and 1146 is 
important for betasatellite replication. It contained an inverted repeat flanking a sequence that 
is identical to the ToLCV iteron ToLCV sat-DNA [18]. Protein binding assays followed by 
mutagenesis have demonstrated that this motif in both ToLCV and sat-DNA represents a high 
affinity Rep binding site, although it is not required for replication of either the begomovirus 
or its satellite [48]. Saunders and associates [80] found that the region between nt 1146-1229 
and sequences across the nt 1268 of AYVB are also required for replication.  

SCR is highly conserved nature between distinct satellites [typically above 65% sequence 
identity with blocks of absolutely conserved sequence [7] strongly suggests that it also plays 
an important role in the virus replication cycle. In addition, the adjacent stem-loop and 
conserved nonanucleotide sequence would be expected to participate in replication. 
Approximately the 386 nt upstream of the stem–loop structure in ToLCV sat-DNA, as well 
as the stem–loop structure itself, are essential for replication [47].  

βC1 is a multi-functional protein encoded by betasatellites that are associated with the 
majority of monopartite begomoviruses [11]. For example Cheng et al. [13] proved by 
deletion mutants of Y10βC1 that multimerization was mediated by amino acids between 
positions 60 and 100. Previous studies say that the C-terminal sequences of BYVMB-βC1 
were interact with karyopherin α, a transport receptor involved in nuclear import [42]. A 
myristoylation-like motif (GMDVNE) located at the C-terminal of CLCuMB-βC1 (103-108aa) 
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interacted with a ubiquitin-conjugating enzyme involved in targeting proteins for 
degradation by the 26S proteasome [21]. It also seems to indicate interference with a 
functionality associated with the C terminus of Y10βC1. βC1 protein of AYVB, CLCuMB or 
BYVMB with GFP fused at the N-terminus also presented as granular spots in the cytoplasm 
and around the nucleus [42, 84]. 

TYLCCNB presumably has one or more cis-acting elements needed for replication and binds 
to TYLCCNV replication protein (Rep) for replication, and these elements are most probably 
located in the 115-nucleotide highly conserved region of betasatellite upstream of its stem-
loop structure. Recently, Astroga [2] showed that a 5-bp core sequence (GGN1N2N3) is a 
typical constituent of Rep-binding iterons. Conserved GG motifs occur upstream of the115-
nucleotide highly conserved region of betasatellite. One or more of these GG motifs, combined 
with the 115 nucleotide highly conserved region, possibley responsible for Rep binding to 
betasatellite. However, the Rep binding activity of the TLCV-sat from Australia seems much 
less specific: TLCV-sat contains an A-rich region but lacks a βC1 gene and is believed to be a 
defective betasatellite molecule [48]. The effect of mutation of the conserved βC1 gene of 
TYLCCNVB indicated that the βC1 protein plays a key role in symptom induction.  

The position and size of the βC1 gene of the betasatellite molecules are conserved in all 
betasatellite molecules, and the mutation of the start codon of C1 gene in TYLCCNB showed 
that it’s a pathogenicity determinant [108, 6]. Few studies has been also shown that the βC1 
protein of betasatellite associated with TYLCCNV or AYVV is an essential pathogenicity 
determinant [17, 79], it may act as suppressors of post-transcriptional gene silencing that 
interfering the host defense system, thus, the presence of C1 protein facilitates efficient 
infection of the virus in hosts [102]. For example Tau and Zhou [96] showed that βC1 gene 
was not required for the TYLCCNV and betasatellite replication and truncated betasatellite 
molecules with the deletion of the entire βC1 gene were stable in infected plants. Defective 
DNAs, betasatellite and alphasatellite associated with begomoviruses are maintained at 
approximately half the size of the genomic components [83, 89, 55, 80, 77]. Some proofs have 
been displayed that geminiviruses CP can encapsidate circular ssDNA molecules of about 
half or quarter the size of the genomic DNA [18, 51]. Immunocapture PCR indicated that the 
truncated TYLCCNB of about 1 kb in length may be encapsidated with TYLCCNV coat 
protein in vivo [67].  

βC1of BYVMB have a nuclear export or peripheral localization function and βC1 interacts 
with itself, also with CP and the tomato protein karyopherin α. Mutagenesis of βC1 protein 
showed that the domain of βC1 interacting with CP is at the N terminal half whereas the 
domain(s) of βC1interacting with itself and karyopherin α are at the C terminal half and the 
role of BYVMD βC1 as a suppressor of posttranscriptional gene silencing was explored [42]. 
Karyopherins are soluble transport receptors that interact with basic NLS sequences and 
help in nuclear import [27]. Full length betasatellite  of CLCuMB can substitute for the 
movement function of the DNA B of a bipartite begomovirus Tomato leaf cur New Dehli virus 
DNA-B (ToLCNDV DNA-B). However, the betasatellite containing a disrupted βC1 ORF did 
not mobilize the DNA A for systemic infection, suggested that the βC1 protein was required 
for movement [74]. 



 
Plant Science 232 

8. Potential of mutated satellites using a virus induced gene silencing 
vectors 

8.1. Betasatellite 

Betasatellites have about 200nt sequences (known as a-Rich region) conserved among all 
that indicating may be these sequences have some biological roles in satellites. The role of A-
Rich sequence may be to increase the required size of the molecule that is essential for 
encapsidation or systemic movement by the coat protein or movement protein encoded by 
begomovirus. TYLCCNB-Y10 could be infectious and mutant betasatellite (deleted a-rich 
region) could be encapsidated in the coat protein encoded by DNA-A that suggested may be 
A-Rich region is not required for trans-replication of TYLCCNB but only for size 
maintaining [95]. For example [20] reported that only a small region of the nucleotide 
sequence of CLCuMB upstream of the start codon of βC1 (a 68-nt fragment), which contains 
a G-box, was important for βC1 promoter activity. In addition to βC1 ORF of CLCuMB 
delete a larger region (complete βC1) to make it a gene delivery vector for plants. It can 
potentially tolerate the insertion of larger foreign sequences without affecting promoter 
activity [38]. Putative promoter and TATA box are located upstream of the βC1 gene. Thus, 
the βC1 gene of betasatellite could be replaced by a foreign gene and be modified to convert 
it into an expression vector [17]. The modified betasatellite might be an candidate gene 
silencing vector to study functional genomics in plants [54]. Also leaf curl symptoms in 
Nicotiana species can be brought by transgenic expression of the βC1 gene of TYLCCNB that 
the severity of the symptoms parallels the level of βC1 transcript in the transgenic plants 
and their ability to induce symptoms is abolished by mutation of the βC1 gene. Possibly βC1 
gene of betasatellite may be replaced with a foreign gene and used as an expression vector 
for gene function analysis in plants [20].  

Evidence has been shown that TYLCCNB modified by deletion of its βC1 gene but retaining 
the βC1 promoter and terminator, can be turned into a gene silencing vector. Also, insertion 
in the vector with fragments of endogenous plant genes or a transgene, in either the sense or 
antisense direction, can result in effective silencing of the cognate gene in plants [95]. The 
size of the mutated satellite DNA molecule significantly influences replication efficiency. 
TLCV sat-DNA can be used as a potential gene expression/silencing vector [47]. 

8.2. Alphasatellite  

Also alphasatellite is a small molecule and easy to manipulate and have a wide host range 
and can apparently be maintained by a large number of distinct Begomovirus species. It has 
some sequences (A-rich approx.200 nt.), similar to betasatellite which can, potentially, be 
removed and still it can replicate autonomous. The A-rich deleted sequences of CLCuMA 
can not affect its ability to replicate autonomously and move, in trans, by a helper 
begomovirus that provide a space suitable for insertion of foreign sequences to increase its 
capacity to accept and maintain foreign gene sequences [82] (Table 2). This ability to amplify 
itself is useful for construction of VIGS vectors it will increase the copy number (and thus 
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also expression) of inserted sequences [82]. Rolling-circle replication initiator protein of  
GmusSA and GDarSLA act as a strong suppressor of PTGS. 

9. Conclusions 

The monopartite begomovirus associated with DNA-satellites (Betasatellite and 
Alphasatellite ) complex is in the norm throughout the Old World, particularly in South 
Asian countries. The epidemiology and evolution of this complex has been extensively 
analyzed since its first description. Monopartite begomovirus encoded all the genes needed 
to cause a successful infection. Many of these genes are coding for multifunctional proteins, 
adding another level of complexity in their interaction with host proteins, and their de novo 
creation. This shows the ability of begomoviruses and their associated satellites to rapidly 
evolve in response to selection pressures such as host plant resistance.  
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8. Potential of mutated satellites using a virus induced gene silencing 
vectors 

8.1. Betasatellite 

Betasatellites have about 200nt sequences (known as a-Rich region) conserved among all 
that indicating may be these sequences have some biological roles in satellites. The role of A-
Rich sequence may be to increase the required size of the molecule that is essential for 
encapsidation or systemic movement by the coat protein or movement protein encoded by 
begomovirus. TYLCCNB-Y10 could be infectious and mutant betasatellite (deleted a-rich 
region) could be encapsidated in the coat protein encoded by DNA-A that suggested may be 
A-Rich region is not required for trans-replication of TYLCCNB but only for size 
maintaining [95]. For example [20] reported that only a small region of the nucleotide 
sequence of CLCuMB upstream of the start codon of βC1 (a 68-nt fragment), which contains 
a G-box, was important for βC1 promoter activity. In addition to βC1 ORF of CLCuMB 
delete a larger region (complete βC1) to make it a gene delivery vector for plants. It can 
potentially tolerate the insertion of larger foreign sequences without affecting promoter 
activity [38]. Putative promoter and TATA box are located upstream of the βC1 gene. Thus, 
the βC1 gene of betasatellite could be replaced by a foreign gene and be modified to convert 
it into an expression vector [17]. The modified betasatellite might be an candidate gene 
silencing vector to study functional genomics in plants [54]. Also leaf curl symptoms in 
Nicotiana species can be brought by transgenic expression of the βC1 gene of TYLCCNB that 
the severity of the symptoms parallels the level of βC1 transcript in the transgenic plants 
and their ability to induce symptoms is abolished by mutation of the βC1 gene. Possibly βC1 
gene of betasatellite may be replaced with a foreign gene and used as an expression vector 
for gene function analysis in plants [20].  

Evidence has been shown that TYLCCNB modified by deletion of its βC1 gene but retaining 
the βC1 promoter and terminator, can be turned into a gene silencing vector. Also, insertion 
in the vector with fragments of endogenous plant genes or a transgene, in either the sense or 
antisense direction, can result in effective silencing of the cognate gene in plants [95]. The 
size of the mutated satellite DNA molecule significantly influences replication efficiency. 
TLCV sat-DNA can be used as a potential gene expression/silencing vector [47]. 

8.2. Alphasatellite  

Also alphasatellite is a small molecule and easy to manipulate and have a wide host range 
and can apparently be maintained by a large number of distinct Begomovirus species. It has 
some sequences (A-rich approx.200 nt.), similar to betasatellite which can, potentially, be 
removed and still it can replicate autonomous. The A-rich deleted sequences of CLCuMA 
can not affect its ability to replicate autonomously and move, in trans, by a helper 
begomovirus that provide a space suitable for insertion of foreign sequences to increase its 
capacity to accept and maintain foreign gene sequences [82] (Table 2). This ability to amplify 
itself is useful for construction of VIGS vectors it will increase the copy number (and thus 
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also expression) of inserted sequences [82]. Rolling-circle replication initiator protein of  
GmusSA and GDarSLA act as a strong suppressor of PTGS. 

9. Conclusions 

The monopartite begomovirus associated with DNA-satellites (Betasatellite and 
Alphasatellite ) complex is in the norm throughout the Old World, particularly in South 
Asian countries. The epidemiology and evolution of this complex has been extensively 
analyzed since its first description. Monopartite begomovirus encoded all the genes needed 
to cause a successful infection. Many of these genes are coding for multifunctional proteins, 
adding another level of complexity in their interaction with host proteins, and their de novo 
creation. This shows the ability of begomoviruses and their associated satellites to rapidly 
evolve in response to selection pressures such as host plant resistance.  

Author details 

Muhammad Shafiq Shahid and Masato Ikegami 
NODAI Research Institute, Tokyo University of Agriculture, Tokyo, Japan  

Pradeep Sharma * 
Division of Crop Improvement, Directorate of Wheat Research, Karnal, India  

10. References 
[1] Amin, I., Patil, B., Briddon, R. W., Mansoor, S., and Fauquet, C. M. (2011). A common 

set of developmental miRNAs are upregulated in Nicotiana benthamiana by diverse 
begomoviruses. Virology Journal 8(1), 143. 

[2] Argüello-Astorga, G. R., and Ruiz, M. R. (2001). An iteron-related domain is associated 
to Motif 1 in the replication proteins of geminiviruses: identification of potential 
interacting amino acid-base pairs by a comparative approach. Arch Virol 146, 1465–1485. 

[3] Azzam, O., Frazer, J., de-la-Rosa, D., Beaver, J. S., Ahlquist, P., and Maxwell, D. P. 
(1994). Whitefly transmission and efficient ssDNA accumulation of bean golden mosaic 
geminivirus require functional coat protein. Virology 204(1), 289-96. 

[4] Bisaro, D. (2006). Silencing suppression by geminivirus proteins. Virology 344, 158 - 168. 
[5] Boulton, M. I., Steinkellner, H., Donson, J., Markham, P. G., King, D. I., and Davies, J. 

W. (1989). Mutational analysis of the virion-sense genes of maize streak virus. J Gen Virol 
70(Pt 9), 2309-23. 

[6] Briddon, R. W. (2003). Cotton leaf curl disease, a multicomponent begomovirus 
complex. Molecular Plant Pathol4, 427 - 434. 

[7] Briddon, R. W., Bull, S., Amin, I., Idris, A., Mansoor, S., Bedford, I., Dhawan, P., Rishi, 
N., Siwatch, S., and Abdel-Salam, A. (2003a). Diversity of DNA β: a satellite molecule 
associated with some monopartite begomoviruses. Virology 312, 106 - 121. 

                                                                 
* Corresponding Author 



 
Plant Science 234 

[8] Briddon, R. W., Bull, S. E., Amin, I., Mansoor, S., Bedford, I. D., Dhawan, P., Rishi, N., 
Siwatch, S. S., Zafar, Y., Abdel-Salam, A. M., and Markham, P.G. (2004). Diversity of 
DNA 1: a satellite molecule associated with some monopartite begomoviruses-DNA β 
complex. Virology 324(2),462-474. 

[9] Briddon, R. W., Mansoor, S., Bedford, I. D., Pinner, M. S., Saunders, K., Stanley, J., Zafar, 
Y., Malik, K. A., and Markham, P. G. (2001). Identification of DNA components 
required for induction of cotton leaf curl disease. Virology 285, 234 - 243. 

[10]  Briddon, R. W., Pinner, M., Stanley, J., and Markham, P. (1990). Geminivirus coat 
protein replacement alters insect specificity. Virology 177, 85 - 94. 

[11] Briddon, R. W., and Stanley, J. (2006). Sub-viral agents associated with plant-infecting 
single-stranded DNA viruses. Virology 344, 198 - 210. 

[12] Briddon, R. W., Watts, J., Markham, P. G., and Stanley, J. (1989). The coat protein of beet 
curly top virus is essential for infectivity. Virology 172(2), 628-633. 

[13] Cheng, X., Wang, X., Wu, J., Briddon, R. W., and Zhou, X. (2011). βC1 encoded by 
tomato yellow leaf curl China betasatellite forms multimeric complexes in vitro and in 
vivo. Virology 409(2), 156-162. 

[14] Clerot, D., and Bernardi, F. (2006). DNA helicase activity is associated with the 
replication initiator protein rep of tomato yellow leaf curl geminivirus. J Virol80(22), 11322-
30. 

[15] Cui, X., Li, G., Wang, D., Hu, D., and Zhou, X. (2005a). A begomovirus DNA 
betaencoded protein binds DNA, functions as a suppressor of RNA silencing, and 
targets the cell nucleus. J Virol79, 10764 - 10775. 

[16] Cui, X., Li, G., Wang, D., Hu, D., and Zhou, X. (2005b). A begomovirus DNAβ-encoded 
protein binds DNA, functions as a suppressor of RNA silencing, and targets the cell 
nucleus. J Virol79, 10764 - 10775. 

[17] Cui, X., Tao, X., Xie, Y., Fauquet, C. M., and Zhou, X. (2004). A DNAbeta associated 
with tomato yellow leaf curl China virus is required for symptom induction. J Virol78, 
13966 - 13974. 

[18] Dry, I. B., Leslie, R., Krake, Justin, E., Rigden, and Rezaian, M. A. (1997). A novel 
subviral agent associated with a geminivirus: The first report of a DNA satellite. 
Proceedings of the National Academy of Sciences 94(13), 7088-7093. 

[19] Eagle, P. A., Orozco, B. M., and Hanley-Bowdoin, L. (1994). A DNA sequence required 
for geminivirus replication also mediates transcriptional regulation. Plant Cell 6(8), 
1157-1170. 

[20] Eini, O., Akbar Behjatnia, S. A., Satish, D., Dry, I. B., Randles, J. W., and Rezaian, M. A. 
(2009a). Identification of sequence elements regulating promoter activity and replication 
of a monopartite begomovirus-associated DNA beta satellite. J Gen Virol 90, 253–260. 

[21] Eini, O., Dogra, S., Selth, L. A., Dry, I. B., Randles, J. W., and Rezaian, M. A. 
(2009b).Interaction with a host ubiquitin-conjugating enzyme is required for the 
pathogenicity of a geminiviral DNA β satellite. Molecular Plant Microbe Interaction 22(6), 
737-46. 

[22] Elmer, J. S., Brand, L., Sunter, G., Gardiner, W. E., Bisaro, D. M., and Rogers, S. G. 
(1988). Genetic analysis of the tomato golden mosaic virus. II. The product of the AL1 
coding sequence is required for replication. Nucleic Acids Research 16(14B), 7043-60. 

 
Mutational Analysis of Effectors Encoded by Monopartite Begomoviruses and Their Satellites 235 

[23] Etessami, P., Watts, J., and Stanley, J. (1989). Size reversion of African cassava mosaic virus 
coat protein gene deletion mutants during infection of Nicotiana benthamiana. J Gen Virol 
70(Pt 2), 277-89. 

[24] Frischmuth, T., and Stanley, J. (1998). Recombination between viral DNA and the 
transgenic coat protein gene of African cassava mosaic geminivirus. J Gen Virol 79(Pt 5), 
1265-71. 

[25] Gilbertson, R. L., Sudarshana, M., Jiang, H., Rojas, M. R., and Lucas, W. J. (2003). 
Limitations on geminivirus genome size imposed by plasmodesmata and virusencoded 
movement protein: insights into DNA trafficking. Plant Cell 15(11), 2578-91. 

[26] Gopal, P., Kumar, P., Sinilal, B., Jose, J., Kasin Yadunandam, A., and Usha, R. (2007). 
Differential roles of C4 and βC1 in mediating suppression of post-transcriptional gene 
silencing: Evidence for transactivation by the C2 of bhendi yellow vein mosaic virus, a 
monopartite begomovirus. Virus Res123, 9 - 18. 

[27] Gorlich, D., and Kutay, U. (1999). Transport between the cell nucleus and the 
cytoplasm. Annual Review of Cell and Development Biology 15, 607-60. 

[28] Hanley-Bowdoin, L., Settlage, S., and Robertson, D. (2004). Reprogramming plant gene 
expression: a prerequisite to geminivirus DNA replication. Molcular Plant Pathol5, 149 - 
156. 

[29] Hanley-Bowdoin, L., Settlage, S. B., Orozco, B. M., Nagar, S., and Robertson, D. (1999). 
Geminiviruses: Models for Plant DNA Replication, Transcription, and Cell Cycle 
Regulation. Critical Reviews in Plant Sciences 18(1), 71-106. 

[30] Heyraud-Nitschke, F., Schumacher, S., Laufs, J., Schaefer, S., Schell, J., and Gronenborn, 
B. (1995). Determination of the origin cleavage and joining domain of geminivirus Rep 
proteins. Nucleic Acids Research 23, 910-916. 

[31] Ho, S. N., Hunt, H. D., Horton, R. M., Pullen, J. K., and Pease, L. R. (1989). Sitedirected 
mutagenesis by overlap extension using the polymerase chain reaction. Gene 77(1), 51-9. 

[32] Hofer, P., Engel, M., Jeske, H., and Frischmuth, T. (1997). Nucleotide sequence of a new 
bipartite geminivirus isolated from the common weed Sida rhombifolia in Costa Rica. J 
Gen Virol 78, 1785 - 1790. 

[33] Höhnle, M., Höfer, P., Bedford, I. D., Briddon, R. W., Markham, P. G., and Frischmuth, 
T. (2001). Exchange of three amino acids in the coat protein results in efficient whitefly 
transmission of a non transmissible abutilon mosaic virus isolate. Virology 290, 164-171. 

[34] Hong, Y., Stanley, J., and van Wezel, R. (2003). Novel system for the simultaneous 
analysis of geminivirus DNA replication and plant interactions in Nicotiana benthamiana. 
J Virology 77(24), 13315-22. 

[35] Idris, M. A., Shahid, M. S., Briddon, R. W., Khan, A. J., Zhu, J. K., and Brown, J. K. 
(2011). An unusual alphasatellite associated with monopartite begomoviruses 
attenuates symptoms and reduces betasatellite accumulation. J Gen Virol 92, 706–717. 

[36] Karpova, O. V., Ivanov, K. I., Rodionova, N. P., Dorokhov Yu, L., and Atabekov, J. G. 
(1997). Nontranslatability and dissimilar behavior in plants and protoplasts of viral 
RNA and movement protein complexes formed in vitro. Virology 230(1), 11-21. 

[37] Karpova, O. V., Rodionova, N. P., Ivanov, K. I., Kozlovsky, S. V., Dorokhov, Y. L., and 
Atabekov, J. G. (1999). Phosphorylation of Tobacco Mosaic Virus Movement Protein 
Abolishes Its Translation Repressing Ability. Virology 261(1), 20-24. 



 
Plant Science 234 

[8] Briddon, R. W., Bull, S. E., Amin, I., Mansoor, S., Bedford, I. D., Dhawan, P., Rishi, N., 
Siwatch, S. S., Zafar, Y., Abdel-Salam, A. M., and Markham, P.G. (2004). Diversity of 
DNA 1: a satellite molecule associated with some monopartite begomoviruses-DNA β 
complex. Virology 324(2),462-474. 

[9] Briddon, R. W., Mansoor, S., Bedford, I. D., Pinner, M. S., Saunders, K., Stanley, J., Zafar, 
Y., Malik, K. A., and Markham, P. G. (2001). Identification of DNA components 
required for induction of cotton leaf curl disease. Virology 285, 234 - 243. 

[10]  Briddon, R. W., Pinner, M., Stanley, J., and Markham, P. (1990). Geminivirus coat 
protein replacement alters insect specificity. Virology 177, 85 - 94. 

[11] Briddon, R. W., and Stanley, J. (2006). Sub-viral agents associated with plant-infecting 
single-stranded DNA viruses. Virology 344, 198 - 210. 

[12] Briddon, R. W., Watts, J., Markham, P. G., and Stanley, J. (1989). The coat protein of beet 
curly top virus is essential for infectivity. Virology 172(2), 628-633. 

[13] Cheng, X., Wang, X., Wu, J., Briddon, R. W., and Zhou, X. (2011). βC1 encoded by 
tomato yellow leaf curl China betasatellite forms multimeric complexes in vitro and in 
vivo. Virology 409(2), 156-162. 

[14] Clerot, D., and Bernardi, F. (2006). DNA helicase activity is associated with the 
replication initiator protein rep of tomato yellow leaf curl geminivirus. J Virol80(22), 11322-
30. 

[15] Cui, X., Li, G., Wang, D., Hu, D., and Zhou, X. (2005a). A begomovirus DNA 
betaencoded protein binds DNA, functions as a suppressor of RNA silencing, and 
targets the cell nucleus. J Virol79, 10764 - 10775. 

[16] Cui, X., Li, G., Wang, D., Hu, D., and Zhou, X. (2005b). A begomovirus DNAβ-encoded 
protein binds DNA, functions as a suppressor of RNA silencing, and targets the cell 
nucleus. J Virol79, 10764 - 10775. 

[17] Cui, X., Tao, X., Xie, Y., Fauquet, C. M., and Zhou, X. (2004). A DNAbeta associated 
with tomato yellow leaf curl China virus is required for symptom induction. J Virol78, 
13966 - 13974. 

[18] Dry, I. B., Leslie, R., Krake, Justin, E., Rigden, and Rezaian, M. A. (1997). A novel 
subviral agent associated with a geminivirus: The first report of a DNA satellite. 
Proceedings of the National Academy of Sciences 94(13), 7088-7093. 

[19] Eagle, P. A., Orozco, B. M., and Hanley-Bowdoin, L. (1994). A DNA sequence required 
for geminivirus replication also mediates transcriptional regulation. Plant Cell 6(8), 
1157-1170. 

[20] Eini, O., Akbar Behjatnia, S. A., Satish, D., Dry, I. B., Randles, J. W., and Rezaian, M. A. 
(2009a). Identification of sequence elements regulating promoter activity and replication 
of a monopartite begomovirus-associated DNA beta satellite. J Gen Virol 90, 253–260. 

[21] Eini, O., Dogra, S., Selth, L. A., Dry, I. B., Randles, J. W., and Rezaian, M. A. 
(2009b).Interaction with a host ubiquitin-conjugating enzyme is required for the 
pathogenicity of a geminiviral DNA β satellite. Molecular Plant Microbe Interaction 22(6), 
737-46. 

[22] Elmer, J. S., Brand, L., Sunter, G., Gardiner, W. E., Bisaro, D. M., and Rogers, S. G. 
(1988). Genetic analysis of the tomato golden mosaic virus. II. The product of the AL1 
coding sequence is required for replication. Nucleic Acids Research 16(14B), 7043-60. 

 
Mutational Analysis of Effectors Encoded by Monopartite Begomoviruses and Their Satellites 235 

[23] Etessami, P., Watts, J., and Stanley, J. (1989). Size reversion of African cassava mosaic virus 
coat protein gene deletion mutants during infection of Nicotiana benthamiana. J Gen Virol 
70(Pt 2), 277-89. 

[24] Frischmuth, T., and Stanley, J. (1998). Recombination between viral DNA and the 
transgenic coat protein gene of African cassava mosaic geminivirus. J Gen Virol 79(Pt 5), 
1265-71. 

[25] Gilbertson, R. L., Sudarshana, M., Jiang, H., Rojas, M. R., and Lucas, W. J. (2003). 
Limitations on geminivirus genome size imposed by plasmodesmata and virusencoded 
movement protein: insights into DNA trafficking. Plant Cell 15(11), 2578-91. 

[26] Gopal, P., Kumar, P., Sinilal, B., Jose, J., Kasin Yadunandam, A., and Usha, R. (2007). 
Differential roles of C4 and βC1 in mediating suppression of post-transcriptional gene 
silencing: Evidence for transactivation by the C2 of bhendi yellow vein mosaic virus, a 
monopartite begomovirus. Virus Res123, 9 - 18. 

[27] Gorlich, D., and Kutay, U. (1999). Transport between the cell nucleus and the 
cytoplasm. Annual Review of Cell and Development Biology 15, 607-60. 

[28] Hanley-Bowdoin, L., Settlage, S., and Robertson, D. (2004). Reprogramming plant gene 
expression: a prerequisite to geminivirus DNA replication. Molcular Plant Pathol5, 149 - 
156. 

[29] Hanley-Bowdoin, L., Settlage, S. B., Orozco, B. M., Nagar, S., and Robertson, D. (1999). 
Geminiviruses: Models for Plant DNA Replication, Transcription, and Cell Cycle 
Regulation. Critical Reviews in Plant Sciences 18(1), 71-106. 

[30] Heyraud-Nitschke, F., Schumacher, S., Laufs, J., Schaefer, S., Schell, J., and Gronenborn, 
B. (1995). Determination of the origin cleavage and joining domain of geminivirus Rep 
proteins. Nucleic Acids Research 23, 910-916. 

[31] Ho, S. N., Hunt, H. D., Horton, R. M., Pullen, J. K., and Pease, L. R. (1989). Sitedirected 
mutagenesis by overlap extension using the polymerase chain reaction. Gene 77(1), 51-9. 

[32] Hofer, P., Engel, M., Jeske, H., and Frischmuth, T. (1997). Nucleotide sequence of a new 
bipartite geminivirus isolated from the common weed Sida rhombifolia in Costa Rica. J 
Gen Virol 78, 1785 - 1790. 

[33] Höhnle, M., Höfer, P., Bedford, I. D., Briddon, R. W., Markham, P. G., and Frischmuth, 
T. (2001). Exchange of three amino acids in the coat protein results in efficient whitefly 
transmission of a non transmissible abutilon mosaic virus isolate. Virology 290, 164-171. 

[34] Hong, Y., Stanley, J., and van Wezel, R. (2003). Novel system for the simultaneous 
analysis of geminivirus DNA replication and plant interactions in Nicotiana benthamiana. 
J Virology 77(24), 13315-22. 

[35] Idris, M. A., Shahid, M. S., Briddon, R. W., Khan, A. J., Zhu, J. K., and Brown, J. K. 
(2011). An unusual alphasatellite associated with monopartite begomoviruses 
attenuates symptoms and reduces betasatellite accumulation. J Gen Virol 92, 706–717. 

[36] Karpova, O. V., Ivanov, K. I., Rodionova, N. P., Dorokhov Yu, L., and Atabekov, J. G. 
(1997). Nontranslatability and dissimilar behavior in plants and protoplasts of viral 
RNA and movement protein complexes formed in vitro. Virology 230(1), 11-21. 

[37] Karpova, O. V., Rodionova, N. P., Ivanov, K. I., Kozlovsky, S. V., Dorokhov, Y. L., and 
Atabekov, J. G. (1999). Phosphorylation of Tobacco Mosaic Virus Movement Protein 
Abolishes Its Translation Repressing Ability. Virology 261(1), 20-24. 



 
Plant Science 236 

[38] Kharazmi, S., Behjatnia, S. A., Hamzehzarghani, H., and Niazi, A. (2012). Cotton leaf 
curl Multan betasatellite as a plant gene delivery vector trans-activated by 
taxonomically diverse geminiviruses. Arch Virol 5, 5. 

[39] Kheyr-Pour, A. B., M. Matzeit, V. Accotto, G. P. Crespi, S. Gronenborn, B. (1991). tomato 
yellow leaf curl virus from Sardinia is a whitefly-transmitted monopartite geminivirus. 
Nucl Acids Res 19(24), 6763–6769. 

[40] Kon, T., Rojas, M., Abdourhamane, I., and Gilbertson, R. (2009). Roles and interactions 
of begomoviruses and satellite DNAs associated with Okra leaf curl disease in Mali, 
West Africa. J Gen Virol 90, 1001 - 1013. 

[41] Kon, T., Sharma, P., and Ikegami, M. (2007). Suppressor of RNA silencing encoded by 
the monopartite tomato leaf curl Java begomovirus. Arch Virol 152(7), 1273-1282. 

[42] Kumar P, P., Usha, R., Zrachya, A., Levy, Y., Spanov, H., and Gafni, Y. (2006). Protein–
protein interactions and nuclear trafficking of coat protein and βC1 protein associated 
with Bhendi yellow vein mosaic disease. Virus Res122(1–2), 127-136. 

[43] Kunik, T., Palanichelvam, K., Czosnek, H., Citovsky, V., and Gafni, Y. (1998). Nuclear 
import of the capsid protein of tomato yellow leaf curl virus (TYLCV) in plant and insect 
cells. Plant J 13(3), 393-9. 

[44] Lacatus, G., and Sunter, G. (2008). Functional analysis of bipartite begomovirus coat 
protein promoter sequences. Virology 376(1), 79-89. 

[45] Laufs, J., Traut, W., Heyraud, F., Matzeit, V., Rogers, S. G., Schell, J., and Gronenborn, B. 
(1995). In vitro cleavage and ligation at the viral origin of replication by the replication 
protein of tomato yellow leaf curl virus. PNAS 92, 3879-3883. 

[46] Lazarowitz, S. G., Pinder, A. J., Damsteegt, V. D., and Rogers, S. G. (1989). Maize streak 
virus genes essential for systemic spread and symptom development. EMBO J 8(4), 
1023-32. 

[47] Li, D., Akbar Behjatnia, S. A., Dry, I. B., Randles, J. W., Eini, O., and Rezaian, M. A. 
(2007). Genomic regions of tomato leaf curl virus DNA satellite required for replication 
and for satellite-mediated delivery of heterologous DNAs. J Gen Virol 88(7), 2073-2077. 

[48] Lin, B., Akbar Behjatnia, S. A., Dry, I. B., Randles, J. W., and Rezaian, M. A. (2003). 
High-Affinity Rep-Binding Is not Required for the Replication of a Geminivirus DNA 
and Its Satellite. Virology 305(2), 353-363. 

[49] Liu, H., Boulton, M. I., Oparka, K. J., and Davies, J. W. (2001). Interaction of the 
movement and coat proteins of maize streak virus: implications for the transport of viral 
DNA. J Gen Virol 82(1), 35-44. 

[50] Liu, H., Boulton, M. I., Thomas, C. L., Prior, D. A., Oparka, K. J., and Davies, J. W. 
(1999). Maize streak virus coat protein is karyophyllic and facilitates nuclear transport of 
viral DNA. Mol Plant Microbe Interact 12(10), 894-900. 

[51] Liu, Y., Robinson, D. J., and Harrison, B. D. (1998). Defective forms of cotton leaf curl 
virus DNA-A that have different combinations of sequence deletion, duplication, 
inversion and rearrangement. J Gen Virol 79(P6), 1501-8. 

[52] Llave, C., Kasschau, K. D., Rector, M. A., and Carrington, J. C. (2002). Endogenous and 
Silencing-Associated Small RNAs in Plants. The Plant Cell Online 14(7), 1605-1619. 

[53] Mansoor, S., Briddon, R. W., Bull, S. E., Bedford, I. D., Bashir, A., Hussain, M., Saeed, 
M., Zafar, Y., Malik, K. A., Fauquet, C. M., and Markham, P. G. (2003a). Cotton leaf curl 

 
Mutational Analysis of Effectors Encoded by Monopartite Begomoviruses and Their Satellites 237 

disease is associated with multiple monopartite begomoviruses supported by single 
DNA β. Arch Virol 148(10), 1969-1986. 

[54] Mansoor, S., Briddon, R. W., Zafar, Y., and Stanley, J. (2003b). Geminivirus disease 
complexes: an emerging threat. Trends Plant Sci 8, 128 - 134. 

[55] Mansoor, S., Khan, S. H., Bashir, A., Saeed, M., Zafar, Y., Malik, K., Briddon, R. W., 
Stanley, J., and Markham, P. G. (1999a). Identification of a novel circular single-stranded 
DNA associated with cotton leaf curl disease in Pakistan. Virology 259, 190 -199. 

[56] Mansoor, S., Khan, S. H., Bashir, A., Saeed, M., Zafar, Y., Malik, K. A., Briddon, R. W., 
Stanley, J., and Markham, P. G. (1999b). Identification of a novel circular singlestranded 
DNA associated with cotton leaf curl disease in Pakistan. Virology 259, 190 -199. 

[57] Meister, G., and Tuschl, T. (2004). Mechanisms of gene silencing by double-stranded 
RNA. Nature 431(7006), 343-349. 

[58] Mubin, M., Amin, I., Amrao, L., Briddon, R. W., and Mansoor, S. (2010). The 
hypersensitive response induced by the V2 protein of a monopartite begomovirus is 
countered by the C2 protein. Mol Plant Pathol 11(2), 245–254. 

[59] Nawaz-ul-Rehman, M. S., Mansoor, S., Briddon, R. W., and Fauquet, C. M. (2009). 
Maintenance of an Old World betasatellite by a New World helper begomovirus and 
possible rapid adaptation of the betasatellite. J Virol 83, 9347 - 9355. 

[60] Nawaz-ul-Rehman, M. S., Nahid, N., Mansoor, S., Briddon, R. W., and Fauquet, C. M. 
(2010). Post-transcriptional gene silencing suppressor activity of the alpha-Rep of non-
pathogenic alphasatellites associated with begomoviruses. Virology 405, 300 -308. 

[61] Noris, E., Jupin, I., Accotto, G. P., and Gronenborn, B. (1996). DNA-binding activity of 
the C2 protein of tomato yellow leaf curl geminivirus. Virology 217(2), 607-612. 

[62] Noris, E. V., A. M. Caciagli, P. Masenga, V. Gronenborn, B. Accotto,G. P. (1998). Amino 
acids in the capsid protein of tomato yellow leaf curl virus that are crucial for systemic 
infection, particle formation, and insect transmission. J Virol72 (12 ), 10050-10057. 

[63] Orozco, B. M., Kong, L.-J., Batts, L. A., Elledge, S., and Hanley-Bowdoin, L. (2000). The 
multifunctional character of a geminivirus replication protein is reflected by its complex 
oligomerization properties. J Biol Chem 275, 6114-6122. 

[64] Padidam, M., Beachy, R. N., and Fauquet, C. M. (1996). The role of AV2 ("precoat") and 
coat protein in viral replication and movement in tomato leaf curl geminivirus. Virology 
224, 390 - 404. 

[65] Pascal, E., Goodlove, P. E., Wu, L. C., and Lazarowitz, S. G. (1993). Transgenic tobacco 
plants expressing the geminivirus BL1 protein exhibit symptoms of viral disease. Plant 
Cell 5(7), 795-807. 

[66] Qazi, J., Amin, I., Mansoor, S., Iqbal, M. J., and Briddon, R. W. (2007). Contribution of 
the satellite encoded gene βC1 to cotton leaf curl disease symptoms. Virus Res 128(1-2), 
135-139. 

[67] Qian, Y., and Zhou, X. (2005). Pathogenicity and stability of a truncated DNAβ 
associated with tomato yellow leaf curl China virus. Virus Res 109(2), 159-163. 

[68] Rhee, Y., Gurel, F., Gafni, Y., Dingwall, C., and Citovsky, V. (2000). A genetic system for 
detection of protein nuclear import and export. Nature Biotechlogy 18(4), 433-437. 

[69] Rigden, J. E., Dry, I. B., Mullineaux, P. M., and Rezaian, M. A. (1993). Mutagenesis of the 
virion-sense open reading frames of tomato leaf curl geminivirus. Virology 193(2),1001-1005. 



 
Plant Science 236 

[38] Kharazmi, S., Behjatnia, S. A., Hamzehzarghani, H., and Niazi, A. (2012). Cotton leaf 
curl Multan betasatellite as a plant gene delivery vector trans-activated by 
taxonomically diverse geminiviruses. Arch Virol 5, 5. 

[39] Kheyr-Pour, A. B., M. Matzeit, V. Accotto, G. P. Crespi, S. Gronenborn, B. (1991). tomato 
yellow leaf curl virus from Sardinia is a whitefly-transmitted monopartite geminivirus. 
Nucl Acids Res 19(24), 6763–6769. 

[40] Kon, T., Rojas, M., Abdourhamane, I., and Gilbertson, R. (2009). Roles and interactions 
of begomoviruses and satellite DNAs associated with Okra leaf curl disease in Mali, 
West Africa. J Gen Virol 90, 1001 - 1013. 

[41] Kon, T., Sharma, P., and Ikegami, M. (2007). Suppressor of RNA silencing encoded by 
the monopartite tomato leaf curl Java begomovirus. Arch Virol 152(7), 1273-1282. 

[42] Kumar P, P., Usha, R., Zrachya, A., Levy, Y., Spanov, H., and Gafni, Y. (2006). Protein–
protein interactions and nuclear trafficking of coat protein and βC1 protein associated 
with Bhendi yellow vein mosaic disease. Virus Res122(1–2), 127-136. 

[43] Kunik, T., Palanichelvam, K., Czosnek, H., Citovsky, V., and Gafni, Y. (1998). Nuclear 
import of the capsid protein of tomato yellow leaf curl virus (TYLCV) in plant and insect 
cells. Plant J 13(3), 393-9. 

[44] Lacatus, G., and Sunter, G. (2008). Functional analysis of bipartite begomovirus coat 
protein promoter sequences. Virology 376(1), 79-89. 

[45] Laufs, J., Traut, W., Heyraud, F., Matzeit, V., Rogers, S. G., Schell, J., and Gronenborn, B. 
(1995). In vitro cleavage and ligation at the viral origin of replication by the replication 
protein of tomato yellow leaf curl virus. PNAS 92, 3879-3883. 

[46] Lazarowitz, S. G., Pinder, A. J., Damsteegt, V. D., and Rogers, S. G. (1989). Maize streak 
virus genes essential for systemic spread and symptom development. EMBO J 8(4), 
1023-32. 

[47] Li, D., Akbar Behjatnia, S. A., Dry, I. B., Randles, J. W., Eini, O., and Rezaian, M. A. 
(2007). Genomic regions of tomato leaf curl virus DNA satellite required for replication 
and for satellite-mediated delivery of heterologous DNAs. J Gen Virol 88(7), 2073-2077. 

[48] Lin, B., Akbar Behjatnia, S. A., Dry, I. B., Randles, J. W., and Rezaian, M. A. (2003). 
High-Affinity Rep-Binding Is not Required for the Replication of a Geminivirus DNA 
and Its Satellite. Virology 305(2), 353-363. 

[49] Liu, H., Boulton, M. I., Oparka, K. J., and Davies, J. W. (2001). Interaction of the 
movement and coat proteins of maize streak virus: implications for the transport of viral 
DNA. J Gen Virol 82(1), 35-44. 

[50] Liu, H., Boulton, M. I., Thomas, C. L., Prior, D. A., Oparka, K. J., and Davies, J. W. 
(1999). Maize streak virus coat protein is karyophyllic and facilitates nuclear transport of 
viral DNA. Mol Plant Microbe Interact 12(10), 894-900. 

[51] Liu, Y., Robinson, D. J., and Harrison, B. D. (1998). Defective forms of cotton leaf curl 
virus DNA-A that have different combinations of sequence deletion, duplication, 
inversion and rearrangement. J Gen Virol 79(P6), 1501-8. 

[52] Llave, C., Kasschau, K. D., Rector, M. A., and Carrington, J. C. (2002). Endogenous and 
Silencing-Associated Small RNAs in Plants. The Plant Cell Online 14(7), 1605-1619. 

[53] Mansoor, S., Briddon, R. W., Bull, S. E., Bedford, I. D., Bashir, A., Hussain, M., Saeed, 
M., Zafar, Y., Malik, K. A., Fauquet, C. M., and Markham, P. G. (2003a). Cotton leaf curl 

 
Mutational Analysis of Effectors Encoded by Monopartite Begomoviruses and Their Satellites 237 

disease is associated with multiple monopartite begomoviruses supported by single 
DNA β. Arch Virol 148(10), 1969-1986. 

[54] Mansoor, S., Briddon, R. W., Zafar, Y., and Stanley, J. (2003b). Geminivirus disease 
complexes: an emerging threat. Trends Plant Sci 8, 128 - 134. 

[55] Mansoor, S., Khan, S. H., Bashir, A., Saeed, M., Zafar, Y., Malik, K., Briddon, R. W., 
Stanley, J., and Markham, P. G. (1999a). Identification of a novel circular single-stranded 
DNA associated with cotton leaf curl disease in Pakistan. Virology 259, 190 -199. 

[56] Mansoor, S., Khan, S. H., Bashir, A., Saeed, M., Zafar, Y., Malik, K. A., Briddon, R. W., 
Stanley, J., and Markham, P. G. (1999b). Identification of a novel circular singlestranded 
DNA associated with cotton leaf curl disease in Pakistan. Virology 259, 190 -199. 

[57] Meister, G., and Tuschl, T. (2004). Mechanisms of gene silencing by double-stranded 
RNA. Nature 431(7006), 343-349. 

[58] Mubin, M., Amin, I., Amrao, L., Briddon, R. W., and Mansoor, S. (2010). The 
hypersensitive response induced by the V2 protein of a monopartite begomovirus is 
countered by the C2 protein. Mol Plant Pathol 11(2), 245–254. 

[59] Nawaz-ul-Rehman, M. S., Mansoor, S., Briddon, R. W., and Fauquet, C. M. (2009). 
Maintenance of an Old World betasatellite by a New World helper begomovirus and 
possible rapid adaptation of the betasatellite. J Virol 83, 9347 - 9355. 

[60] Nawaz-ul-Rehman, M. S., Nahid, N., Mansoor, S., Briddon, R. W., and Fauquet, C. M. 
(2010). Post-transcriptional gene silencing suppressor activity of the alpha-Rep of non-
pathogenic alphasatellites associated with begomoviruses. Virology 405, 300 -308. 

[61] Noris, E., Jupin, I., Accotto, G. P., and Gronenborn, B. (1996). DNA-binding activity of 
the C2 protein of tomato yellow leaf curl geminivirus. Virology 217(2), 607-612. 

[62] Noris, E. V., A. M. Caciagli, P. Masenga, V. Gronenborn, B. Accotto,G. P. (1998). Amino 
acids in the capsid protein of tomato yellow leaf curl virus that are crucial for systemic 
infection, particle formation, and insect transmission. J Virol72 (12 ), 10050-10057. 

[63] Orozco, B. M., Kong, L.-J., Batts, L. A., Elledge, S., and Hanley-Bowdoin, L. (2000). The 
multifunctional character of a geminivirus replication protein is reflected by its complex 
oligomerization properties. J Biol Chem 275, 6114-6122. 

[64] Padidam, M., Beachy, R. N., and Fauquet, C. M. (1996). The role of AV2 ("precoat") and 
coat protein in viral replication and movement in tomato leaf curl geminivirus. Virology 
224, 390 - 404. 

[65] Pascal, E., Goodlove, P. E., Wu, L. C., and Lazarowitz, S. G. (1993). Transgenic tobacco 
plants expressing the geminivirus BL1 protein exhibit symptoms of viral disease. Plant 
Cell 5(7), 795-807. 

[66] Qazi, J., Amin, I., Mansoor, S., Iqbal, M. J., and Briddon, R. W. (2007). Contribution of 
the satellite encoded gene βC1 to cotton leaf curl disease symptoms. Virus Res 128(1-2), 
135-139. 

[67] Qian, Y., and Zhou, X. (2005). Pathogenicity and stability of a truncated DNAβ 
associated with tomato yellow leaf curl China virus. Virus Res 109(2), 159-163. 

[68] Rhee, Y., Gurel, F., Gafni, Y., Dingwall, C., and Citovsky, V. (2000). A genetic system for 
detection of protein nuclear import and export. Nature Biotechlogy 18(4), 433-437. 

[69] Rigden, J. E., Dry, I. B., Mullineaux, P. M., and Rezaian, M. A. (1993). Mutagenesis of the 
virion-sense open reading frames of tomato leaf curl geminivirus. Virology 193(2),1001-1005. 



 
Plant Science 238 

[70] Rojas, M. R., Jiang, H., Salati, R., Xoconostle-Cazares, B., Sudarshana, M.R., Lucas, W.J., 
Gilbertson, R.L. (2001). Functional analysis of proteins involved in movement of the 
monopartite begomovirus, tomato yellow leaf curl virus. Virology 291, 110–125. 

[71] Ruiz, M. T., Voinnet, O., and Baulcombe, D. C. (1998). Initiation and Maintenance of 
Virus-Induced Gene Silencing. Plant Cell 10(6), 937-946. 

[72] Saeed, M., Behjatnia, S., Mansoor, S., Zafar, Y., Hasnain, S., and Rezaian, M. (2005). A 
single complementary-sense transcript of a geminiviral DNA β satellite is determinant 
of pathogenicity. Mol Plant-Microbe Interact 18, 7 - 14. 

[73] Saeed, M., Mansoor, S., Rezaian, M. A., Briddon, R. W., and Randles, J. W. (2008). 
Satellite DNA beta overrides the pathogenicity phenotype of the C4 gene of tomato leaf 
curl virus, but does not compensate for loss of function of the coat protein and V2 genes. 
Arch Virol 153, 1367 - 1372. 

[74]  Saeed, S., Zafar, Y., Randles, J. W., and Rezaian, M. A. (2007). A monopartite 
begomovirus-associated DNA beta satellite substitutes for the DNA B of a bipartite 
begomovirus to permit systemic infection. J Gen Virol 88, 2881 - 2889. 

[75] Sanderfoot, A. A., and Lazarowitz, S. G. (1995). Cooperation in Viral Movement: The 
Geminivirus BL1 Movement Protein Interacts with BR1 and Redirects It from the 
Nucleus to the Cell Periphery. Plant Cell 7(8), 1185–1194. 

[76] Saunders, K., Bedford, I., Briddon, R., Markham, P., Wong, S., and Stanley, J. (2000). A 
unique virus complex causes Ageratum yellow vein disease. PNAS 97, 6890 - 6895. 

[77]  Saunders, K., Bedford, I. D., and Stanley, J. (2001). Pathogenicity of a natural 
recombinant associated with ageratum yellow vein disease: implications for 
geminivirus evolution and disease aetiology. Virology 282(1), 38-47. 

[78]  Saunders, K., Briddon, R. W., and Stanley, J. (2008). Replication promiscuity of 
DNAbetasatellites associated with monopartite begomoviruses; deletion mutagenesis of 
the ageratum yellow vein virus DNA β satellite localises sequences involved in 
replication. J Gen Virol 89, 3165 - 3172. 

[79] Saunders, K., Norman, A., Gucciardo, S., and Stanley, J. (2004). The DNA beta satellite 
component associated with ageratum yellow vein disease encodes an essential 
pathogenicity protein (βC1). Virology 324, 37 - 47. 

[80] Saunders, K., and Stanley, J. (1999). A nanovirus-like DNA component associated with 
yellow vein disease of Ageratum conyzoides: evidence for interfamilial recombination 
between plant DNA viruses. Virology 264, 142 - 152. 

[81] Settlage, S. B., See, R. G., and Hanley-Bowdoin, L. (2005). Geminivirus C3 protein: 
replication enhancement and protein interactions. J Virol 79, 9885 - 9895. 

[82] Shahid, M. S., Ali, L., Andleeb, S. (2009). The function of the a-rich region of the 
alphasatellite associated with the cotton leaf curl disease in Pakistan. EurAsia J BioSci 3, 
152-156. 

[83] Sharma, A. M., A. Osaki, T. Ikegami, M. (1998). Characterization of virus-specific DNA 
forms from tomato tissues infected by tobacco leaf curl virus: evidence for a single 
genomic component producing defective DNA molecules. Plant Pathol 47, 787-793. 

[84] Sharma, P., Ikegami, M., and Kon, T. (2010). Identification of the virulence factors and 
suppressors of posttranscriptional gene silencing encoded by ageratum yellow vein virus, 
a monopartite begomovirus. Virus Res 149(1), 19-27. 

 
Mutational Analysis of Effectors Encoded by Monopartite Begomoviruses and Their Satellites 239 

[85] Stanley, J., Bisaro, D. M., Briddon, R. W., Brown, J. K., Fauquet, C. M., Harrison, B. D., 
Rybicki, E. P., and Stenger, D. C. (2005a). Geminiviridae. Virus Taxonomy, VIIIth Report of 
the ICTV, 301 - 326. 

[86] Stanley, J., Bisaro, D. M., Briddon, R. W., Brown, J. K., Fauquet, C. M., Harrison, B. D., 
Rybicki, E. P., and Stenger, D. C. (2005b). Geminiviridaea. Virus Taxonomy, VIIIth Report 
of the ICTV, 301 - 326. 

[87] Stanley, J., Bisaro, D. M., Briddon, R. W., Brown, J. K., Fauquet, C. M., Harrison, B. D., 
Rybicki, E. P., Stenger, D. C., by, E., Fauquet, C. M., Mayo, M. A., Maniloff, J., 
Desselberger, J., and Ball, L. A. (2005c). Geminiviridae. In Virus Taxonomy, 5th report 
of the ICTV. London: Elsevier/Academic Press, pp 301–326. 

[88] Stanley, J., and Latham, J. R. (1992). A symptom variant of beet curly top geminivirus 
produced by mutation of open reading frame C4. Virology 190(1), 506-509. 

[89] Stanley, J., Saunders, K., Pinner, M. S., and Wong, S. M. (1997). Novel defective 
interfering dnas associated with ageratum yellow vein geminivirus infection of ageratum 
conyzoides. Virology 239(1), 87-96. 

[90] Sunter, G., and Bisaro, D. (1997). Regulation of a geminivirus coat protein promoter by 
AL2 protein (TrAP): evidence for activation and derepression mechanisms. Virology 232, 
269 - 280. 

[91] Sunter, G., and Bisaro, D. M. (1991). Transactivation in a geminivirus: AL2 gene product 
is needed for coat protein expression. Virology 180(1), 416-9. 

[92] Sunter, G., Hartitz, M. D., Hormuzdi, S. G., Brough, C. L., and Bisaro, D. M. (1990). Genetic 
analysis of tomato golden mosaic virus: ORF AL2 is required for coat protein accumulation 
while ORF AL3 is necessary for efficient DNA replication. Virology 179(1), 69-77. 

[93] Sunter, G., Stenger, D. C., and Bisaro, D. M. (1994). Heterologous complementation by 
geminivirus AL2 and AL3 genes. Virology 203(2), 203-10. 

[94] Talya Kunik, L. M., Vitaly Citovsky and Yedidya Gafni (1999). Characterization of a 
tomato karyopherin α that interacts with the tomato yellow leaf curl virus (TYLCV) 
capsid protein. Journal of Experimental Botany 50(334), 731-732. 

[95] Tao, X., Qing, L., and Zhou, X. (2004). Function of A-Rich region in DNAβ associated 
with tomato yellow leaf curl China virus. Chinese Sci Bull 49(14), 1490-1493. 

[96] Tao, X., and Zhou, X. (2004). A modified viral satellite DNA that suppresses gene 
expression in plants. Plant J 38(5), 850-60. 

[97] Trinks, D. R., R. Shivaprasad, P. V. Akbergenov, R. Edward J. Oakeley, K. Veluthambi, 
Thomas Hohn, Pooggin, M. M. (2005). Suppression of RNA silencing by a geminivirus 
nuclear protein, ac2, correlates with transactivation of host genes. J Virol 79(4), 2517-2527. 

[98] Van Wezel, R., Dong, X., Liu, H., Tien, P., Stanley, J., and Hong, Y. (2002). Mutation of 
three cysteine residues in tomato yellow leaf curl China virus C2 protein causes 
dysfunction in pathogenesis and posttranscriptional gene silencing suppression. Mol 
Plant Microbe Interaction 15, 203 - 208. 

[99] Vanitharani, R., Chellappan, P., Pita, J. S., and Fauquet, C. M. (2004). Differential roles 
of AC2 and AC4 of cassava geminiviruses in mediating synergism and suppression of 
posttranscriptional gene silencing. J Virol78, 9487 - 9498. 

[100] Voinnet, O. (2005). Induction and suppression of RNA silencing: insights from viral 
infections. Nature Rev Genet 6(3), 206-220. 



 
Plant Science 238 

[70] Rojas, M. R., Jiang, H., Salati, R., Xoconostle-Cazares, B., Sudarshana, M.R., Lucas, W.J., 
Gilbertson, R.L. (2001). Functional analysis of proteins involved in movement of the 
monopartite begomovirus, tomato yellow leaf curl virus. Virology 291, 110–125. 

[71] Ruiz, M. T., Voinnet, O., and Baulcombe, D. C. (1998). Initiation and Maintenance of 
Virus-Induced Gene Silencing. Plant Cell 10(6), 937-946. 

[72] Saeed, M., Behjatnia, S., Mansoor, S., Zafar, Y., Hasnain, S., and Rezaian, M. (2005). A 
single complementary-sense transcript of a geminiviral DNA β satellite is determinant 
of pathogenicity. Mol Plant-Microbe Interact 18, 7 - 14. 

[73] Saeed, M., Mansoor, S., Rezaian, M. A., Briddon, R. W., and Randles, J. W. (2008). 
Satellite DNA beta overrides the pathogenicity phenotype of the C4 gene of tomato leaf 
curl virus, but does not compensate for loss of function of the coat protein and V2 genes. 
Arch Virol 153, 1367 - 1372. 

[74]  Saeed, S., Zafar, Y., Randles, J. W., and Rezaian, M. A. (2007). A monopartite 
begomovirus-associated DNA beta satellite substitutes for the DNA B of a bipartite 
begomovirus to permit systemic infection. J Gen Virol 88, 2881 - 2889. 

[75] Sanderfoot, A. A., and Lazarowitz, S. G. (1995). Cooperation in Viral Movement: The 
Geminivirus BL1 Movement Protein Interacts with BR1 and Redirects It from the 
Nucleus to the Cell Periphery. Plant Cell 7(8), 1185–1194. 

[76] Saunders, K., Bedford, I., Briddon, R., Markham, P., Wong, S., and Stanley, J. (2000). A 
unique virus complex causes Ageratum yellow vein disease. PNAS 97, 6890 - 6895. 

[77]  Saunders, K., Bedford, I. D., and Stanley, J. (2001). Pathogenicity of a natural 
recombinant associated with ageratum yellow vein disease: implications for 
geminivirus evolution and disease aetiology. Virology 282(1), 38-47. 

[78]  Saunders, K., Briddon, R. W., and Stanley, J. (2008). Replication promiscuity of 
DNAbetasatellites associated with monopartite begomoviruses; deletion mutagenesis of 
the ageratum yellow vein virus DNA β satellite localises sequences involved in 
replication. J Gen Virol 89, 3165 - 3172. 

[79] Saunders, K., Norman, A., Gucciardo, S., and Stanley, J. (2004). The DNA beta satellite 
component associated with ageratum yellow vein disease encodes an essential 
pathogenicity protein (βC1). Virology 324, 37 - 47. 

[80] Saunders, K., and Stanley, J. (1999). A nanovirus-like DNA component associated with 
yellow vein disease of Ageratum conyzoides: evidence for interfamilial recombination 
between plant DNA viruses. Virology 264, 142 - 152. 

[81] Settlage, S. B., See, R. G., and Hanley-Bowdoin, L. (2005). Geminivirus C3 protein: 
replication enhancement and protein interactions. J Virol 79, 9885 - 9895. 

[82] Shahid, M. S., Ali, L., Andleeb, S. (2009). The function of the a-rich region of the 
alphasatellite associated with the cotton leaf curl disease in Pakistan. EurAsia J BioSci 3, 
152-156. 

[83] Sharma, A. M., A. Osaki, T. Ikegami, M. (1998). Characterization of virus-specific DNA 
forms from tomato tissues infected by tobacco leaf curl virus: evidence for a single 
genomic component producing defective DNA molecules. Plant Pathol 47, 787-793. 

[84] Sharma, P., Ikegami, M., and Kon, T. (2010). Identification of the virulence factors and 
suppressors of posttranscriptional gene silencing encoded by ageratum yellow vein virus, 
a monopartite begomovirus. Virus Res 149(1), 19-27. 

 
Mutational Analysis of Effectors Encoded by Monopartite Begomoviruses and Their Satellites 239 

[85] Stanley, J., Bisaro, D. M., Briddon, R. W., Brown, J. K., Fauquet, C. M., Harrison, B. D., 
Rybicki, E. P., and Stenger, D. C. (2005a). Geminiviridae. Virus Taxonomy, VIIIth Report of 
the ICTV, 301 - 326. 

[86] Stanley, J., Bisaro, D. M., Briddon, R. W., Brown, J. K., Fauquet, C. M., Harrison, B. D., 
Rybicki, E. P., and Stenger, D. C. (2005b). Geminiviridaea. Virus Taxonomy, VIIIth Report 
of the ICTV, 301 - 326. 

[87] Stanley, J., Bisaro, D. M., Briddon, R. W., Brown, J. K., Fauquet, C. M., Harrison, B. D., 
Rybicki, E. P., Stenger, D. C., by, E., Fauquet, C. M., Mayo, M. A., Maniloff, J., 
Desselberger, J., and Ball, L. A. (2005c). Geminiviridae. In Virus Taxonomy, 5th report 
of the ICTV. London: Elsevier/Academic Press, pp 301–326. 

[88] Stanley, J., and Latham, J. R. (1992). A symptom variant of beet curly top geminivirus 
produced by mutation of open reading frame C4. Virology 190(1), 506-509. 

[89] Stanley, J., Saunders, K., Pinner, M. S., and Wong, S. M. (1997). Novel defective 
interfering dnas associated with ageratum yellow vein geminivirus infection of ageratum 
conyzoides. Virology 239(1), 87-96. 

[90] Sunter, G., and Bisaro, D. (1997). Regulation of a geminivirus coat protein promoter by 
AL2 protein (TrAP): evidence for activation and derepression mechanisms. Virology 232, 
269 - 280. 

[91] Sunter, G., and Bisaro, D. M. (1991). Transactivation in a geminivirus: AL2 gene product 
is needed for coat protein expression. Virology 180(1), 416-9. 

[92] Sunter, G., Hartitz, M. D., Hormuzdi, S. G., Brough, C. L., and Bisaro, D. M. (1990). Genetic 
analysis of tomato golden mosaic virus: ORF AL2 is required for coat protein accumulation 
while ORF AL3 is necessary for efficient DNA replication. Virology 179(1), 69-77. 

[93] Sunter, G., Stenger, D. C., and Bisaro, D. M. (1994). Heterologous complementation by 
geminivirus AL2 and AL3 genes. Virology 203(2), 203-10. 

[94] Talya Kunik, L. M., Vitaly Citovsky and Yedidya Gafni (1999). Characterization of a 
tomato karyopherin α that interacts with the tomato yellow leaf curl virus (TYLCV) 
capsid protein. Journal of Experimental Botany 50(334), 731-732. 

[95] Tao, X., Qing, L., and Zhou, X. (2004). Function of A-Rich region in DNAβ associated 
with tomato yellow leaf curl China virus. Chinese Sci Bull 49(14), 1490-1493. 

[96] Tao, X., and Zhou, X. (2004). A modified viral satellite DNA that suppresses gene 
expression in plants. Plant J 38(5), 850-60. 

[97] Trinks, D. R., R. Shivaprasad, P. V. Akbergenov, R. Edward J. Oakeley, K. Veluthambi, 
Thomas Hohn, Pooggin, M. M. (2005). Suppression of RNA silencing by a geminivirus 
nuclear protein, ac2, correlates with transactivation of host genes. J Virol 79(4), 2517-2527. 

[98] Van Wezel, R., Dong, X., Liu, H., Tien, P., Stanley, J., and Hong, Y. (2002). Mutation of 
three cysteine residues in tomato yellow leaf curl China virus C2 protein causes 
dysfunction in pathogenesis and posttranscriptional gene silencing suppression. Mol 
Plant Microbe Interaction 15, 203 - 208. 

[99] Vanitharani, R., Chellappan, P., Pita, J. S., and Fauquet, C. M. (2004). Differential roles 
of AC2 and AC4 of cassava geminiviruses in mediating synergism and suppression of 
posttranscriptional gene silencing. J Virol78, 9487 - 9498. 

[100] Voinnet, O. (2005). Induction and suppression of RNA silencing: insights from viral 
infections. Nature Rev Genet 6(3), 206-220. 



 
Plant Science 240 

[101] Von Arnim, A., Frischmuth, T., and Stanley, J. (1993). Detection and possible functions 
of African cassava mosaic virus DNA B gene products. Virology 192(1), 264-72. 

[102] Wang, M. B., X. Wu, L. Liu, L. Smith, N. A. Isenegger, D. Wu, R. Masuta, C. Vance, V. 
B. Watson, J. Rezaian M.A. (2004). On the role of RNA silencing in the pathogenicity 
and evolution of viroids and viral satellites. PNAS 101(9), 3275-3280. 

[103] Wartig, L., Kheyr-Pour, A., Noris, E., De Kouchkovsky, F., Jouanneau, F., Gronenborn, 
B., and Jupin, I. (1997). Genetic analysis of the monopartite tomato yellow leaf curl 
geminivirus: roles of V1, V2, and C2 orfs in viral pathogenesis. Virology 228(2), 132-140. 

[104] Woolston, C. J., Reynolds, H. V., Stacey, N. J., and Mullineaux, P. M. (1989). 
Replication of wheat dwarf virus DNA in protoplasts and analysis of coat protein 
mutants in protoplasts and plants. Nucl Acids Res 17(15), 6029-6041. 

[105] Wu, P., and Zhou, X. (2005). Interaction between a nanovirus-like component and the 
tobacco curly shoot virus/satellite complex. Acta Biochim Biophys Sin 37, 25 - 31. 

[106] Yaakov, N., Levy, Y., Belausov, E., Gaba, V., Lapidot, M., and Gafni, Y. (2011). Effect of 
a single amino acid substitution in the NLS domain of tomato yellow leaf curl virus-Israel 
(TYLCV-IL) capsid protein (CP) on its activity and on the virus life cycle. Virus Res 
158(1–2), 8-11. 

[107] Zhang, S. C., Wege, C., and Jeske, H. (2001). Movement proteins (BC1 and BV1) of 
abutilon mosaic geminivirus are cotransported in and between cells of sink but not of 
source leaves as detected by green fluorescent protein tagging. Virology 290(2), 249-60. 

[108] Zhou, X., Xie, Y., Tao, X., Zhang, Z., Li, Z., and Fauquet, C. M. (2003). Characterization 
of DNAbeta associated with begomoviruses in China and evidence for co-evolution 
with their cognate viral DNA-A. J Gen Virol 84, 237 - 247. 

[109] Zrachya, A., Glick, E., Levy, Y., Arazi, T., Citovsky, V., and Gafni, Y. (2006). 
Suppressor of RNA silencing encoded by tomato yellow leaf curl virus-Israel. Virology 358, 
159 - 165. 

[110] Kon, T., Hidayat, S.H., Hase, S., Takahashi, H., and Ikegami, M. (2006). The natural 
occurrence of two distinct begomoviruses associated with DNAβ and a recombinant 
DNA in a tomato plant from Indonesia. Phytopathology 96(5), 517-525. 

[111] Ito, T., Kimbara,J., Sharma,P., and Ikegami, M. (2009). Interaction of tomato yellow leaf 
curl virus with diverse betasatellites enhances symptom severity. Arch Virol 154, 1233-
1239. 

[112] Ogawa, T., Sharma, P. and Ikegami, M. (2008). The begomoviruses Honeysuckle 
yellow vein mosaic virus and Tobacco leaf curl Japan virus with DNAβ satellites cause 
yellow dwarf disease of tomato. Virus Res 137(2), 235-244. 

[113] Sharma, P., and Ikegami, M. (2009). Characterization of signals that dicate 
nuclear/nucleolar and cytoplasmic shuttling of the capsid protein of Tomato leaf curl 
Java virus associated with DNAβ satellite. Virus Res 144, 145-153. 

[114] Sharma, P., and Ikegami, M. (2010). Tomato leaf curl virus V2 protein is a determinant 
of virulence, hypersensitive response and suppression of posttranscriptional gene 
silencing. Virology 396, 85-93. 

[115] Sharma, P., Gaur, R.K. and Ikegami, M. (2011). Subcellular localization of V2 protein of 
Tomato leaf curl Java virus by using green fluorescent protein and yeast hybrid system. 
Protoplasma 248. 281-288. 

Chapter 10 

 

 

 
 

© 2012 Atak and Çelik, licensee InTech. This is an open access chapter distributed under the terms of the 
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits 
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. 

Micropropagation of Anthurium spp. 

Çimen Atak and Özge Çelik 

Additional information is available at the end of the chapter 

http://dx.doi.org/10.5772/51426 

1. Introduction 

Micropropagation as an alternative method to conventional propagation, the culture of 
somatic cells, tissues and organs of plants under controlled conditions is a suitable way to 
produce a large number of progeny plants which are genetically identical to the stock plant 
in a short time. The important property of the plant cells is totipotency which is a capacity to 
produce the whole plant from different plant parts. Micropropagation has some features to 
be chosen in commercial production such as multiplicative capacity in a relatively short 
time, healthy and disease-free production capacity and ability to generate population during 
a year [1-5]. 

The genetic pattern of the plant is key element to select the propagation method. Using 
micropropagation techniques in plant biotechnology applications are costlier than 
conventional propagation methods. Propagation by using in vitro techniques instead of 
conventional methods offer some advantages like utilizing small pieces of plants called as 
explants to maintain the whole plant and increase their number. The main point is to evolve 
new strategies to lower the time and cost consumed per plant [2,3]. In tissue culture 
applications selection of initiating material is important in the beginning of the culture. 
Therefore it is easy to provide virus-free clones in a short time. Production of plants during 
all year long independent of seasonal changes, long storage periods make micropropagation 
preferable to propagate plants in short time. There are also some disadvantages of 
micropropagation. Adaptation of cultured plants to the environmental conditions need 
transitional period to allow the plants to produce organic matter by photosynthesis [2,4]. 

The main methods of in vitro propagation can be classified in two groups: 

1. Propagation from axillary or terminal buds 
2. Propagation by the formation of adventitious shoots or adventitious somatic embryos 

The meristem and shoot tip cultures are used to establish virus-free plant culture. Many 
important horticulture crops were propagated by meristem culture for rapid growth and 
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virus elimination. Adventitious shoots or adventitious somatic embryos are established 
directly or indirectly. Cultures are directly started with the excised explants from the mother 
plant tissues for organogenesis or embryogenesis. If shoots or embryos regenerate on 
previously formed callus or in cell culture, they are called as indirect organogenesis or 
embryogenesis [3,6,7].  

When propagation occurs via an indirect callus phase, the genetic identity of the progenies 
decreases. This is an important problem in commercial propagation to affect the uniformity 
of progenies. Callus formation also increases the somaclonal variation. Increasing of 
somaclonal variation incidence is a crucial result of long term period of callus growth. 
Origin of the callus also causes somaclonal variation. 

Propagation from axillary or terminal buds is the most ensurable method to have the 
highest genetic stability during in vitro propagation of plants.  

George et al. [2008] described five stages of micropopagation which are mother plant 
selection and preparation [Stage 0], in vitro culture establishment [Stage 1], shoot 
multiplication [Stage 2], rooting of microshoots [Stage 3] and acclimatization [Stage 4]. These 
stages are necessary for a successful micropropagation. 

Establishing aseptic culture conditions can be classified as Stage 0 which contains pre-
surface sterilization applications of explants to reduce contamination of stock plants. The 
success of Stage 2 depends on different factors such as plant species, cultivar or genotype, 
plant growth regulators, the ingredients of the medium and physical culture conditions. 
Stage 3 is responsible of rooting of microshoots. It depends on the factors given in Stage 2. 
Transplantation of rooted shoots to the environment is the main step of Stage 4. This is also 
the important part of micropropagation. Acclimatization needs to be well controlled to 
avoid loss of propagated plants [4,5]. 

2. Propagation of Anthurium 

The commercial production of ornamental pot plants has a great potential in international 
markets. In the global market, Anthurium cultivars with valued flowers are the second 
beside the Orchids among tropical cut flowers. Anthurium species and hybrids in Araceae 
family have an importance in monocotyledonous ornamental plants and they are 
commercially produced as cut flowers and potted plants in tropical and subtropical 
countries [2, 8-12].  

The propagation rate of Anthurium by seeds is very low and it is not recommended. The 
cultivation has also been limited because of the inherent heterozygosity. The time between 
pollination and seed maturity and the development time take three years in a breeding 
program. To grow plants from seed may not provide a practical method of making new 
planting areas, in such circumstances vegetative propagation [stem cutting] seems the only 
way of multiplying a unique individual. Propagation method selection for a plant depends 
on its genetic potential and its intended use. Stem cutting methods are also not practical to 
propagate in large scale. Today Anthurium can be multiplied in large number by 
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micropropagation. Application of biotechnology on in vitro propagation of Anthurium is 
important to increase the productivity of Anthurium [3, 6, 13]. 

2.1. Tissue culture of Anthurium 

In vitro propagation methods have several advantages over conventional propagation like 
flexible adjustment of factors affecting regeneration such as explant type, nutrient and plant 
growth regulator levels and conditions of the environment, production of clones in desired 
rate, continued production during seasonal changes using tissue culture methods also 
increase the multiplication rate of plants [14].  

Explant type 

The success of tissue culture is related to the correct choice of explants. Shoot or shoot tips 
and node cultures are the most commonly used culture types in micropropagation of plants. 
Explants from shoot tips and nodal stem segments are suitable for enhanced axillary 
branching. Anthurium micropropagation from axillary buds, shoot tip, lamina explants, 
node, petiole, and microcuttings have been successfully utilized [15-18]. Among these plant 
parts, leaves are the most used explant source in in vitro culture of Anthurium. 

The genotype of Anthurium plays an important role in in vitro propagation. The studies 
showed that different genotypes had different responses to the same culture conditions. For 
this reason, it is necessary to establish a suitable procedure for each varieties of Anthurium 
that can be adapted to commercial production [3,4,19,20].  

Selection of explant type to induce callogenesis and orgonogenesis is important for plants. 
In direct and indirect orgonogenesis studies, using young leaf explants are important for the 
success of culture. Martin et al.[2003] observed higher number of shoots in the brown young 
lamina explants than young green lamina. Viégas et al.[2007] also indicated the importance 
of using new brown leaves for callus induction. Bejoy et al.[2008] reported that the explants 
excised from pale green leaves showed better callus development than pale brown leaves. 
Atak and Çelik [2009] also used young brown and green leaves of Anthurium andreanum to 
evaluate the effectiveness of callus formations. They achieved to decrease the callus 
formation time by using brown leaf explants and induced the callus formation percentage 
50% more than performed by green leaves.  

Establishing aseptic culture 

The second important step in micropropagation is to obtain aseptic culture of plant 
material. Aseptic culture systems are effective to eradicate the bacterial, fungal and insect 
contaminants. The sterilization protocols used for different Anthurium explant sources 
were given in Table 1. NaOCl is the main disinfection material used in establishing aseptic 
culture conditions of Anthurium. NaOCl has been used for the concentrations differ from 
1%-5% [Table 1]. The incubation times of the explants in sodium hypochloride showed 
differences due to its concentrations. There is also need to used extra disinfectant 
solutions to eradicate the fungal and bacterial contaminants. Benomyl [commercial name 
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is Benlate], Cetrimite, gentamicin and streptomycin sulphate are effectively used for this 
aim [11,13,15,18,20,22]. 
 

A. species Explant Source Sterilization method Reference 

A.andreanum Leaf 0.6% Benlate [30 min]+70% ethanol 
[30 sec]+1.5% NaOCl containing 
two drops of Tween 20 [20 min] 

[15] 

Leaf 0.1% HgCl2 [19] 
Leaf 70% ethanol [1 min]+gentamicin 

[30 min]+20% [v/v] commersial 
bleach [5% NaOCl,12 min] 

[20] 

A.andreanum L. Apical shoot 
buds 

Teepol+ antifungal solution 
Cetrimite [5min.] +NaOCl [5 min]+ 
0.1% [w/v] HgCl2 [5min.] 

[11] 

Spadices Washing under running tap water 
[30-60 min]+1% pesticide solution 
of 50% benomyl and 20% 
streptomycin sulphate [30 min] +5 
times distilled water [5min each 
rinse.]+ 
1% NaOCl [10 min] + 2% NaOCl 
[5min] +80% alcohol [30s.] +5-6 
times distilled water [5min each 
rinse.] 

[22] 

Leaf and 
spadix 
Segments 

Washing under running tap water 
[30 min]+0.5% [v/v]Trix 
[Commercial detergent]+70% 
ethanol [1 min.] + 1.5% NaOCl 
containing 0.01% Tween 20 [8 min] 

[23] 

A.andreanum 
cv Rubrun 

Seeds from 
plant spadix 

1%NaOCl [20 min] [7] 

Separate fruits 
from spadix 
Isolate seeds 

3% [v/v]NaOCl [15 min]+3 times 
distilled water [5min.] 
1% [v/v]NaOCl [20 min]+2 times 
distilled water [10min.] 

[18] 

A.andreanum Hort Lamina 
segments 

5% [v/v] Extran [5 min. with 
detergent]+0.1% [w/v] mercuric 
chloride [10-12 min] 

[1] 

Leaf 15% [v/v] commersial bleach [20 
min]+0.1%HgCl2 [7 min] 

[21] 

Table 1. Sterilization methods used in Anthurium tissue culture 
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Culture medium 

Culture medium influences the propagation efficiency in plant tissue culture applications. 
Organic compounds, vitamins and plant growth regulators are used to stimulate healthy 
growth. The rate of tissue growth and morphogenetic responses highly affected by the 
features of nutrients included.  

There are several basal media such as Chu [N6] [24], Gamborg’s B5 [25], Murashige and Skoog 
[MS] [26], Murashige and Tucker [MT] [27] and Nitsch and Nitsch [NN] [28]. These media are 
successfully used for establishing tissue cultures of different explants of various plants [22].  

In plant tissue culture studies, different combinations of every medium based on different 
concentrations of macro and micronutrients have been used to develop efficient protocols. 
The rapid and efficient tissue culture protocols are important for micropropagation of 
Anthurium as much as in other plants.  

The success of plant tissue culture depends on the composition of the medium used. 
Different combinations of macronutrients as nitrogen, potassium, calcium, phosphorus, 
magnesium and sulphur and micronutrients [trace elements] as iron, nickel, chlorine, 
manganase, zinc, boron, copper and molybdenum change the nature of the medium. 

Each plant species has its own medium composition or it should be improved for better 
results. The modifications can be made up in macro and micronutrients, sugar content, plant 
growth regulators, vitamins and other nitrogen supplements.  

MS media with some modifications have been frequently applied in tissue culture of 
Anthurium. The differences caused by using different concentrations of plant growth 
regulators in combination with MS organics used to obtain desired tissues [Table 2].  

Nitrogen is an essential macronutrient in plant life. It is an important component of proteins 
and nucleic acids. Nitrate [NO3-] is the main source of nitrogen. NO3- is reduced to 
ammonium [NH4+] after uptake. Plants have ability to use the reduced form of nitrogen for 
their metabolism. Nitrate uptake happens effectively in an acidic pH. But after nitrate 
uptake, the medium are becoming less acid. When ammonium uptake, it makes the medium 
more acidic. The pH of the plant culture media is important because in a buffered media, 
existence of both ions affects efficient nitrogen uptake. The form and the amount of nitrogen 
in media have significant effects on cell growth and differentiation. pH controlling in the 
media is not the only reason of using both ions, excessive ammonium ions are toxic to the 
plants. Media containing high levels of NH4+ also inhibits chlorophyll synthesis [4].  

It has been known that the root growth is induced by NO3- and reduced by NH4+. But 
morphogenesis is being controlled by total amount of nitrogen in the medium and it needs 
both of NO3- and NH4+. Because of using optimum NH4+: NO3- has a key role in 
morphogenesis, therefore the balance between NO3- and NH4+ differs for different plants 
and different kinds of cultures. This situation implies that this ratio should be specifically 
adjusted for each plant species and for different purposes. Changing the NO3- to NH4+ ratio 
by small alterations affects differentiation and growth.  
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Culture medium influences the propagation efficiency in plant tissue culture applications. 
Organic compounds, vitamins and plant growth regulators are used to stimulate healthy 
growth. The rate of tissue growth and morphogenetic responses highly affected by the 
features of nutrients included.  

There are several basal media such as Chu [N6] [24], Gamborg’s B5 [25], Murashige and Skoog 
[MS] [26], Murashige and Tucker [MT] [27] and Nitsch and Nitsch [NN] [28]. These media are 
successfully used for establishing tissue cultures of different explants of various plants [22].  

In plant tissue culture studies, different combinations of every medium based on different 
concentrations of macro and micronutrients have been used to develop efficient protocols. 
The rapid and efficient tissue culture protocols are important for micropropagation of 
Anthurium as much as in other plants.  

The success of plant tissue culture depends on the composition of the medium used. 
Different combinations of macronutrients as nitrogen, potassium, calcium, phosphorus, 
magnesium and sulphur and micronutrients [trace elements] as iron, nickel, chlorine, 
manganase, zinc, boron, copper and molybdenum change the nature of the medium. 

Each plant species has its own medium composition or it should be improved for better 
results. The modifications can be made up in macro and micronutrients, sugar content, plant 
growth regulators, vitamins and other nitrogen supplements.  

MS media with some modifications have been frequently applied in tissue culture of 
Anthurium. The differences caused by using different concentrations of plant growth 
regulators in combination with MS organics used to obtain desired tissues [Table 2].  

Nitrogen is an essential macronutrient in plant life. It is an important component of proteins 
and nucleic acids. Nitrate [NO3-] is the main source of nitrogen. NO3- is reduced to 
ammonium [NH4+] after uptake. Plants have ability to use the reduced form of nitrogen for 
their metabolism. Nitrate uptake happens effectively in an acidic pH. But after nitrate 
uptake, the medium are becoming less acid. When ammonium uptake, it makes the medium 
more acidic. The pH of the plant culture media is important because in a buffered media, 
existence of both ions affects efficient nitrogen uptake. The form and the amount of nitrogen 
in media have significant effects on cell growth and differentiation. pH controlling in the 
media is not the only reason of using both ions, excessive ammonium ions are toxic to the 
plants. Media containing high levels of NH4+ also inhibits chlorophyll synthesis [4].  

It has been known that the root growth is induced by NO3- and reduced by NH4+. But 
morphogenesis is being controlled by total amount of nitrogen in the medium and it needs 
both of NO3- and NH4+. Because of using optimum NH4+: NO3- has a key role in 
morphogenesis, therefore the balance between NO3- and NH4+ differs for different plants 
and different kinds of cultures. This situation implies that this ratio should be specifically 
adjusted for each plant species and for different purposes. Changing the NO3- to NH4+ ratio 
by small alterations affects differentiation and growth.  
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Anthurium 
species 

Explant 
source

Medium components Aim Reference 

A.andreanum  
 

Leaf MS+2.2-4.4µM BA+0.9µM 2,4-D Adventitious 
shoots

[33] 

Root Modified MS+2.2µM BA Multiple shoots [34] 
Leaf Modified Nitsch [200mg/l 

NH4NO3] +1mg/l BA+0.1mg/l 
2,4-D

Callus 
initiation 

[15] 

Nitsch [720mg/l NH4NO3] 
+0.5mg/l BA

Shoot 
development

 

Nitsch [720mg/l NH4NO3] 
+1.0mg/l IBA+0.04% AC

Roots  

Leaf ½MS+0.6mg/l 2,4-D+1mg/l BAP Callus 
induction

[20] 

½MS+250mg/l NH4NO3+0.1mg/l 
2,4-D+1mg/l BA

Shoot 
regeneration

 

½MS+1mg/l IBA+0.04% AC Roots  
Leaf, spadix ¼MS+1mg/l BAP Multiple shoots [23] 

¼MS+1mg/l IBA Roots  
Seed MS+2mg/l BA+0.5mg/l NAA Callus 

proliferation
[18] 

Petiol ½MS+0.1mg/l 2,4-D+0.5 mg/l BA Callus [36] 
½MS+0.1mg/l 2,4-D+1.0 mg/l BA Shoot  
½MS+0.5mg/l 2,4-D Root  

Anthurium ssp. Leaf ½MS+1mg/l BA+0.08mg/l 2,4-D Callus 
induction 

[19] 

½MS+1mg/l BA Callus 
multiplication 

 

½MS[206 mg/l NH4NO3] +1mg/l 
BA  

Shoot 
regeneration 

 

¼MS+1g/l AC Roots  
A.andreanum 
André cv. 

Leaf, petiole Modified Pietrik 
medium+0.36µM 2,4-D+4.4µM 
BA 

Callus [32] 

Anthurium 
andreaum cv 
Rubun 

Microcutting 
from 
germinated 
seed

MS+4.4µM BA+0.05µM NAA
  

Multiple shoots [7] 

A.andreanum 
Lind. 
 

Apical shoot 
bud 

MS+0.1mg/l NAA+0.25mg/l BAP Multiple apical 
shoots

[11] 

MS+0.5mg/l BAP+60mg/l 
adenine sulphate 

Multiple shoots  

 
Micropropagation of Anthurium spp. 

 

247 

Anthurium 
species 

Explant 
source

Medium components Aim Reference 

MS+0.5mg/l IAA+2g/l AC Roots  
Half anther 
culture 

NWT+0.25mg/l 2,4-D +0.02mg/l 
NAA+1.5mg/l TDZ + 0.75 mg/l 
BAP

Callus
Shoot 
regeneration

[22] 

NWT+ 0. 2mg/l NAA+1.0 
mg/lKIN

Roots  

A.andreanum 
Lindl.cv. 

Nodal 
segments

MS+4.44mM BAP+2.89mM GA3 Shoot induction [16] 

A.andreanum 
Hort 
 

Lamina ½MS+1.11µM+BA+1.14µM 
IAA+0.46µM Kin

Shoot induction [1] 

½MS+0.44µM BA Multiple shoots  
½MS+0.54µM+NAA+0.93µM 
Kin 

Roots  

Leaf
 

¼MS+0.88µM BA+0.9µM 2,4-
D+0.46µM Kin 

Callus [35] 

¼MS+0.88µM BA+0.54µM 
NAA+0.46µM Kin 

Multiple shoots  

½MS+0.54µM NAA Roots  
½MS+0.5mg/l 2,4-D+1mg/l BAP Adventitious 

shoots
[21] 

Leaf, petiole ½MS+0.90µM 2,4-D+8.88µM BA Callus 
induction

[17] 

½MS+0.90µM 2,4-D+4.44µM BA Callus 
proliferation 

 

MS+5.71mM NAA Roots  
A.scherzerianum  Leaf ½MS+0.08mg/l 2,4-D+1mg/l 

BAP+1mg/l 2-iP
Callus [10] 

MS+0.5mg/l BAP Shoots  
A.scherzerianum 
Schott 

Leaf Modified MS+2.5 mM 
NH4NO3+18µM 2,4-D+6% 
sucrose

Embryo 
induction 

[6] 

BAP, 6-benzylaminopurine; BA, N6-benzyladenine; 2,4-D, 2,4-dichlorophenoxyacetic acid, IAA, indole-3-acetic acid; 
IBA, indole-3-butyric acid; 2-iP, N6-[2-isopentenyl]adenine; Kin, kinetin; NAA, α-naphthalene acetic acid; TDZ, 
thidiazuron; AC, activated charcoal; AS, adenin sulphate; MS, Murashige Skoog [1962] medium; WM: Winarto-
Teixeria medium, NWM: New Winarto-Teixeria medium GA3, giberellic acid. 

Table 2. In vitro culture medium components for Anthurium cultivars (Modified from [22]). 

MS media used frequently for tissue culture of Anthurium and the ratio of NO3- to NH4+ is 
66:34 at this medium. For this reason generally modified MS medium used at Anthurium 
organogenesis. The modifications of ammonium nitrate concentration have been studied at 
Anthurium media by researchers. Hamidah et al. [1997] used half-strength MS 
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Anthurium 
species 

Explant 
source
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Shoot 
development

 

Nitsch [720mg/l NH4NO3] 
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Roots  

Leaf ½MS+0.6mg/l 2,4-D+1mg/l BAP Callus 
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[20] 

½MS+250mg/l NH4NO3+0.1mg/l 
2,4-D+1mg/l BA

Shoot 
regeneration

 

½MS+1mg/l IBA+0.04% AC Roots  
Leaf, spadix ¼MS+1mg/l BAP Multiple shoots [23] 

¼MS+1mg/l IBA Roots  
Seed MS+2mg/l BA+0.5mg/l NAA Callus 

proliferation
[18] 

Petiol ½MS+0.1mg/l 2,4-D+0.5 mg/l BA Callus [36] 
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Callus [32] 

Anthurium 
andreaum cv 
Rubun 

Microcutting 
from 
germinated 
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MS+4.4µM BA+0.05µM NAA
  

Multiple shoots [7] 

A.andreanum 
Lind. 
 

Apical shoot 
bud 

MS+0.1mg/l NAA+0.25mg/l BAP Multiple apical 
shoots

[11] 

MS+0.5mg/l BAP+60mg/l 
adenine sulphate 
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Anthurium 
species 

Explant 
source

Medium components Aim Reference 
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Half anther 
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NWT+0.25mg/l 2,4-D +0.02mg/l 
NAA+1.5mg/l TDZ + 0.75 mg/l 
BAP

Callus
Shoot 
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[22] 

NWT+ 0. 2mg/l NAA+1.0 
mg/lKIN

Roots  

A.andreanum 
Lindl.cv. 

Nodal 
segments

MS+4.44mM BAP+2.89mM GA3 Shoot induction [16] 

A.andreanum 
Hort 
 

Lamina ½MS+1.11µM+BA+1.14µM 
IAA+0.46µM Kin

Shoot induction [1] 

½MS+0.44µM BA Multiple shoots  
½MS+0.54µM+NAA+0.93µM 
Kin 

Roots  

Leaf
 

¼MS+0.88µM BA+0.9µM 2,4-
D+0.46µM Kin 

Callus [35] 

¼MS+0.88µM BA+0.54µM 
NAA+0.46µM Kin 

Multiple shoots  

½MS+0.54µM NAA Roots  
½MS+0.5mg/l 2,4-D+1mg/l BAP Adventitious 

shoots
[21] 

Leaf, petiole ½MS+0.90µM 2,4-D+8.88µM BA Callus 
induction

[17] 

½MS+0.90µM 2,4-D+4.44µM BA Callus 
proliferation 

 

MS+5.71mM NAA Roots  
A.scherzerianum  Leaf ½MS+0.08mg/l 2,4-D+1mg/l 

BAP+1mg/l 2-iP
Callus [10] 

MS+0.5mg/l BAP Shoots  
A.scherzerianum 
Schott 

Leaf Modified MS+2.5 mM 
NH4NO3+18µM 2,4-D+6% 
sucrose

Embryo 
induction 

[6] 

BAP, 6-benzylaminopurine; BA, N6-benzyladenine; 2,4-D, 2,4-dichlorophenoxyacetic acid, IAA, indole-3-acetic acid; 
IBA, indole-3-butyric acid; 2-iP, N6-[2-isopentenyl]adenine; Kin, kinetin; NAA, α-naphthalene acetic acid; TDZ, 
thidiazuron; AC, activated charcoal; AS, adenin sulphate; MS, Murashige Skoog [1962] medium; WM: Winarto-
Teixeria medium, NWM: New Winarto-Teixeria medium GA3, giberellic acid. 

Table 2. In vitro culture medium components for Anthurium cultivars (Modified from [22]). 

MS media used frequently for tissue culture of Anthurium and the ratio of NO3- to NH4+ is 
66:34 at this medium. For this reason generally modified MS medium used at Anthurium 
organogenesis. The modifications of ammonium nitrate concentration have been studied at 
Anthurium media by researchers. Hamidah et al. [1997] used half-strength MS 
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macroelements with 2.5 mM ammonium nitrate for in vitro stock cultures. While Puchooa 
[2005] used 200 mg/L reduced ammonium nitrate concentration for callus culture, they 
increased the amount to 720 mg/L for regeneration. Dufour and Guérin [2005] used different 
compositions of NO3 and NH4 to evaluate the developmental results. According to their 
results, the ratio of 0.37 showed better plant growth and development. Atak and Çelik 
[2009] preferred to use half-strength MS salts with NH4NO3 lowered to 250 mg/L for shoot 
regeneration. Winarto et al. [2011] were improved a protocol for callus induction and plant 
regeneration and NWT-3 media contains 750 mg/l NH4NO3. 

In culture conditions, using synthetic chemicals with similar physiological activities as plant 
hormones have capabilities to induce plant growth as desired. Auxin and cytokinins are the 
most important hormones regulating growth and morphogenesis in plant tissue culture. 
Their combinative usage promote growth of calli, cell suspensions, root and shoot 
development and have capability to regulate the morphogenesis [4,29]. There are synthetic 
auxin and cytokinins beside naturals. Different combinations and concentrations of plant 
growth regulators such as 2,4-dichlorophenoxyacetic acid [2,4-D], naphthalene acetic acid 
[NAA], benzylaminopurine [BAP] and kinetin [Kin] were used to indicate callus formation 
from different kinds of explants of Anthurium cultivars. In preliminary studies, induction 
and regeneration of callus followed by shoot and root regeneration are the main steps of 
tissue culture of whole plants. As an important commercial plant, to develop a rapid and 
more effective tissue culture protocol to shorten the time is the main objective of Anthurium 
tissue culture [7,10, 22,23].  

As given in Table 2, combination of 2,4-D and BA in culture media to induce callus initiation 
from leaf explants in different varieties of Anthurium is frequently used. Also, adding of 
BAP and 2-iP to the callus medium has been evaluated by different researchers. The 
concentrations of 2,4-D used in the callus medium is ranging from 0.08 mg/l to 1 mg/l 2,4-D. 
The BA concentrations are changing between 0.1 mg/l and 1 mg/l.  

Micropropagated plants require a developed root system to resist the external 
environmental conditions. Rooting of the shoots take place in vitro. Therefore, 
determination of the appropriate auxin type and levels in the media required to promote 
rooting [4]. 

Activated charcoal [AC] is added to medium for promoting root growth [11, 13, 15, 19, 20]. 
AC is composed of carbon and it is often used in plant tissue culture to absorb gases and 
dissolved solids. It is not a growth regulator but it has an ability to modify medium 
composition [4].  

There are several advantageous uses of charcoal on the type of culture. These are 
adsorption of secreted compounds from cultured tissues, decrements in the phenolic 
oxidations, pH changes of the medium to optimize for morphogenesis, prevention of 
unwanted callus growth, simulation of soil conditions because of the ability to promote 
root formation, capability to use in production of secondary plant products in culture 
conditions [4, 30].  
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The most important effect of using AC to the medium is the rigorous decrease in the 
concentrations of plant growth regulators and other organic supplements. AC shows greater 
adsorptive capacity to phenolics commonly produced by wounded tissues, plant hormones 
like IAA, NAA, IBA, BA, kinetin, zeatin and other hormones [30,31]. The adsorptive 
property of AC changes with purity, pH and density [3]. The Anthurium seedlings 
propagated by Atak and Çelik [2009] were rooted in medium containing AC and given in 
Figure 1.  

 
Figure 1. In vitro propagation of Anthurium cultivars [Arizona]. The shoots with root were growth 
inplant tissue culture medium with AC [20]. 

3. The importance of subculturing in micropropagation 

In plant propagation applications, subculturing has an importance to prolong the life of 
plants and expand the number of cultured seedlings. At in vitro propagation of Anthurium 
andreanum cultivars, the number of shoots per explants was increased subsequent 
subcultures. Atak and Çelik [2009] observed that shoot multiplication for two Anthurium 
andreanum cultivars Arizona and Sumi was increased in the next multiplication stage. At 
every subculture, shoot numbers regenerated form nodal explants gradually increased 
[Table 3]. Bejoy et al.[2008] reported that multiplication was enhanced in the next 
multiplication stage. They succeeded to increase the rate of shoot production in the second 
multiplication stage. 
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concentrations of 2,4-D used in the callus medium is ranging from 0.08 mg/l to 1 mg/l 2,4-D. 
The BA concentrations are changing between 0.1 mg/l and 1 mg/l.  

Micropropagated plants require a developed root system to resist the external 
environmental conditions. Rooting of the shoots take place in vitro. Therefore, 
determination of the appropriate auxin type and levels in the media required to promote 
rooting [4]. 
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AC is composed of carbon and it is often used in plant tissue culture to absorb gases and 
dissolved solids. It is not a growth regulator but it has an ability to modify medium 
composition [4].  

There are several advantageous uses of charcoal on the type of culture. These are 
adsorption of secreted compounds from cultured tissues, decrements in the phenolic 
oxidations, pH changes of the medium to optimize for morphogenesis, prevention of 
unwanted callus growth, simulation of soil conditions because of the ability to promote 
root formation, capability to use in production of secondary plant products in culture 
conditions [4, 30].  
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The most important effect of using AC to the medium is the rigorous decrease in the 
concentrations of plant growth regulators and other organic supplements. AC shows greater 
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like IAA, NAA, IBA, BA, kinetin, zeatin and other hormones [30,31]. The adsorptive 
property of AC changes with purity, pH and density [3]. The Anthurium seedlings 
propagated by Atak and Çelik [2009] were rooted in medium containing AC and given in 
Figure 1.  

 
Figure 1. In vitro propagation of Anthurium cultivars [Arizona]. The shoots with root were growth 
inplant tissue culture medium with AC [20]. 

3. The importance of subculturing in micropropagation 

In plant propagation applications, subculturing has an importance to prolong the life of 
plants and expand the number of cultured seedlings. At in vitro propagation of Anthurium 
andreanum cultivars, the number of shoots per explants was increased subsequent 
subcultures. Atak and Çelik [2009] observed that shoot multiplication for two Anthurium 
andreanum cultivars Arizona and Sumi was increased in the next multiplication stage. At 
every subculture, shoot numbers regenerated form nodal explants gradually increased 
[Table 3]. Bejoy et al.[2008] reported that multiplication was enhanced in the next 
multiplication stage. They succeeded to increase the rate of shoot production in the second 
multiplication stage. 



 
Plant Science 

 

250 

Subculture Arizona Subculture Sumi 

Number of 
Explants 

Number of 
Shoots per 

Explant 
[Mean±SE] 

Number of 
Explants 

Number of Shoots 
per Explant 
[Mean±SE] 

Va1 50 15. 64±1.69a Vs1 50 12.24±1.18a 

Va2 50 22.70±1.46b Vs2 50 15.98±1.36b 

Va3 50 26.76±1.30c Vs3 50 21.82±1.87c 

Va4 50 33.70±1.09d Vs4 50 26.96±1.46d 

Data presented as means with different letters within a column indicating significant differences at P<0.05 according to 
Duncan’s Multiple range test. Each mean represented 5 replications.  
Abbreviations: Va1 =initial shoot [Shoot regeneration from callus cultures of Arizona variety] Va2, Va3, Va4,= 
subcultures of Arizona variety, Vs1 = initial shoot [Shoot regeneration from callus cultures of Sumi variety], Vs2, Vs3, 
Vs4= subcultures of Sumi variety. 

Table 3. Shoot multiplication of Anthurium andreanum cultivars [20]. 

4. Acclimatization 

In micropropagation studies, the last and the critical step is acclimatization of the rooted 
seedlings to the environment. In this stage, plant losses have been due to different reasons 
[37,38]. Directly rooted shoots in soil show higher survival rate in the field than rooted 
under in vitro conditions. Therefore, there are several methods to high the survival rate of in 
vitro rooted shoots.  

Cultured plants must adapt to low humidity, high light intensities and large temperature 
fluctuations with ex vitro acclimatization techniques. However these methods are expensive, 
time consuming and labor-intensive, in vitro acclimatization techniques have been 
improved. Using growth chambers which have relative humidity, controlled ventilation and 
possibility to change the components of the media make it possible to reduce the steps need 
for the process [37,39].  

The success of acclimatization of in vitro cultured plants depends on the nutrients reserved 
in the leaves during development [40]. The important point in acclimatization is to keep the 
rooted plants in incubator in order to keep the humidity high.  

Different acclimatization protocols for in vitro regenerated A.andreanum plantlets have been 
reported. Soilrite-perlite with the rate of 10:1, vermicompost and sand mixture [1:3], 
vermiculite and perlite [1:1], soil and organic humus [1:1] are the most used acclimatization 
mediums with the high survival ratios ranging from 60% to 98% [1,10,13]. 

During in vitro development stage, the cultural conditions such as humidity, air turbulence, 
CO2 concentration, sugar content in medium effect acclimatization ability of plants to ex vivo 
conditions. Therefore, for each Anthurium varieties, efficient acclimatization protocols have 
to be improved to prolong the success of micropropagation.  
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5. Discussion and conclusion 

In micropropagation studies, the success of the protocols depends on the variety of 
Anthurium, explant type, the components of the media used for shoot and root 
regenerations. Different combinations of plant growth regulators and additives used in 
relation to increase the regeneration potential of the explants should be evaluated for each 
cultivars to determine the efficient tissue culture protocol. In this chapter, we compared the 
explant types and tissue culture components for Anthurium species which is an important 
ornamental pot plant.  

Stages of the leaves show different response to propagation by indirect organogenesis. 
Explants prepared from brown leaves have higher callus formation rates in a shorter time 
than green leaf explants. Therefore, selection and using the right leaf explants at the 
appropriate leaf stage is the first step of establishing a successful tissue culture. Using 
different combinations of plant growth regulators and nitrogen additives should be 
evaluated to control the organogenesis for Anthurium varieties. NO3- : NH4+ balance in the 
growth medium has to be adjusted for each Anthurium varieties to obtain desired 
differentiation and growth. Developing an ideal acclimatization condition is important to 
increase the survival rate of micropropagated and rooted seedlings to adapt to ex vivo 
conditions.  

In conclusion, the primary point to be remembered is the effects of genotypical differences 
on culture efficiencies. Different genotypes of varieties show different organogenesis 
responses in explant cultures. Therefore for each Anthurium varieties suitable 
micropropagation methods should be determined.  
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Abbreviations: Va1 =initial shoot [Shoot regeneration from callus cultures of Arizona variety] Va2, Va3, Va4,= 
subcultures of Arizona variety, Vs1 = initial shoot [Shoot regeneration from callus cultures of Sumi variety], Vs2, Vs3, 
Vs4= subcultures of Sumi variety. 

Table 3. Shoot multiplication of Anthurium andreanum cultivars [20]. 

4. Acclimatization 

In micropropagation studies, the last and the critical step is acclimatization of the rooted 
seedlings to the environment. In this stage, plant losses have been due to different reasons 
[37,38]. Directly rooted shoots in soil show higher survival rate in the field than rooted 
under in vitro conditions. Therefore, there are several methods to high the survival rate of in 
vitro rooted shoots.  

Cultured plants must adapt to low humidity, high light intensities and large temperature 
fluctuations with ex vitro acclimatization techniques. However these methods are expensive, 
time consuming and labor-intensive, in vitro acclimatization techniques have been 
improved. Using growth chambers which have relative humidity, controlled ventilation and 
possibility to change the components of the media make it possible to reduce the steps need 
for the process [37,39].  

The success of acclimatization of in vitro cultured plants depends on the nutrients reserved 
in the leaves during development [40]. The important point in acclimatization is to keep the 
rooted plants in incubator in order to keep the humidity high.  

Different acclimatization protocols for in vitro regenerated A.andreanum plantlets have been 
reported. Soilrite-perlite with the rate of 10:1, vermicompost and sand mixture [1:3], 
vermiculite and perlite [1:1], soil and organic humus [1:1] are the most used acclimatization 
mediums with the high survival ratios ranging from 60% to 98% [1,10,13]. 

During in vitro development stage, the cultural conditions such as humidity, air turbulence, 
CO2 concentration, sugar content in medium effect acclimatization ability of plants to ex vivo 
conditions. Therefore, for each Anthurium varieties, efficient acclimatization protocols have 
to be improved to prolong the success of micropropagation.  
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5. Discussion and conclusion 

In micropropagation studies, the success of the protocols depends on the variety of 
Anthurium, explant type, the components of the media used for shoot and root 
regenerations. Different combinations of plant growth regulators and additives used in 
relation to increase the regeneration potential of the explants should be evaluated for each 
cultivars to determine the efficient tissue culture protocol. In this chapter, we compared the 
explant types and tissue culture components for Anthurium species which is an important 
ornamental pot plant.  

Stages of the leaves show different response to propagation by indirect organogenesis. 
Explants prepared from brown leaves have higher callus formation rates in a shorter time 
than green leaf explants. Therefore, selection and using the right leaf explants at the 
appropriate leaf stage is the first step of establishing a successful tissue culture. Using 
different combinations of plant growth regulators and nitrogen additives should be 
evaluated to control the organogenesis for Anthurium varieties. NO3- : NH4+ balance in the 
growth medium has to be adjusted for each Anthurium varieties to obtain desired 
differentiation and growth. Developing an ideal acclimatization condition is important to 
increase the survival rate of micropropagated and rooted seedlings to adapt to ex vivo 
conditions.  

In conclusion, the primary point to be remembered is the effects of genotypical differences 
on culture efficiencies. Different genotypes of varieties show different organogenesis 
responses in explant cultures. Therefore for each Anthurium varieties suitable 
micropropagation methods should be determined.  
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1. Introduction 
Tissue culture has been applied to diverse research techniques such as viral elimination, 
clonal propagation, gene conservation, in vitro fertilization, mutation, induction for genetic 
diversity, genetic transformation, protoplast isolation and somatic hybridization, secondary 
metabolite production and other related techniques. The commercial production of 
ornamental plants is growing worldwide. Its monetary value has significantly increased 
over the last two decades and there is a great potential for continued further growth in both 
domestic and international markets. About 156 ornamental genera are propagated through 
tissue culture in different commercial laboratories worldwide. About 212.5 million plants 
including 157 million ornamental plants amounting to 78% of the total production were 
reported [1]. These plants are over exploited due to their high medicinal value and hence, 
propagation of the plants by tissue culture may be mandatory, which offers a greater 
potential to deliver large quantities of disease-free, true-to-type healthy stock within a short 
span of time. Biotechnological interventions for in vitro regeneration, mass 
micropropagation and gene transfer methods in forest tree species have been practiced with 
success, especially in the last decade. Against the background of the limitations of long 
juvenile phases and lifespan, developments of plant regeneration protocols of ornamental 
species are gaining importance. Ornamental industry has applied immensely in vitro 
propagation approach for large-scale plant multiplication of elite superior varieties. During 
in vitro condition, plantlets are grown under fixed and controlled environment in sterile 
formulated medium which contained macronutrients, micronutrients, vitamins and plant 
growth regulators. After the plantlets reached optimum growth in the culture containers 
after a certain growth period, it can be transferred to ex vitro condition to allow continuous 
growth of the plantlets. As a result, hundreds of plant tissue culture laboratories have been 
set up worldwide, especially in the developing countries due to cheap labour costs.  
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Plant tissue culture media is normally rich in sucrose and other organic nutrients that can 
support organogenesis in plants but also the growth of many microorganisms (like bacteria 
and fungi). To overcome and prevent contamination in media preparation, sterilization 
should be done thoroughly. Sterilization of nutrient media can be done in an autoclave 
(large pressure cooker), less often by filtration and seldom by irradiation [2]. The container 
with the medium should be properly closed and autoclaved at 121ºC, 105 kPa, for 20 
minutes. It also identified that good sterilization relies on time, pressure, temperature and 
volume of the object to be sterilized [2]. The sterilized nutrient media should be stored in a 
sterile box that has previously been disinfected with 70% alcohol [2]. Some of the plant 
growth regulators such as giberellic acid (GA3), zeatin, abscisic acid (ABA), urea, certain 
vitamins, pantothenic acid, antibodies, colchicines, plant extracts and enzymes used in 
tissue culture is thermolabile. These compounds should not be autoclaved and filter-
sterilization is often used if a thermolabile substance is needed in a nutrient medium. 

2. Problem statement 
In vitro plant tissue culture needs the formulation of a complete nutritional medium and for 
exploration of plant physiological processes; it needs the addition of effective plant growth 
regulators. These two aspects can be considered to plant tissue culture the wings to take off. 
With the starting of common or specific media and the selection of appropriate plant tissue 
culture, enable induction of cell division, callus growth, differentiation of shoots, roots and 
embryos. Commonly, synthetic analogues are used, mainly; 1-naphthalene acetic acid 
(NAA), indole butyric acid (IBA), 2,4-Dichlorophenoxyacetic acid (2,4-D) in plant tissue 
culture for the induction of plant cells and the regeneration of the root, bud, embryo-like 
body which has a high organizational structure of specialized cells. The main physiological 
role of cytokinins; promotion of cell division and expansion, buds induction, differentiation, 
promote lateral bud sprouting and inhibition of senescence. In vitro tissue or organ will be 
soon aging. Such as cytokinin treatment can slow the aging process. Another class of 
hormones used in tissue culture is gibberellins. The main physiological effects of gibberellin 
(GA) are buds induction. It is commonly used in plant tissue culture to promote the growth 
of the seedling stem elongation. It is also affect cell differentiation of cambium and it often 
works in synergy with auxins. In addition, the other hormone such as abscisic acid (ABA) is 
one of the plant growth substances; it can be biosynthesized from mevalonic acid. It can 
control water and ion uptake by roots and to promote the adventitious shoots and absorb 
and prevent the phenolic production.  Whereas, the ethylene one of the gases plant 
hormone, it is moved by diffusion around the plant rather than translocation. It has 
stimulates the final stage of fruit development and flower fall. The main function of ethylene 
in plant tissue culture, it can stimulate the respiration, seed germination, peroxidase 
enzymes and regulates the level of auxins. The low concentration of ethylene induces the 
proper resistance to the developed plant.  

3. Application area 

The physiological role of auxins promote cell growth and cell division, induction of the 
injured tissue of one to several layers of cells recovering the ability to divide to form 
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callus; promote rooting, in the conventional cutting propagation and in organized tissue 
culture. Auxins can also promote plant sex differentiation, the formation of flowers and to 
promote the formation of seedless fruit. Auxins main use in tissue culture to induce callus 
and, also they are important use is in line with a certain amount of cytokinin for root 
differentiation, lateral bud germination and growth, as well as in certain plants induce 
embryogenesis. Since, many research articles have dealt at great length about the status, 
applications, potentials and needs in tissue culture of ornamental plants. Since, the major 
effects have been made to develop basic back ground technologies for consistent 
production and regeneration of calluses from diverse group of medicinal plants [3]. The 
techniques which have been so far described for propagation of ornamental plants 
through tissue culture have been tested on the laboratory scale and have not been 
validated for their suitability in commercial scale production. However, the following 
aspects have to be critically studied if the economic prospects associated with in vitro 
culture technology are to be realized. Generally, the application of plant cell and tissue 
culture technique which is commonly known as in vitro cloning can also be divided into 
several procedures, including meristematic cultures, vegetative explant cultures, callus 
induction, suspension cultures, direct and indirect somatic embryogenesis, synthetic seed 
production, in vitro flowering, in vitro mutation breeding, protoplast and also somatic 
hybridization process. Some of these techniques would selectively applied to selected 
plants overcome generation incapability of the plants. This in vitro technique is very 
useful in ensuring sustainable, optimized sources of plant-derived natural products. 
However, ex situ cultivation should be preceded by proper evaluation of the plants for 
their ability to produce the required bioactive constituents before commencing cultivation 
or introducing the technology to potential growers. The ability of plants to produce 
certain bioactive substances is largely influenced by physical and chemical environments 
in which they grow. Plants also produce certain chemicals to overcome abiotic stresses. In 
this aspects plant tissue culture developed callus influenced by medium, explants, plant 
growth regulators, color lights, temperature, photoperiod and carbon sources are helpful 
to produce valuable secondary metabolites compounds in many studies [3,4]. Growing a 
plant outside its natural environment under ideal conditions may therefore, result in 
being unable to produce the desired bioactive substances, hence the need for prior 
evaluation. 

4. Research course 

Ornamental plants are used especially as decorative houseplants and for landscaping. 
Ornamental plants are unique for their sheer beauty and variety of leaves. For example 
Begonias,  which have a medicinal value. It is a temperate plant, which is commercially used 
as a flowering pot plant. It does not produced seeds. It is a winter flowering plant and was 
developed from cross between other species of the same family. Begonia plant normally has 
thick, shiny, dark green leaves. Although Begonias can be readily vegetative propagated, 
they are susceptible to many pathogenic bacteria, fungi, and nematodes [5]. Nowadays, the 
seaweed market has grown as predicted with prospects to go even further. Therefore 
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Plant tissue culture media is normally rich in sucrose and other organic nutrients that can 
support organogenesis in plants but also the growth of many microorganisms (like bacteria 
and fungi). To overcome and prevent contamination in media preparation, sterilization 
should be done thoroughly. Sterilization of nutrient media can be done in an autoclave 
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minutes. It also identified that good sterilization relies on time, pressure, temperature and 
volume of the object to be sterilized [2]. The sterilized nutrient media should be stored in a 
sterile box that has previously been disinfected with 70% alcohol [2]. Some of the plant 
growth regulators such as giberellic acid (GA3), zeatin, abscisic acid (ABA), urea, certain 
vitamins, pantothenic acid, antibodies, colchicines, plant extracts and enzymes used in 
tissue culture is thermolabile. These compounds should not be autoclaved and filter-
sterilization is often used if a thermolabile substance is needed in a nutrient medium. 
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In vitro plant tissue culture needs the formulation of a complete nutritional medium and for 
exploration of plant physiological processes; it needs the addition of effective plant growth 
regulators. These two aspects can be considered to plant tissue culture the wings to take off. 
With the starting of common or specific media and the selection of appropriate plant tissue 
culture, enable induction of cell division, callus growth, differentiation of shoots, roots and 
embryos. Commonly, synthetic analogues are used, mainly; 1-naphthalene acetic acid 
(NAA), indole butyric acid (IBA), 2,4-Dichlorophenoxyacetic acid (2,4-D) in plant tissue 
culture for the induction of plant cells and the regeneration of the root, bud, embryo-like 
body which has a high organizational structure of specialized cells. The main physiological 
role of cytokinins; promotion of cell division and expansion, buds induction, differentiation, 
promote lateral bud sprouting and inhibition of senescence. In vitro tissue or organ will be 
soon aging. Such as cytokinin treatment can slow the aging process. Another class of 
hormones used in tissue culture is gibberellins. The main physiological effects of gibberellin 
(GA) are buds induction. It is commonly used in plant tissue culture to promote the growth 
of the seedling stem elongation. It is also affect cell differentiation of cambium and it often 
works in synergy with auxins. In addition, the other hormone such as abscisic acid (ABA) is 
one of the plant growth substances; it can be biosynthesized from mevalonic acid. It can 
control water and ion uptake by roots and to promote the adventitious shoots and absorb 
and prevent the phenolic production.  Whereas, the ethylene one of the gases plant 
hormone, it is moved by diffusion around the plant rather than translocation. It has 
stimulates the final stage of fruit development and flower fall. The main function of ethylene 
in plant tissue culture, it can stimulate the respiration, seed germination, peroxidase 
enzymes and regulates the level of auxins. The low concentration of ethylene induces the 
proper resistance to the developed plant.  

3. Application area 

The physiological role of auxins promote cell growth and cell division, induction of the 
injured tissue of one to several layers of cells recovering the ability to divide to form 
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callus; promote rooting, in the conventional cutting propagation and in organized tissue 
culture. Auxins can also promote plant sex differentiation, the formation of flowers and to 
promote the formation of seedless fruit. Auxins main use in tissue culture to induce callus 
and, also they are important use is in line with a certain amount of cytokinin for root 
differentiation, lateral bud germination and growth, as well as in certain plants induce 
embryogenesis. Since, many research articles have dealt at great length about the status, 
applications, potentials and needs in tissue culture of ornamental plants. Since, the major 
effects have been made to develop basic back ground technologies for consistent 
production and regeneration of calluses from diverse group of medicinal plants [3]. The 
techniques which have been so far described for propagation of ornamental plants 
through tissue culture have been tested on the laboratory scale and have not been 
validated for their suitability in commercial scale production. However, the following 
aspects have to be critically studied if the economic prospects associated with in vitro 
culture technology are to be realized. Generally, the application of plant cell and tissue 
culture technique which is commonly known as in vitro cloning can also be divided into 
several procedures, including meristematic cultures, vegetative explant cultures, callus 
induction, suspension cultures, direct and indirect somatic embryogenesis, synthetic seed 
production, in vitro flowering, in vitro mutation breeding, protoplast and also somatic 
hybridization process. Some of these techniques would selectively applied to selected 
plants overcome generation incapability of the plants. This in vitro technique is very 
useful in ensuring sustainable, optimized sources of plant-derived natural products. 
However, ex situ cultivation should be preceded by proper evaluation of the plants for 
their ability to produce the required bioactive constituents before commencing cultivation 
or introducing the technology to potential growers. The ability of plants to produce 
certain bioactive substances is largely influenced by physical and chemical environments 
in which they grow. Plants also produce certain chemicals to overcome abiotic stresses. In 
this aspects plant tissue culture developed callus influenced by medium, explants, plant 
growth regulators, color lights, temperature, photoperiod and carbon sources are helpful 
to produce valuable secondary metabolites compounds in many studies [3,4]. Growing a 
plant outside its natural environment under ideal conditions may therefore, result in 
being unable to produce the desired bioactive substances, hence the need for prior 
evaluation. 

4. Research course 

Ornamental plants are used especially as decorative houseplants and for landscaping. 
Ornamental plants are unique for their sheer beauty and variety of leaves. For example 
Begonias,  which have a medicinal value. It is a temperate plant, which is commercially used 
as a flowering pot plant. It does not produced seeds. It is a winter flowering plant and was 
developed from cross between other species of the same family. Begonia plant normally has 
thick, shiny, dark green leaves. Although Begonias can be readily vegetative propagated, 
they are susceptible to many pathogenic bacteria, fungi, and nematodes [5]. Nowadays, the 
seaweed market has grown as predicted with prospects to go even further. Therefore 
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potential improvements introduced through the application on in vitro techniques are 
expected to be even higher.  

Modern techniques of propagation through tissue culture technique have been developed to 
meet the demand of the horticultural industries including nursery industries. For pot plant 
production, the priority is to obtain early, synchronized and profuse flowering, together 
with a compact and homogenous plant size, rather than continuous flowering. For 
ornamental pot plant production to be successful, an efficient method for flower induction 
in small plantlets is thus required.  Thus, the application of plant tissue culture technique is 
always required. The technology is widely applied in both research and development of 
improved crops [6]. Rout et al. reported that about 156 ornamental genera were propagated 
through tissue culture in different commercial laboratories worldwide [7].  

5. Method used 

5.1. Surface sterilization 

Surface of plant parts carry a wide range of microbial contaminants. The presence of any 
contaminant will interfere with the growth of explant or cultures and fungal or bacterial 
explant contamination in plant cultures is usually detectable 1-14 days after culturing. 
Therefore, sterilization or disinfection of tissues is necessary in order to eradicate surface 
microorganism. In order to disinfect plant tissues, 5-50% (v/v) commercial bleach Clorox 
(Sodium hypochlorite), 70% (v/v) alcohol and a few drops of Tween 20 can be used in 
sterilization technique. Pierik et al. had suggested that sterilization plant for a few seconds 
in alcohol is not sufficient to kill all microorganisms and after this they are usually treated 
with sodium hypochlorite [2]. Diluted solution of sodium hypochlorite (0.25-2.63%) (v/v) 
is used as a disinfectant and tween 20 is an emulsifier which is added at the rate of 1 drop 
per 100 ml of solution. The development of techniques for the culture of isolated plant 
organs, tissues and cells have led to several exciting opportunities in the area of plant 
biotechnology, and allowed widespread use of cell culture for in vitro genetic 
manipulation, plant propagation and production of commercially useful products. The 
techniques of cultivating cells and tissues have been referred to sometimes as “aseptic 
culture of plants”.  Therefore, the absence of contaminants is assumed to be a 
fundamental requisite in vitro. Surface sterilization of ornamental plants is difficult as they 
lack a thick protective surface, and therefore sodium hypochlorite and similar agents can 
easily damage the delicate tissues. The scope of these techniques has been extended for 
use in bioprocess technology for production of high value chemicals of immense 
commercial value in the pharmaceutical and nutraceutical sectors [8]. Finally, the 
instruments including forceps and scalpels were sterilized by dipping them into hot bead 
sterilizer at 250ºC and allowed to cool. Glassware, empty test tubes, empty flasks, petri 
dishes, filter paper and distilled water can be sterilized using an autoclave at 121ºC, 105 
kPa, for 20 minutes. The bottles and glassware should not be too tightly packed and their 
tops should be loosen during autoclaving.  
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5.1.1. Explants sterilization procedure 

To initiate cultures, various explants of African violet (Saintpaulia ionantha H. Wendl) were 
excised from 2-month-old intact plants which were grown in greenhouse. The flower buds 
(3-5 mm), leaf (10 x 10 mm), petiole (10 mm) and peduncle (10 mm) were used as explants 
for in vitro studies [9]. In some cases aseptic seedlings need to be used. Seeds of Dianthus 
caryophyllus were washed with chlorox concentration of 70%, 50%, 30%, 20% and 10% (v/v). 
First, the seeds were shaken in 70% chlorox with three drops of tween-20 for 15 minutes. 
They were then washed three times with sterile distilled water. These steps were repeated 
with other concentrations of chlorox. The seeds were cultured into test tubes containing MS 
media without hormone under aseptic condition. The work has to be done under sterile 
conditions. The seeds were germinated in a culture room at the temperature of 25±1 °C with 
16 h light and 8 h dark. The growth was evaluated after 30 days. For tissue culture studies of 
Gerbera jamesonii Bolus ex. Hook f. various explants were obtained from 8-week-old aseptic 
seedlings. Gerbera seeds were first soaked in distilled water for 30 min with addition of 1-2 
drops of Tween-20, followed by 40% (v/v) Sodium hypochlorite solution and gently 
agitated. The seeds were then rinsed 3 times with distilled water and then soaked in 70% 
(v/v) alcohol for 1 min. Finally the seeds were rinsed 3 times with sterile distilled water.  
Sterilized seeds were cultured in MS basal medium [10]. Surface sterilization process for 
seeds of cauliflower (Brassica oleracea var. botrytis) was slightly different; the seeds were 
soaked in distilled water with 1 or 2 drops of Tween-20 for 20 min, followed by 60% (v/v) 
Sodium hypochlorite solution, gently agitated for 15 min. The seeds were then rinsed 3 
times in distilled water, soaked in 70% ethanol (v/v) for 30 sec and rinsed again in 3 changes 
of sterile distilled water prior to culturing in MS basal medium [11]. The conventional 
methods of propagation are problematic due to rapid occurrence of diseases. The 
production of large numbers of genetically homogenous plants is also very difficult. Plant 
cell culture technique is an alternative method for mass cloning of Begonia plants and also 
to overcome the problems occurring in the conventional propagation. The regeneration 
frequency and average number of shoots per explant varied among the cultivars. Shoot tip 
size also plays an important role in shoot regeneration efficiency [7]. Wang and Ma reported 
that shoot tip between 0.2 and 0.5 mm and shoot meristems between 0.1 and 0.2 mm 
diameter produced only a single shoot [12]. The techniques of stimulating axillary branching 
or culturing nodal sections in vitro are probably most commonly used in micropropagation 
[13]. Size of the meristem (both shoot tip and nodal explants) of Floribunda and miniature 
roses had significant effect on shoot multiplication; on an average 2.5-5.0 shoots were 
obtained per culture cycle, dependent on cultivars [14]. Recently, Teixeira de Silva and 
Fukai published a detailed review on tissue culture of chrysanthemum, which highlights 
organogenesis, thin cell layer, and somatic embryogenesis for plant regeneration [15].  

5.1.2. Media and plant growth regulators roles 

MS basal medium [16] was used for these experiments. The constituent of the media was 
adjusted to 1 liter after the sucrose addition and the pH was adjusted to 5.7 prior to the 
adding of 7.0 g agar and 0.1 g charcoal to the media. Media was autoclaved at 121 C 1.5 kpa 
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potential improvements introduced through the application on in vitro techniques are 
expected to be even higher.  

Modern techniques of propagation through tissue culture technique have been developed to 
meet the demand of the horticultural industries including nursery industries. For pot plant 
production, the priority is to obtain early, synchronized and profuse flowering, together 
with a compact and homogenous plant size, rather than continuous flowering. For 
ornamental pot plant production to be successful, an efficient method for flower induction 
in small plantlets is thus required.  Thus, the application of plant tissue culture technique is 
always required. The technology is widely applied in both research and development of 
improved crops [6]. Rout et al. reported that about 156 ornamental genera were propagated 
through tissue culture in different commercial laboratories worldwide [7].  

5. Method used 

5.1. Surface sterilization 

Surface of plant parts carry a wide range of microbial contaminants. The presence of any 
contaminant will interfere with the growth of explant or cultures and fungal or bacterial 
explant contamination in plant cultures is usually detectable 1-14 days after culturing. 
Therefore, sterilization or disinfection of tissues is necessary in order to eradicate surface 
microorganism. In order to disinfect plant tissues, 5-50% (v/v) commercial bleach Clorox 
(Sodium hypochlorite), 70% (v/v) alcohol and a few drops of Tween 20 can be used in 
sterilization technique. Pierik et al. had suggested that sterilization plant for a few seconds 
in alcohol is not sufficient to kill all microorganisms and after this they are usually treated 
with sodium hypochlorite [2]. Diluted solution of sodium hypochlorite (0.25-2.63%) (v/v) 
is used as a disinfectant and tween 20 is an emulsifier which is added at the rate of 1 drop 
per 100 ml of solution. The development of techniques for the culture of isolated plant 
organs, tissues and cells have led to several exciting opportunities in the area of plant 
biotechnology, and allowed widespread use of cell culture for in vitro genetic 
manipulation, plant propagation and production of commercially useful products. The 
techniques of cultivating cells and tissues have been referred to sometimes as “aseptic 
culture of plants”.  Therefore, the absence of contaminants is assumed to be a 
fundamental requisite in vitro. Surface sterilization of ornamental plants is difficult as they 
lack a thick protective surface, and therefore sodium hypochlorite and similar agents can 
easily damage the delicate tissues. The scope of these techniques has been extended for 
use in bioprocess technology for production of high value chemicals of immense 
commercial value in the pharmaceutical and nutraceutical sectors [8]. Finally, the 
instruments including forceps and scalpels were sterilized by dipping them into hot bead 
sterilizer at 250ºC and allowed to cool. Glassware, empty test tubes, empty flasks, petri 
dishes, filter paper and distilled water can be sterilized using an autoclave at 121ºC, 105 
kPa, for 20 minutes. The bottles and glassware should not be too tightly packed and their 
tops should be loosen during autoclaving.  
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5.1.1. Explants sterilization procedure 

To initiate cultures, various explants of African violet (Saintpaulia ionantha H. Wendl) were 
excised from 2-month-old intact plants which were grown in greenhouse. The flower buds 
(3-5 mm), leaf (10 x 10 mm), petiole (10 mm) and peduncle (10 mm) were used as explants 
for in vitro studies [9]. In some cases aseptic seedlings need to be used. Seeds of Dianthus 
caryophyllus were washed with chlorox concentration of 70%, 50%, 30%, 20% and 10% (v/v). 
First, the seeds were shaken in 70% chlorox with three drops of tween-20 for 15 minutes. 
They were then washed three times with sterile distilled water. These steps were repeated 
with other concentrations of chlorox. The seeds were cultured into test tubes containing MS 
media without hormone under aseptic condition. The work has to be done under sterile 
conditions. The seeds were germinated in a culture room at the temperature of 25±1 °C with 
16 h light and 8 h dark. The growth was evaluated after 30 days. For tissue culture studies of 
Gerbera jamesonii Bolus ex. Hook f. various explants were obtained from 8-week-old aseptic 
seedlings. Gerbera seeds were first soaked in distilled water for 30 min with addition of 1-2 
drops of Tween-20, followed by 40% (v/v) Sodium hypochlorite solution and gently 
agitated. The seeds were then rinsed 3 times with distilled water and then soaked in 70% 
(v/v) alcohol for 1 min. Finally the seeds were rinsed 3 times with sterile distilled water.  
Sterilized seeds were cultured in MS basal medium [10]. Surface sterilization process for 
seeds of cauliflower (Brassica oleracea var. botrytis) was slightly different; the seeds were 
soaked in distilled water with 1 or 2 drops of Tween-20 for 20 min, followed by 60% (v/v) 
Sodium hypochlorite solution, gently agitated for 15 min. The seeds were then rinsed 3 
times in distilled water, soaked in 70% ethanol (v/v) for 30 sec and rinsed again in 3 changes 
of sterile distilled water prior to culturing in MS basal medium [11]. The conventional 
methods of propagation are problematic due to rapid occurrence of diseases. The 
production of large numbers of genetically homogenous plants is also very difficult. Plant 
cell culture technique is an alternative method for mass cloning of Begonia plants and also 
to overcome the problems occurring in the conventional propagation. The regeneration 
frequency and average number of shoots per explant varied among the cultivars. Shoot tip 
size also plays an important role in shoot regeneration efficiency [7]. Wang and Ma reported 
that shoot tip between 0.2 and 0.5 mm and shoot meristems between 0.1 and 0.2 mm 
diameter produced only a single shoot [12]. The techniques of stimulating axillary branching 
or culturing nodal sections in vitro are probably most commonly used in micropropagation 
[13]. Size of the meristem (both shoot tip and nodal explants) of Floribunda and miniature 
roses had significant effect on shoot multiplication; on an average 2.5-5.0 shoots were 
obtained per culture cycle, dependent on cultivars [14]. Recently, Teixeira de Silva and 
Fukai published a detailed review on tissue culture of chrysanthemum, which highlights 
organogenesis, thin cell layer, and somatic embryogenesis for plant regeneration [15].  

5.1.2. Media and plant growth regulators roles 

MS basal medium [16] was used for these experiments. The constituent of the media was 
adjusted to 1 liter after the sucrose addition and the pH was adjusted to 5.7 prior to the 
adding of 7.0 g agar and 0.1 g charcoal to the media. Media was autoclaved at 121 C 1.5 kpa 
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for 20 minutes. Media were then dispensed into sterile plastic vials containing 20-25 ml of 
aliquots, inside the laminar air flow cabinet. For culturing of Pereskia grandifolia the axillary 
bud explants were sliced and cultured on MS medium consisted of 0.1-10 mg/l BAP and 30 
mg/l adenine as well as BAP and NAA. Petioles obtained from aseptically grown young 
plantlet of Gerbera jasmesonii were used as source of explants. Leaves and petioles were 
cultured for shoot induction on MS media containing BAP and NAA at various 
concentrations. Plant regeneration from leaf disk callus of Begonia elatior was achieved on 
MS medium supplemented with 1.0 mg/l Kn and 0.1 mg/l zeatin [17]. Liquid medium seems 
to be more effective for shoot regeneration and root induction, which is due to better 
aeration. Simmonds and Werry used liquid medium for enhancing the micropropagation 
profile of Begonia hiemalis [18]. Liquid media have been used for plant cells, somatic embryos 
and cell suspension cultures in either agitated flasks or various types of bioreactors [19-24]. 
Wated et al. compared performance of agar-solidified medium and interfacial membrane 
drafts floating on liquid medium for shoot multiplication and root induction [25]. The 
regenerated shoots were rooted on half-strength MS medium supplemented with 0.1 mg/l 
NAA and 0.2 mg/l Kn. Nearly 300 plantlets of each cultivar were transferred to soil with 
95% survival rate [26]. 

5.1.3. Active chemical roles 

During in vitro conditions, plantlets are grown under fixed and controlled environment in 
sterile formulated medium which contained macronutrients, micronutrients, vitamins and 
plant growth regulators. When explants are first placed onto a nutrient medium, there is 
often an initial leakage of ions from damaged cells, especially metallic cations (Na+, Ca2+, K+, 
Mg2+) for the 1-2 days, so that the concentration in the plant tissues actually decreases [27]. 
Cells then commence active absorption and the internal concentration slowly rises.  
Phosphate and nitrogen (particularly ammonium) are absorbed more rapidly than other 
ions.  Both growth and morphogenesis in tissues cultures are markedly influenced by the 
availability of nitrogen and the form in which it is presented [28]. Chemical and substances 
are synthesized in particular cells and are transferred to other cells, which in extremely 
small quantities influence the development process. The plant growth regulators are 
implicated in many biological processes in ornamental plants, including cell division, root 
and floral initiation, fruit development, senescence and abiotic stress responses.  

The rooting efficiency enhanced by addition of 0.05% Poly vinyl pyrrolidone (PVP) in the 
culture medium containing 0.5 mg/l IBA [29]. The addition of PVP helps in oxidizing 
polyphenols leached in the medium, and promotes high rate of organogenesis. Dijkshoorn-
Dekker studied the influence of light and temperature on propagation profile of Ficus 
benjamina [30]. Propagation of different Ficus species by using shoot tips or axillary bud 
explants had been reported [29,31-34]. In the most cases, shoots were rooted in hormone free 
medium. Both orientation of the petiole explants and auxin transport system are crucial 
factors for the induction of somatic embryogenesis of Saintpaulia [35], and TDZ helped in the 
development of somatic embryos. Winkelmann et al. used cell suspension culture of 
Cyclamen for rapid development of somatic embryos [36], and later on followed by Hohe et 
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al. [37], who developed a large scale propagation system of Cyclamen from embryogenic cell 
suspension cultures. Kumari et al. developed an efficient protocol for micropropagation of 
Chrysanthemum on MS medium supplemented with 1.0-2.5 μM TDZ [38]. Castillo and Smith 
induced direct somatic embryogenesis from petiole and leaf blade explants of Begonia gracilis 
on MS medium supplemented with 0.5 mg/l kinetin and 2% (v/v) coconut water [5]. Kim et 
al. established a large-scale propagation of chrysanthemum through bioreactor system, and 
obtained 5000 plantlets after 12 weeks of culture in 10±l column type bioreactor [39]. 

6. Results 

6.1. Micropropagation 

In vitro propagation through meristem culture is the best possible means of virus 
elimination and produces a large numbers of plants in a short span of time. It is a powerful 
tool for large-scale propagation of ornamental plants. The term ‘meristem culture’ specially 
means that a meristem with no leaf primordial or at most 1-2 leaf primordial which are 
excised and cultured. The pathway of regeneration undergoes several steps. Starting with an 
isolated explant, with de-differentiation followed by re-differentiation and organization into 
meristematic centers. More than 600 million micropropagated plants are produced every 
year in the world [40]. Micropropagation is one of the few areas of plant tissue culture in 
which the techniques have been applied commercially. To circumvent these impediments, 
clonal or vegetative propagation has been deployed for recovering dominant, additive and 
epistatic genetic effects to select superior genotypes. Plant tissue culture methods offer an 
important option for effective multiplication and improvement of ornamental plants within 
a limited time frame. 

6.1.1. Gerbera jamesonii 

Gerbera jamesonii is an ornamental flowering perennial belonging to the Asteraceae family. 
This plant is very well known to be planted as cut flowers, bedding plant and also pot crops. 
The in vitro shoots were successfully obtained in petiole explants of Gerbera jamesonii  
[10]. The adventitious shoots were observed on MS medium supplemented with BA (1.0 
mg/l) and NAA (0.5 mg/l). The developed shoots were subcultured every two week interval 
for shoot elongation. The elongated shoots were transferred for rooting on MS media with 
IAA (2.0 mg/l). The developed plantlets were maintained in the following acclimatization 
conditions : the garden soil (black soil: red soil, 2:1) which gave best result with 86.0 ± 0.9% 
survival rates, followed by vermiculite with 73 ±1.3% survival rates. In this study, plantlets 
established from in vitro regeneration of Gerbera jamesonii were morphologically identical to 
the mother plant and developed normally and produced flowers after 6 months being 
transplanted to the greenhouse [41,42]. 

6.1.1.1. Multiple shoots induction 

Leaf and petiole explants were cultured on MS medium for shoot induction containing BAP 
(0.5-2.0 mg/l) and NAA (0.5-1.0 mg/l). Normal adventitious shoots of Gerbera jamesonii were 
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for 20 minutes. Media were then dispensed into sterile plastic vials containing 20-25 ml of 
aliquots, inside the laminar air flow cabinet. For culturing of Pereskia grandifolia the axillary 
bud explants were sliced and cultured on MS medium consisted of 0.1-10 mg/l BAP and 30 
mg/l adenine as well as BAP and NAA. Petioles obtained from aseptically grown young 
plantlet of Gerbera jasmesonii were used as source of explants. Leaves and petioles were 
cultured for shoot induction on MS media containing BAP and NAA at various 
concentrations. Plant regeneration from leaf disk callus of Begonia elatior was achieved on 
MS medium supplemented with 1.0 mg/l Kn and 0.1 mg/l zeatin [17]. Liquid medium seems 
to be more effective for shoot regeneration and root induction, which is due to better 
aeration. Simmonds and Werry used liquid medium for enhancing the micropropagation 
profile of Begonia hiemalis [18]. Liquid media have been used for plant cells, somatic embryos 
and cell suspension cultures in either agitated flasks or various types of bioreactors [19-24]. 
Wated et al. compared performance of agar-solidified medium and interfacial membrane 
drafts floating on liquid medium for shoot multiplication and root induction [25]. The 
regenerated shoots were rooted on half-strength MS medium supplemented with 0.1 mg/l 
NAA and 0.2 mg/l Kn. Nearly 300 plantlets of each cultivar were transferred to soil with 
95% survival rate [26]. 

5.1.3. Active chemical roles 

During in vitro conditions, plantlets are grown under fixed and controlled environment in 
sterile formulated medium which contained macronutrients, micronutrients, vitamins and 
plant growth regulators. When explants are first placed onto a nutrient medium, there is 
often an initial leakage of ions from damaged cells, especially metallic cations (Na+, Ca2+, K+, 
Mg2+) for the 1-2 days, so that the concentration in the plant tissues actually decreases [27]. 
Cells then commence active absorption and the internal concentration slowly rises.  
Phosphate and nitrogen (particularly ammonium) are absorbed more rapidly than other 
ions.  Both growth and morphogenesis in tissues cultures are markedly influenced by the 
availability of nitrogen and the form in which it is presented [28]. Chemical and substances 
are synthesized in particular cells and are transferred to other cells, which in extremely 
small quantities influence the development process. The plant growth regulators are 
implicated in many biological processes in ornamental plants, including cell division, root 
and floral initiation, fruit development, senescence and abiotic stress responses.  

The rooting efficiency enhanced by addition of 0.05% Poly vinyl pyrrolidone (PVP) in the 
culture medium containing 0.5 mg/l IBA [29]. The addition of PVP helps in oxidizing 
polyphenols leached in the medium, and promotes high rate of organogenesis. Dijkshoorn-
Dekker studied the influence of light and temperature on propagation profile of Ficus 
benjamina [30]. Propagation of different Ficus species by using shoot tips or axillary bud 
explants had been reported [29,31-34]. In the most cases, shoots were rooted in hormone free 
medium. Both orientation of the petiole explants and auxin transport system are crucial 
factors for the induction of somatic embryogenesis of Saintpaulia [35], and TDZ helped in the 
development of somatic embryos. Winkelmann et al. used cell suspension culture of 
Cyclamen for rapid development of somatic embryos [36], and later on followed by Hohe et 
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al. [37], who developed a large scale propagation system of Cyclamen from embryogenic cell 
suspension cultures. Kumari et al. developed an efficient protocol for micropropagation of 
Chrysanthemum on MS medium supplemented with 1.0-2.5 μM TDZ [38]. Castillo and Smith 
induced direct somatic embryogenesis from petiole and leaf blade explants of Begonia gracilis 
on MS medium supplemented with 0.5 mg/l kinetin and 2% (v/v) coconut water [5]. Kim et 
al. established a large-scale propagation of chrysanthemum through bioreactor system, and 
obtained 5000 plantlets after 12 weeks of culture in 10±l column type bioreactor [39]. 

6. Results 

6.1. Micropropagation 

In vitro propagation through meristem culture is the best possible means of virus 
elimination and produces a large numbers of plants in a short span of time. It is a powerful 
tool for large-scale propagation of ornamental plants. The term ‘meristem culture’ specially 
means that a meristem with no leaf primordial or at most 1-2 leaf primordial which are 
excised and cultured. The pathway of regeneration undergoes several steps. Starting with an 
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which the techniques have been applied commercially. To circumvent these impediments, 
clonal or vegetative propagation has been deployed for recovering dominant, additive and 
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a limited time frame. 

6.1.1. Gerbera jamesonii 

Gerbera jamesonii is an ornamental flowering perennial belonging to the Asteraceae family. 
This plant is very well known to be planted as cut flowers, bedding plant and also pot crops. 
The in vitro shoots were successfully obtained in petiole explants of Gerbera jamesonii  
[10]. The adventitious shoots were observed on MS medium supplemented with BA (1.0 
mg/l) and NAA (0.5 mg/l). The developed shoots were subcultured every two week interval 
for shoot elongation. The elongated shoots were transferred for rooting on MS media with 
IAA (2.0 mg/l). The developed plantlets were maintained in the following acclimatization 
conditions : the garden soil (black soil: red soil, 2:1) which gave best result with 86.0 ± 0.9% 
survival rates, followed by vermiculite with 73 ±1.3% survival rates. In this study, plantlets 
established from in vitro regeneration of Gerbera jamesonii were morphologically identical to 
the mother plant and developed normally and produced flowers after 6 months being 
transplanted to the greenhouse [41,42]. 

6.1.1.1. Multiple shoots induction 

Leaf and petiole explants were cultured on MS medium for shoot induction containing BAP 
(0.5-2.0 mg/l) and NAA (0.5-1.0 mg/l). Normal adventitious shoots of Gerbera jamesonii were 
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successively obtained from petiole explants cultured on MS medium supplemented with 
BAP (2.0 mg/l) and NAA (0.5 mg/l) with 94.3% regeneration rate and 9.3 shoots per explant, 
followed by BAP (1.5 mg/l) and NAA (1.0 mg/l) with 83.1% regeneration rates and 8.3 shoots 
per explant. Pierik et al. stated that the addition of strong auxin such as NAA in 
combination with BAP promoted shoots induction in plant tissue culture [2]. In this study, 
higher concentration of auxin, NAA (2.0 mg/l) in combination with lower concentration of 
BAP (1.0 mg/l) showed the lowest shoots regeneration rates (4.6) with the lowest number of 
shoots (1.6). Son et al. investigated the micropropagation of different plant varieties using 
the plant buds as explants [43]. They found that the best hormone combination for the in 
vitro initiation of Gerbera jamesonii shoots was 3 mg/l BAP + 0.1 mg/l IAA producing 11.29 
number of shoots per explant on MS medium. 

6.1.1.2. Rooting and hardening 

The induced shoots were best rooted on MS media supplemented with BAP (0.1 mg/l) with 
frequency of 73.7%  and 22.1 roots per explant, while Son et. al.[43] found that MS medium 
supplemented with 2.0 mg/l NAA was the best medium for in vitro rooting of the shoots 
(94.0%). The developed plantlets were maintained in the following acclimatization 
conditions: the garden soil (black soil: red soil, 2:1) which gave the best results with 86.0 % 
survival rates, followed by vermiculite with 73% survival rates. The regenerated plantlets 
failed to survive, when they were cultured in the autoclaved garden soil (black soil: red soil, 
2:1). The plantlets established from in vitro regeneration of Gerbera jamesonii were 
morphologically identical to the mother plant and developed normally and also produced 
flowers after 6 months being transplanted to the greenhouse.  

6.1.2. Pereskia grandifolia Haworth var. grandifolia 

A protocol for an in vitro propagation was developed for the ornamental plant Pereskia 
grandifolia Haworth var. grandifolia from axillary bud explants. Optimum multiplication of 
shoots was achieved on MS [16] medium supplemented with 3.0 mg/l BAP and 30.0 mg/l 
adenine. Plants were maintained in vitro on MS medium while callus were induced on MS 
basal medium supplemented with the combination of 5.0 mg/l BAP and 5.0 mg/l NAA. The 
somatic embryogenic callus of the plant species was induced by Chuah and Chan on B5 
medium supplemented with 6.0 mg/l 2, 4-D [44,45]. 

6.2. Organogenesis 

Regeneration in plant tissue culture will be successful by maintaining various factors 
involved, including media factors and environmental factors. The media factors include 
media constituents, macronutrients, micronutrients, vitamins, amino acids, carbon source, 
complex nutritive mixtures, gelling agents, activated charcoal, plant growth regulators and 
pH of the medium. Environmental factors on the other hand are the culture conditions 
under which explants are maintained. The environmental factors involved include the 
temperature and illumination of the culture room, agitation process and incubation period 
of the cultures [4]. For the initiation of callus culture, the following factors are important-: 
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the origin of explants used for the establishment of callus culture, the cellular/tissue 
differentiation status, external plant growth regulators, culture media and culture 
conditions [46]. Cellular competence to plant hormones is understood as the status in which 
a cell must possess the ability to perceive a transducer and respond to a signal [47]. 
Organogenesis refers to the formation of shoots/roots. The callus may remain in a 
differentiated condition regardless of the hormones and nutrients to which it is exposed the 
secondary metabolites and these metabolites have biological activity [48-50]. Organ 
formation generally follows cessation of unlimited proliferation of callus. Individual cells or 
group of cells of smaller dimensions may form small nets of cells scattered throughout the 
callus tissue, the so-called meristemoids. These meristemoids become transformed into 
cyclic nodules from which shoot bud or root primordia may grow as shoots/roots. Shoot 
bud formation may decrease with age and subculture duration of the callus tissue but the 
capacity of rooting may persist for longer period. In some calli, rooting occurs more often 
than in other forms of organogenesis. During organogenesis, if the roots are first formed, 
then it is very difficult to induce adventitious shoot bud formation from the same callus 
tissue. If the shoots are first formed, it may form roots later on or may remain in rootless 
condition unless and until the shoots are transformed to another medium or hormone less 
medium or conditions that induce root formation. In certain cases root and shoot formation 
may occur simultaneously, but organ connection (vascular connection) between root and 
shoot primordial is essential for the regeneration of complete plantlet from the culture. 
Shoot formation followed by rooting is the general feature of organogenesis. The color of 
callus tissue may remain unchanged during rhizogenesis or may develop yellow 
pigmentation. During shoot bud formation, the callus tissue generally develops green or 
pale green pigmentation. Organogenesis is a process by which a cell or group of cells 
differentiate to form organs. It is the reflection of the intrinsic genetic constitution of a taxon 
[51]. Since recovery of plants is the usual objective, regeneration of shoots is of greater 
interest. Organogenesis is commonly induced by manipulation of exogenous phytohormone 
levels and occurs either directly from explant tissue or through callus. 

6.2.1. Saintpaulia ionantha  

Saintpaulia ionantha known worldwide as African violet belongs to the family Gesneriaceae. 
African violet is one of the most popular ornamental plants. The complete plant 
regeneration was obtained from leaf, petiole, peduncle and floral parts of the plant. For 
shoot regeneration MS medium supplemented with IAA (1.0 mg/l) with Zeatin (2.0 mg/l). 
The developed plantlets were transferred for acclimatization, whereby in vitro plantlets were 
transferred into planting pots containing mixed soil, which is a mixture of compost, sand 
and black soil with the ratio of 1:1:2. The morphological characters were compared to the 
mother plants [52]. 

6.2.2. Somatic embryogenesis 

The commercial exploitation of the ornamental plants for the production and conventional 
propagation is hampered due to their poor seed viability, low rate of germination and poor 
rooting ability of the vegetative cuttings. Somatic embryogenesis is an alternative method. 
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frequency of 73.7%  and 22.1 roots per explant, while Son et. al.[43] found that MS medium 
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A protocol for an in vitro propagation was developed for the ornamental plant Pereskia 
grandifolia Haworth var. grandifolia from axillary bud explants. Optimum multiplication of 
shoots was achieved on MS [16] medium supplemented with 3.0 mg/l BAP and 30.0 mg/l 
adenine. Plants were maintained in vitro on MS medium while callus were induced on MS 
basal medium supplemented with the combination of 5.0 mg/l BAP and 5.0 mg/l NAA. The 
somatic embryogenic callus of the plant species was induced by Chuah and Chan on B5 
medium supplemented with 6.0 mg/l 2, 4-D [44,45]. 
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Regeneration in plant tissue culture will be successful by maintaining various factors 
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media constituents, macronutrients, micronutrients, vitamins, amino acids, carbon source, 
complex nutritive mixtures, gelling agents, activated charcoal, plant growth regulators and 
pH of the medium. Environmental factors on the other hand are the culture conditions 
under which explants are maintained. The environmental factors involved include the 
temperature and illumination of the culture room, agitation process and incubation period 
of the cultures [4]. For the initiation of callus culture, the following factors are important-: 
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the origin of explants used for the establishment of callus culture, the cellular/tissue 
differentiation status, external plant growth regulators, culture media and culture 
conditions [46]. Cellular competence to plant hormones is understood as the status in which 
a cell must possess the ability to perceive a transducer and respond to a signal [47]. 
Organogenesis refers to the formation of shoots/roots. The callus may remain in a 
differentiated condition regardless of the hormones and nutrients to which it is exposed the 
secondary metabolites and these metabolites have biological activity [48-50]. Organ 
formation generally follows cessation of unlimited proliferation of callus. Individual cells or 
group of cells of smaller dimensions may form small nets of cells scattered throughout the 
callus tissue, the so-called meristemoids. These meristemoids become transformed into 
cyclic nodules from which shoot bud or root primordia may grow as shoots/roots. Shoot 
bud formation may decrease with age and subculture duration of the callus tissue but the 
capacity of rooting may persist for longer period. In some calli, rooting occurs more often 
than in other forms of organogenesis. During organogenesis, if the roots are first formed, 
then it is very difficult to induce adventitious shoot bud formation from the same callus 
tissue. If the shoots are first formed, it may form roots later on or may remain in rootless 
condition unless and until the shoots are transformed to another medium or hormone less 
medium or conditions that induce root formation. In certain cases root and shoot formation 
may occur simultaneously, but organ connection (vascular connection) between root and 
shoot primordial is essential for the regeneration of complete plantlet from the culture. 
Shoot formation followed by rooting is the general feature of organogenesis. The color of 
callus tissue may remain unchanged during rhizogenesis or may develop yellow 
pigmentation. During shoot bud formation, the callus tissue generally develops green or 
pale green pigmentation. Organogenesis is a process by which a cell or group of cells 
differentiate to form organs. It is the reflection of the intrinsic genetic constitution of a taxon 
[51]. Since recovery of plants is the usual objective, regeneration of shoots is of greater 
interest. Organogenesis is commonly induced by manipulation of exogenous phytohormone 
levels and occurs either directly from explant tissue or through callus. 

6.2.1. Saintpaulia ionantha  

Saintpaulia ionantha known worldwide as African violet belongs to the family Gesneriaceae. 
African violet is one of the most popular ornamental plants. The complete plant 
regeneration was obtained from leaf, petiole, peduncle and floral parts of the plant. For 
shoot regeneration MS medium supplemented with IAA (1.0 mg/l) with Zeatin (2.0 mg/l). 
The developed plantlets were transferred for acclimatization, whereby in vitro plantlets were 
transferred into planting pots containing mixed soil, which is a mixture of compost, sand 
and black soil with the ratio of 1:1:2. The morphological characters were compared to the 
mother plants [52]. 

6.2.2. Somatic embryogenesis 

The commercial exploitation of the ornamental plants for the production and conventional 
propagation is hampered due to their poor seed viability, low rate of germination and poor 
rooting ability of the vegetative cuttings. Somatic embryogenesis is an alternative method. 
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However, there is lack of information for the embryo induction process [53]. The aim or 
work was to study the germination capability and development of somatic embryos (SEs) 
from ornamental plants. A sustainable plant regeneration system in vitro through somatic 
embryos from mature sexual embryos has been reported in Clitoria ternatea. Somatic 
embryos developed through callus from seedling roots on hormone-free MS medium 
(MS1). Addition of growth hormones, Kn 0.5 mg/l (MS2) or Kn +IAA 0.5 mg/l of each (MS3) 
induced direct somatic embryos, in high frequency, on split root and hypocotyl systems. 
The embryogenic potential varied with the organ, roots or hypocotyls, and also with the 
medium. The morphogenetic capacity of the somatic embryos is retained for more than 2 
years by sub-culturing at intervals of 4 weeks on MS3 in complete darkness. Somatic 
embryos, under the appropriate subculture conditions (16 h light/8 h dark photoperiod at 
24± 1 °C on media MS3, MS4 and MS5), resulted in recurrent-somatic embryogenesis and 
was profuse at the shoot and root apices of the somatic embryos. Mature somatic embryos 
were transplanted to MS1 to stimulate germination and plantlet regeneration. Plantlets, 
developed from primary and secondary embryos on MS1 were successfully hardened and 
grown in natural outdoor conditions. The morphology and histology of the 
somatic embryo and plantlet and the culture conditions for continuous production of 
plantlets through direct somatic embryogenesis are discussed. In our laboratory, plant 
regeneration of Clitoria ternatea was reported from leaf explants cultured on DKW (Driver 
and Kuniyuki) medium supplemented with various concentrations of NAA and BAP 
[54]. 

Embryogenic callus was induced from leaf explants of Gerbera jamesonii Bolus ex. Hook f. in 
cell suspension cultures. A cream friable embryogenic callus was formed within two weeks 
when leaf explants were cultured on MS medium containing 2,4-D. hormone (1.0 to 2.0 
mg/l). A hundred percent (100%) induction frequency was obtained  in 2,4-D concentration 
range of 1.7-2.0 mg/l. While maximum percentage response for somatic embryos induction 
(64.56%) from callus clumps was obtained on MS medium fortified with BAP (0.5 mg/1) and 
NAA (1.0 mg/1) by Ranjan and Gaurav [27]. For proliferation, embryogenic callus was 
transferred to MS liquid medium containing the same hormone; 2,4-D with a small amount 
of  NAA and subcultured at 2 weeks interval. Induction of somatic embryos different stages 
(globular, heart and torpedo) were observed after 2 weeks of culture. Somatic embryos were 
developed in MS suspension medium containing 1.0 to 2.0 mg/l 2,4-D with 0.1 or 1.0 mg/l 
NAA and the globular embryos were further differentiated into the cotyledonary phase 
embryos. The addition of 5.0 mg/l amino acids (L-glutamine or L-proline) to the culture 
media, in the range of the tested medium condition,  yielded  higher enhancement of the 
embryo growth and development. Transfering of individual embryos onto a fresh basal MS 
medium without plant growth regulators enabled the achievement of complete maturation. 
Relatively, only a small number of the induced embryos developed shoots and roots when 
they were transferred to MS medium supplemented with 2.0 mg/l BAP and 0.5 mg/l NAA in 
addition of 3% (w/v) sucrose and 0.8% (w/v) agar. Nearly, 11% of somatic embryos were 
able to be converted to fertile plants. This  similar result was supported by other authors 
[3,55]. 
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6.2.3. Dianthus caryophyllus  

The in vitro regeneration of the carnation plant species was established from aseptic shoots 
produced from surface sterilized seeds grown in basal MS medium. High percentage of 
grown seeds was obtained (50-90%) after 3 weeks of culturing the seeds. All the plantlets 
were rooted efficiently on the multiplication MS medium without hormone 
supplementation. This may be due to the presence of endogenous auxins which causes 
rooting as it was stated by Mosleh et al. [56]. After 4 weeks, full grown plantlets were 
transferred to sterile soil at ratio of 1:1:1 for garden soil, sand and loam for acclimatization 
process. They were maintained in the culture room at 25±1°C with 16 hours light and 8 
hours dark planted in pots and covered with polystyrene plastic bags. The growth was 
encouraging and after 4 weeks in the culture room, well grown and healthy plantlets were 
transferred to the greenhouse. Survival rate of the acclimatized plantlets was 78% and it 
showed that the most of the plantlets successfully survived after transferred to the 
greenhouse. Best response for hardening of the plant species was also obtained by Aamir et 
al. [57] (95%) in mixture containing sand, peat and soil (1:1:1) under natural light conditions 
[58]. 

6.2.4. Saintpaulia  ionantha  

The complete plant regeneration was obtained from leaf, petiole, peduncle and floral parts 
of the plant. For shoot regeneration, MS medium supplemented with IAA (1.0 mg/l) and 
Zeatin (2.0 mg/l) induced the highest number of shoots (15.0) in 8 weeks. While shoots 
regeneration and multiplication obtained from the same plant by Azura et al. [59] with 
maximum induction rate on MS medium supplemented with 3.0 mg/l BAP and 1.0 mg/l of 
NAA. It was reported by Hasbullah et al. [10] that a good combination of cytokinins and 
auxin in the plant culture medium enhanced good shoot formation and plantlet 
regeneration. Most of the developed plantlets were hardened (84%) and acclimatized in the 
greenhouse by transferring the plantlets into planting pots containing mixed soil, which is a 
mixture of compost, sand and black soil with the ratio of 1:1:2. Meanwhile, Khan et al. found 
that among the different potting mixes used for the acclimatization of rooted plantlets, 100% 
sand was found to be the best [59]. 

However, the obtained new plants failed to flower even after twelve months from planting. 
The morphological characters of these plantlets were compared to those of the mother 
plants. They were found to be different in some of their morphological characters such as 
plant height, leaf size and leaf texture and showed similarity in leaf arrangement and leaf 
margin and they showed unstable morphological characters. But variations in flowering 
period, number of flowers per plant and flower morphology were observed by Jain  [17] in 
the plants directly regenerated from leaf disk explants. So, he concluded that the cytokinins, 
benzylaminopurine and zeatin tested in the culture medium did not affect the basic plant 
characteristics including flower colour which remained stable in both species. An attempt to 
induce in vitro flowering from african violet was also reported by Daud and Taha [9]. They 
found that the floral buds were formed in vitro with sepal (calyx) and petal (corolla) but did 
not show any formation of reproductive organs (stamens or pistils). 
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6.3. Acclimatization  

Acclimatization process were carried out while the plants still under in vitro condition. A 
few days before the process was to be carried out, the cover of test tube was removed. With 
the relative humidity at 50-70% in the culture room, this will increase the epicuticular wax 
development on the upper leaf surfaces of the plantlets and their survival rate rose from 70 
to 90% [60]. The plantlets were exposed to the normal environment in stages as they will 
wilt due to rapid changes of relative humidity and light intensity. In vitro plantlets that 
reached 3-5 cm height were taken out from culture tubes and the excess media were rinsed 
to avoid contamination. They were then put into plastic pots and planted out in soil at a 
ratio of 1:1:1 for garden soil, sand and loam. There were 3 types of treatments which were 
carried out: 

1. Plantlets were planted in a pot and placed a beaker to cover it up. 
2. Plantlets were planted in a pot and put in Mistifier device. 
3. Plantlets were planted in a pot and covered with transparent plastic lid. 

For acclimatization purpose of (Saintpaulia ionantha), various substrates were used, such as 
autoclaved mixed soil (compost, sand, and black soil in the ratio 1:1:2) and non-autoclaved 
mixed soil. The regenerated plants must reach 4-5 cm before transferring them into pots of 
mixed soil. After transplanting, the plantlets were watered regularly to prevent from drying. 
For the first 3 weeks the regenerated plants were maintained in the culture room at 25±2 °C. 
Gamma irradiations of 10-60 gray were also tested on the regenerated plants to induce 
flowering and also to observe the effect of radiation on the plantlets. Successful 
micropropagation of plants which can survive under the natural environmental conditions 
depends on acclimatization process. Most species grown in vitro required an acclimatization 
process in order to ensure that sufficient number of plants can survive and grow vigorously 
after being transferred to ex vivo soil. The excess media was cleaned from the roots and the 
plants were transplanted in an adequate substrate such as peat or soil. Plantlets were 
maintained in a confined environment temporarily before they can be adapted progressively 
in typical environment within drier air, high light intensity and temperature variations.    

6.4. Antimicrobial studies 

To determine the antimicrobial activity, Pereskia grandifolia fresh leaves (300 g) were dried in 
oven (30-35 °C) for about 5-7 days. Dried leaves were crushed and ground using mortar and 
pestle in the laboratory. The final weights of the dried powdered materials were 35 g. The 
leaf powder was extracted with methanol as a solvent. Extracts were filtered and 
concentrated to dryness using a rotary evaporator. Extract was then ready for the 
antimicrobials tests. The same procedure was done with aseptic callus to obtain the extract 
of callus. The antimicrobial screening battery consisted of: gram positive bacterium, Bacillus 
subtilis, Staphylococcus aureus; gram negative bacteria, Escherichia coli, Proteus mirabilis, 
Proteus vulgaris, Klebsiella pneumoniae and Pseudomonas aeruginosa; and Fungi, Candida 
albicans, Microsporium cants, Trichophyton rubrum, Trichophyton mentagrophyte and Aspergillus 
niger. The antimicrobials tests were done using standard microbial test culture.  
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6.4.1. Media for microbial cultivation and maintenance  

Meuller Hinton agar, Meuller Hinton Broth, Sabouraud Dextrose Agar (Difco) and 
Sabouraud Dextrose Broth (Difco) culture media were used. Each medium was prepared to 
manufacturers` specification and adjusted to the appropriate pH before sterilized by 
autoclaving at 121 C for 15 minutes. About 20 ml sterile agar media were poured into petri 
dishes and let to solidify at a slanted position in Universal bottles. Broth or liquid media 
were distributed into final containers before autoclaving. Antioxidant and antibacterial 
activities of ethanolic extracts of Asparagus officinalis cv. Mary Washington grown in vivo and 
in vitro were compared in our laboratory [61]. Although no antibacterial activity was 
detected from both in vivo and in vitro grown plant extracts in the disc diffusion 
antimicrobial assay, ethanolic extract of A. officinalis offered antibacterial activity against 
Bacillus cereus (Table 2; Figure 1). 

Plant name 
Inhibition Zone of Tested Bactria (mm) 

E.c. P.a. S.a. B.c. 

Zizyphus jujube - 0.67±0.29 0.5±0.0 - 
Thymus vulgaris L. 0.93±0.12 0.5±0.0 2.33±0.58 1.17±0.29 
Carum carvi L. - 0.5±0.0 0.83±0.29 - 
Teucrium polium L. - 0.5±0.0 1.0±0.0 - 
Althaea officinalis L. - 0.5±0.0 1.5±0.5 - 
Borage officinalis L - - - - 
Tetracycline (30μg) 13±0.1 2.97±0.06 12.97±0.06 8.07±0.12 

Table 1. Inhibition effect of 100 mg/ml of ethanolic extracts of some ornamental plants against the 
growth of four pathogenic bacteria. 

 
B.c: Bacillus cereus; P.a: Pseudomonas aeruginosa 

Figure 1. Comparison of antibacterial activity of in vitro, in vivo and callus extracts of Asparagus officinalis  
against  Bacillus cerus  and Pseudomonas aeruginosa, using agar diffusion method 
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6.3. Acclimatization  
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depends on acclimatization process. Most species grown in vitro required an acclimatization 
process in order to ensure that sufficient number of plants can survive and grow vigorously 
after being transferred to ex vivo soil. The excess media was cleaned from the roots and the 
plants were transplanted in an adequate substrate such as peat or soil. Plantlets were 
maintained in a confined environment temporarily before they can be adapted progressively 
in typical environment within drier air, high light intensity and temperature variations.    

6.4. Antimicrobial studies 

To determine the antimicrobial activity, Pereskia grandifolia fresh leaves (300 g) were dried in 
oven (30-35 °C) for about 5-7 days. Dried leaves were crushed and ground using mortar and 
pestle in the laboratory. The final weights of the dried powdered materials were 35 g. The 
leaf powder was extracted with methanol as a solvent. Extracts were filtered and 
concentrated to dryness using a rotary evaporator. Extract was then ready for the 
antimicrobials tests. The same procedure was done with aseptic callus to obtain the extract 
of callus. The antimicrobial screening battery consisted of: gram positive bacterium, Bacillus 
subtilis, Staphylococcus aureus; gram negative bacteria, Escherichia coli, Proteus mirabilis, 
Proteus vulgaris, Klebsiella pneumoniae and Pseudomonas aeruginosa; and Fungi, Candida 
albicans, Microsporium cants, Trichophyton rubrum, Trichophyton mentagrophyte and Aspergillus 
niger. The antimicrobials tests were done using standard microbial test culture.  
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detected from both in vivo and in vitro grown plant extracts in the disc diffusion 
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Figure 1. Comparison of antibacterial activity of in vitro, in vivo and callus extracts of Asparagus officinalis  
against  Bacillus cerus  and Pseudomonas aeruginosa, using agar diffusion method 
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Bacteria 
Inhibition Zone (mm)

In Vivo 
Plant 

In Vitro 
Plant 

Callus Tetracycline 
(30 µg) 

Escherichia coli -b -b -b 42 ± 3.00a 
Staphylococcus aureus -b -b -b 20 ± 2.64a 
Pseudomonas aeruginosa -b -b -b 11 ± 2.00a 
Bacillus cereus -c -c 12 ± 1.00b 40 ± 3.60a 

-: No inhibition; The data were analyzed by one-way ANOVA and the inhibition means of samples were compared 
using Duncan’s Multiple Comparison Test (DMCT). Mean of different samples labeled with different letters are 
significantly different in each row (p < 0.05). 

Table 2. Inhibition effect of 100 mg/ml of Asparagus officinalis ethanolic extracts (in vivo plant, in vitro 
plant and callus) against the growth of four pathogenic bacteria 

6.4.2. Inoculums for antimicrobial testing 

Cultures of fungi and bacteria grown in Mueller Hinton Broth and Sabouraud Dextrose 
Broth for 18 hours, respectively, were standardized to an optical density of 1 at 600 nm 
(OD600 = 1) using NOVASPEC II Visible Spectrophotometer. The density was adjusted by 
adding sterile broth to the cultures. The concentrations of the resultant suspensions of fungi, 
bacteria and yeasts were approximately 108 cells/ml and 107 cells/ml, respectively [62]. The 
fungi and bacteria suspensions were prepared immediately before carrying out the 
antimicrobial assay. Conidial suspensions of the test fungi were prepared by pouring 20 ml 
broth containing 1 drop Tween 80 (Sigma P-8074), into 3-days-old cultures of Aspergillus 
species or 2-week-old culture of Trichophyton mentagraphytes. The culture of Aspergillus 
species and Trichophyton mentagraphytes were grown on Sabouraud Dextrose Agar slants at 
37 C and 27 C, respectively. After homogenizing with glass beads, the concentrations of 
the resultant conidial suspensions of Aspergillus species and Trichophyton mentagraphytes 
were adjusted to 106 conidia/ml and 108 conidia/ml, respectively by using haemocytometer.  

6.4.3. Semi-quantitative antimicrobial activity test 

According to paper-disk Diffusion assay method, the suspension culture of fungi and 
bacteria were diluted to the final concentrations of approximately 106 cells/ml and 105 
cells/ml, respectively. The bacterial suspensions were evenly spread on the surface of 4 mm 
thickness of Meuller Hinton Agar (MHA) plate and the fungi suspensions on Dextrose 
Sabouraud Agar (DSA) plates. Sterile cotton swabs were used to produce uniform growth of 
organism. Methanol (MeOH) extracts of the leaves (in vivo) and callus (in vitro) of Pereskia 
grandifolia were used as test extracts. These extracts were dissolved in methanol and applied 
to filter disks (Whatman No 1, 6 mm in diameter), at the concentrations of 100, 200, 400 and 
800 mg/ml for fungi, yeasts and antibacterial screening. After evaporation of the solvent, the 
disks were placed in a good contact on the seeded agar plates. Chloramphenicol and 5-
fluorocytosine (SIGMA F-7129) at the concentrations of the 1.0 mg/ml were used as positive 
controls for antifungal and antibacterial, respectively. Saturated filter paper disk of 
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methanol (MeOH) as blank disks were used as negative controls. Incubation of bacteria and 
fungi were done at 37°C for 24 hrs. Each extract and control was employed in triplicate for 
each organism. Diameters of clear zones produced around the disks (if present) were 
measured after the incubation time. This study showed that the antioxidant and 
antimicrobial activities showed that these bioactivities differ between in vitro and in vivo 
grown plants. Total antioxidant capacity of in vivo grown plant was higher than in vitro 
grown plant, while the only antimicrobial activity was obtained from in vitro callus tissue 
against ornamental plants. Some phytochemical studies are required to investigate the 
production of antioxidant and antimicrobial compounds in differentiated and 
undifferentiated callus cells of ornamental plants.   

6.4.4. Agar diffusion assay 

Arnone et al. and Drouhet et al. reported the conidial suspensions of fungi test were diluted 
10 times with molten Sabouraud Dextrose Agar at 40 °C  and 20 ml was poured into each 
petri dish [63, 64]. Filter paper disks (Whatman No. 1, 6 mm in diameter) were impregnated 
with the test extract solutions in methanol (MeOH) at the concentration of 100, 200, 400 and 
800 mg/ml. The disks were transferred into the surface of solidified agar after evaporation of 
solvent. 5-Fluorocytosine at the concentration of 1.0 mg/ml, saturated filter paper disks of 
methanol as blank disks were applied as controls. Three series of determination were run for 
each extract and species of fungi. Zones of growth inhibition were measured after 3 days 
incubation at 37°C for Aspergillus niger, whereas a week at room temperature (27 °C) for 
Trichophyton mentagraphyte and Trichophyton rubrum. The results of well diffusion 
antimicrobial activity carried out and showed that the ethanolic extract of A. graveolens 
callus inhibited the growth of Bacillus subtitles more than ethanolic extract of the plant roots. 
Antimicrobial activity of the callus extract might be either related to the production of a 
compound in only undifferentiated callus cells or may be produced in higher amounts in 
these cells when compared to differentiated cells. Several quantitative estimations and 
studies showed that the production of biocompounds can vary between differentiated and 
undifferentiated plant cells [50,65]. 

6.5. Future research 

 The development of culture methods, particularly those far highly sealing plants, is 
expected to have a significant environmental benefit by controlling to retention of 
biodiversity.  

 The ornamental and medicinal plants demand for raw materials raises questions 
surrounding the sustainability of the new industry.  

 Development of in vitro culture technology is of fundamental importance if ornamental 
biotechnology is to play a central role in the growth of global ornamental plant 
production industry in future.  

 Ornamental plant tissue culture techniques are expected to be developed enough in the 
near future when combined with molecular genetics. This may give support to be same 
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37 C and 27 C, respectively. After homogenizing with glass beads, the concentrations of 
the resultant conidial suspensions of Aspergillus species and Trichophyton mentagraphytes 
were adjusted to 106 conidia/ml and 108 conidia/ml, respectively by using haemocytometer.  

6.4.3. Semi-quantitative antimicrobial activity test 

According to paper-disk Diffusion assay method, the suspension culture of fungi and 
bacteria were diluted to the final concentrations of approximately 106 cells/ml and 105 
cells/ml, respectively. The bacterial suspensions were evenly spread on the surface of 4 mm 
thickness of Meuller Hinton Agar (MHA) plate and the fungi suspensions on Dextrose 
Sabouraud Agar (DSA) plates. Sterile cotton swabs were used to produce uniform growth of 
organism. Methanol (MeOH) extracts of the leaves (in vivo) and callus (in vitro) of Pereskia 
grandifolia were used as test extracts. These extracts were dissolved in methanol and applied 
to filter disks (Whatman No 1, 6 mm in diameter), at the concentrations of 100, 200, 400 and 
800 mg/ml for fungi, yeasts and antibacterial screening. After evaporation of the solvent, the 
disks were placed in a good contact on the seeded agar plates. Chloramphenicol and 5-
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methanol (MeOH) as blank disks were used as negative controls. Incubation of bacteria and 
fungi were done at 37°C for 24 hrs. Each extract and control was employed in triplicate for 
each organism. Diameters of clear zones produced around the disks (if present) were 
measured after the incubation time. This study showed that the antioxidant and 
antimicrobial activities showed that these bioactivities differ between in vitro and in vivo 
grown plants. Total antioxidant capacity of in vivo grown plant was higher than in vitro 
grown plant, while the only antimicrobial activity was obtained from in vitro callus tissue 
against ornamental plants. Some phytochemical studies are required to investigate the 
production of antioxidant and antimicrobial compounds in differentiated and 
undifferentiated callus cells of ornamental plants.   

6.4.4. Agar diffusion assay 

Arnone et al. and Drouhet et al. reported the conidial suspensions of fungi test were diluted 
10 times with molten Sabouraud Dextrose Agar at 40 °C  and 20 ml was poured into each 
petri dish [63, 64]. Filter paper disks (Whatman No. 1, 6 mm in diameter) were impregnated 
with the test extract solutions in methanol (MeOH) at the concentration of 100, 200, 400 and 
800 mg/ml. The disks were transferred into the surface of solidified agar after evaporation of 
solvent. 5-Fluorocytosine at the concentration of 1.0 mg/ml, saturated filter paper disks of 
methanol as blank disks were applied as controls. Three series of determination were run for 
each extract and species of fungi. Zones of growth inhibition were measured after 3 days 
incubation at 37°C for Aspergillus niger, whereas a week at room temperature (27 °C) for 
Trichophyton mentagraphyte and Trichophyton rubrum. The results of well diffusion 
antimicrobial activity carried out and showed that the ethanolic extract of A. graveolens 
callus inhibited the growth of Bacillus subtitles more than ethanolic extract of the plant roots. 
Antimicrobial activity of the callus extract might be either related to the production of a 
compound in only undifferentiated callus cells or may be produced in higher amounts in 
these cells when compared to differentiated cells. Several quantitative estimations and 
studies showed that the production of biocompounds can vary between differentiated and 
undifferentiated plant cells [50,65]. 

6.5. Future research 

 The development of culture methods, particularly those far highly sealing plants, is 
expected to have a significant environmental benefit by controlling to retention of 
biodiversity.  

 The ornamental and medicinal plants demand for raw materials raises questions 
surrounding the sustainability of the new industry.  

 Development of in vitro culture technology is of fundamental importance if ornamental 
biotechnology is to play a central role in the growth of global ornamental plant 
production industry in future.  

 Ornamental plant tissue culture techniques are expected to be developed enough in the 
near future when combined with molecular genetics. This may give support to be same 
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biotechnological applications as in ornamental plant in genomic age, a field in which 
ornamental plant is also far behind other higher plants.  

 Thus intensive work on new strain selection and improvement of an efficient mass 
culture system is clearly needed. For the exploitation of ornamental plants are 
developed at the cellular level, plant tissue culture constituents a basic powerful tool.  

 This efficient somatic embryogenesis protocols could be useful for conservation and 
agronomy and in the improvement of ornamental plants using gene transfer 
biotechnologies.  

7. Conclusion 

Successful in vitro propagation, organogenesis and somatic embryogenesis with 
acclimatization of ornamental plants is now being used for commercialization. Many 
commercial laboratories and national research institutes worldwide use in vitro culture 
system for rapid plant multiplication, germplasm conservation, elimination of pathogens, 
genetic manipulations and secondary metabolite production. This somatic embryos protocol 
could be useful for conservation and agronomy and in the improvement of ornamental 
plants using gene transfer biotechnologies.  The results of present investigation clearly 
indicate that antimicrobial activity vary with the plant species of the ornamental plants and 
plant material used. Thus, the study ascertains the value of ornamental plants used in 
Ayurveda, which could be of considerable interest to the development of new drugs. 
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1. Introduction 

There is a current worldwide interest in finding new and safe antioxidants from natural 
sources such as plant material to prevent oxidative deterioration of food and to minimize 
oxidative damage to living cells [1]. Microalgae are photosynthetic microorganisms that are 
able to rapidly generate biomass from solar energy, CO2 and nutrients in bodies of water. 
This biomass consists of important primary metabolites such as sugars, oils and lipids, for 
which process path-ways exist for the production of high-value products including human 
and animal feed supplements, transport fuels, industrial chemicals and pharmaceuticals. 
Algal biomass and algae-derived compounds have a very wide range of potential 
applications, from animal feed and aquaculture to human nutrition and health products. 
Some algae are considered as rich sources of natural antioxidants. Although macroalgae 
have received much attention as potential natural antioxidants [2]. Furthermore, the 
qualities of the microalgal cells can be controlled, so that they contain no herbicides and 
pesticides, or any other toxic substances, by using clean nutrient media for growing the 
microalgae. The value of microalgae as a source of natural antioxidants is further enhanced 
by the relative ease of purification of target compounds. Reports on the antioxidant activity 
of microalgae are limited. Because cyanobacteria are largely unexplored, they represent a 
rich opportunity for discovery; the expected rate of rediscovery is far lower than for other 
better- studied groups of organisms Li et al. 2007  [3].  In this chapter, we focus on many 
desirable chemicals are the products of secondary metabolism triggered under conditions 
not conducive to fast growth. For those chemicals to be produced by microalgae, one needs 
to develop new strains (faster growth, higher substrate tolerance, etc.) by classical selection 
or genetic manipulation so microalgal biomass can be produced consistently. Highlight the 
role of dietary antioxidants and their potential benefits in health and disease directly or 
indirectly by the plant nutrition and animal feed to produce healthy organic food. 
Investigate the different biological activities of algae and the relations with its biochemical 
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composition, pigments and different constituents which may vary with salt stressed culture 
conditions and describe the antioxidant characteristics of algae. 

2. What are microalgae? 

Microalgae are prokaryotic or eukaryotic photosynthetic microorganisms that produce 
carbohydrates, proteins and lipids as a result of photosynthesis. They can grow rapidly and 
live in harsh conditions due to their unicellular or simple multicellular structure. Examples 
of prokaryotic microorganisms are Cyanobacteria (Cyanophyceae) and eukaryotic 
microalgae are for example green algae (Chlorophyta) and diatoms (Bacillariophyta). 
Microalgae are present in all existing earth ecosystems, not just aquatic but also terrestrial, 
representing a big variety of species living in a wide range of environmental conditions. It is 
estimated that more than 50,000 species exist, but only a limited number, of around 30,000, 
have been studied and analyzed [4]. Sunlight, water, nutrients and arable land are the major 
requirements for growing algae. Micro algae have the ability to fix CO2 using solar energy 
with efficiency 10 times greater than that of the terrestrial plants with numerous additional 
technological advantages. Algae are more efficient at utilizing sunlight than terrestrial 
plants, consume harmful pollutants, have minimal resource requirements and do not 
compete with food or agriculture for precious resources [5].  

3. Algal metabolites 

Metabolites are the intermediates and products of metabolism. The term metabolite is 
usually restricted to small molecules. A primary metabolite is directly involved in the 
normal growth, development, and reproduction. A secondary metabolite is not directly 
involved in those processes, but usually has important ecological function. The induction of 
secondary metabolism is linked to particular environmental conditions or developmental 
stages. Secondary metabolites are those chemical compounds in organisms that are not 
directly involved in the normal growth, development or reproduction of organisms.The 
exploration of these organisms for pharmaceutical purposes has revealed important 
chemical prototypes for the discovery of new agents, stimulating the use of sophisticated 
physical techniques and new syntheses of compounds with biomedical application. In this 
regard, both secondary and primary metabolisms have been studied as a prelude to future 
rational economic exploitation (Figure 1). The secondary metabolism is of restricted 
distribution, while the primary metabolism furnishes intermediates for the synthesis of 
essential macromolecules [6].  

4. What are phytochemicals?  

“Phyto” is the Greek word for plant. The term "phytochemicals" refers to a wide variety of 
compounds produced by plants. Phytochemicals are chemical compounds formed during 
the plants normal metabolic processes. There are many “families” of phytochemicals and 
they help the human body in a variety of ways. Phytochemicals may protect human from a 
host of diseases. These chemicals are often referred to as “secondary metabolities” of which 

 
Microalgal Biotechnology: Prospects and Applications 277 

 
Figure 1. Main pathways of some secondary and primary metabolites biosynthesis modified from Burja 
et al. [7] 

there are several classes including alkaloids, flavonoids, coumarins, glycosides, gums, 
polysaccharides, phenols, tannins, terpenes and terpenoids Phytochemicals are naturally 
occurring, nonnutritive chemicals. They appear to work alone and in combination, and 
perhaps in conjunction, with vitamins [8].  

5. Microalgal bioactive compounds 

Microalgae are significant resource for bioactive metabolites, particularly cytotoxic agents 
with applications in cancer chemotherapy. From the marine microalgae such as from the 
blooms of Phaeocystis sp., antibiotic substances were listed. Phaeocystis pouchetii is reported to 
produce chemicals such as acrylic acid, which constitutes about 7.0% of the dry weight. The 
antibiotic substances thus produced are transferred throughout the food chain and found in 
the digestive tract of Antartic penguins. Production of ß carotene and vitamins by the 
halotolerant alga Dunaliella sp. is documented. These compounds have much importance for 
the Mariculture activities [9]. Cyanobacteria have been identified as one of the most 
promising group of organisms from which novel and biochemically active natural products 
are isolated. Cyanobacteria such as Spirulina, Anabaena, Nostoc and Oscillatoria produce a 
great variety of secondary metabolites. Cyanobacteria produce a wide variety of bioactive 
compounds, which include 40% lipopeptides, 5.6% amino acids, 4.2% fatty acids, 4.2% 
macrolides and 9% amides. Cyanobacterial lipopeptides include different compounds like 
cytotoxic (41%), antitumor (13%), antiviral (4%), antibiotics (12%) and the remaining 18% 
activities include antimalarial, antimycotics, multi-drug resistance reversers, antifeedant, 
herbicides and immunosuppressive agents [7]; besides the immune effect, blue green algae 
improves metabolism. Cyanobacteria are also known to produce antitumor, antiviral, 
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antifungal compounds and have a cholesterol-lowering effect in animals and humans [10]. 
Many of the pharmaceutically interesting compounds in cyanobacteria are peptides, 
including cyanobacterial toxins and important candidates for anti-cancer drugs. Peptide 
synthetases are common in cyanobacteria and responsible for the production of 
cyanobacterial hepatotoxins and other peptides. Polyketide synthetases are also involved in 
the biosynthesis of certain cyanobacterial bioactive compounds (e.g. microcystins). A 
number of extracts were found to be remarkably active in protecting human lymphoblastoid 
T-cells from the cytopathic effects of HIV infection. Active agents consisting of sulfolipids 
with different fatty acid esters were isolated from Lyngbya lagerheimii and Phormidium tenue. 
Cyanovirin is a protein isolated from an aqueous cellular extract of Nostoc elipsosporum 
prevents the in vitro replication and citopathicity of primate retroviruses.Cryptophycin 1, an 
active compound isolated from Nostoc strain, exerts antiproliferative and antimitotic 
activities by binding to the ends of the microtubules, thus blocking the cell cycle at the 
metaphase of mitosis. Research has been focused on its potent antitumor activity and a 
synthetic analogue, cryptophycin-52, is at present in Phase II clinical trials. Sulfated 
polysaccharide, calcium spirulan. A novel water soluble extracts of cyanobacteria have 
found to be an antiviral agent. This compound appears to be selectively inhibiting the 
penetration of enveloped viruses into host cells, thereby preventing the replication. The 
effect was described for many different viruses like herpex simplex, measles, and even HIV-
1. Among eukaryotic microalgae, a glycoprotein prepared from Chlorella vulgaris culture 
supernatant exhibited protective activity against tumor metastasis and chemotherapy-
induced immunosuppression in mice [11]. Hereafter, a brief discuss of the commercial 
application of the most explored compounds from algae and the biosynthetic pathways of 
fatty acids, steroids and carotenoids. 

5.1. Fatty Acids (FA) 

Microalgae include essential fatty acids (EFAs) such as linoleic, arachidonic, linolenic, ?-
linolenic acids etc. that must be in diet for healthy growth. These acids cannot be 
synthesized fast enough by body to meet needs [12]. Fatty acids are structural components 
of many lipids, and the types and amounts of fatty acids vary considerably among algae. In 
recent years, fatty acids compositions in large scale production of microalgae including 
marine algae have created considerable interest among researchers. This is mainly because 
of the health benefit of mono and polyunsaturated fatty acids (MUFA and PUFA) that can 
be found in plants including microalgae. Moreover, polyunsaturated fatty acids (PUFAs) 
play key roles in cellular and tissue metabolism, including the regulation of membrane 
fluidity, electron and oxygen transport, as well as thermal adaptation [13]. The biosynthesis 
of EPA occurs through a series of reactions that can be divided into two distinct steps. First 
is the de novo synthesis of oleic acid (18:1 ω9) from acetate, followed by conversion to 
linoleic acid (18:2 ω-6) and α-linolenic acid (18:3 ω-3). The subsequent stepwise desaturation 
and elongation steps form an ω-3 PUFA (Fig. 2). Inside the cell, EPA is normally esterified 
(by cyclooxygenase and lipooxygenase activities) to form complex lipid molecules and plays 
an important role in higher animals and humans as the precursor of a group of eicosanoids, 
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hormone-like substances such as prostaglandins, thromboxanes and leucotrienes that are 
crucial in regulating developmental and regulatory physiology (Figure 2) [14]. Consumption 
of n-3 PUFAs from both seafood and plant sources may reduce coronary heart disease 
(CHD) risk as reported by Mozaffarian et al. [15] in a cohort study of 45,722 men. Thus, 
many health supplement stores now sell preparation of microalgae such as Spirulina and 
Chlorella packed in capsule or caplets, or even in food and beverages known to have 
therapeutic values in treating hypercholesterolemia, hyperlipidaemia and atherosclerosis 
[16]. The fatty acid contents of microalgae are influenced by the environmental and cultural 
condition selected for its growth [17]. Some of the environmental conditions include 
heterotrophic, photoautotrophic and nitrogen deprivation or stimulation. Although some 
microalgae species are cultivated as sources of these fatty acids, transgenic algae engineered 
to produce EPA, like transgenic oilseed crops, could provide an alternative sustainable 
source of oil for human consumption [18]. However, the possibility for deploying transgenic 
organisms nutritionally enhancedwith EPA is currently limited by continued consumer 
antipathy to transgenic food products. One alternative would be to use EPA from transgenic 
algae as a high potential food source in aquaculture. In this way, the significant health 
benefits of these fatty acids could be delivered into the human diet, without the requirement 
of direct ingestion of genetically modified food. 

  
Figure 2. A simplified biosynthesis scheme of eicosapentaenoic acid and eicosanoid (prostaglandins, 
thromboxanes, leukotrienes) modified from Sayanova and Napier [19]. 

5.2. Sterols 

Sterols are one of the most important chemical constituents of microalgae [20]. Sterols are 
the main component of eukaryote organisms and different classes of organisms have 
divergent sterols patterns. It is because of this that sterols act as a fingerprint for organic 
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matter input into an aquatic environment. Furthermore, sterols have a relatively high 
resistance to degradation when settled in anoxic sediments and persist in the environment 
for a longer period of time. Of all the sterol compounds, cholesterol is the most abundant 
and ubiquitous one in the environment, which is due to it having a variety of sources [21]. 
Most biologically produced sterols are planar 3-hydroxy tetracyclic structures commonly 
containing a methyl- or ethyl- substituted C7-C11 hydrocarbon side chain, and exhibiting a 
range of methyl-substitution (C4, C14) patterns on the polycyclic nucleus with varying 
degrees and positions of unsaturation (C5, C7, C8). The rigid structure of the sterols (Figure 
3), caused by the fused ring system, provides the cell membrane integrity and stability thus, 
holds the membrane together. In general, there is not a specific sterol that can be uniquely 
linked to one algal source.  Many of the sterols previously discussed are also found in other 
groups of algae [22].  

 
Figure 3. Some sterols found in marine and freshwater microalgae (modified from Ponomarenko et al. 
[34] 

5.3. Pigmentation in aquacultures 

Astaxanthin (Figure 4) is a red pigment common to several aquatic organisms including 
microalgae, seagrasses, shrimp, lobsters and fish such as salmon and trout. Crustaceans are 
unable to synthesize carotenoids de novo and require astaxanthin (or appropriate 
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precursors) in their diet in order to acquire the adequate color for seafoodmarket acceptance 
[23]. Several natural sources–such as the algae Dunaliella salina and Spirulina maxima–or 
synthetic β-carotene, canthaxanthin and astaxanthin have been used for this purpose. 
Astaxanthin is, in fact, one of the most expensive components of salmon farming, 
accounting for about 15%of total production costs [48]. Among the several natural sources of 
astaxanthin applied in aquaculture, the green unicellular freshwater alga Haematococcus 
pluvialis has been explored by biotechnology companies [24]. 

 
Figure 4. Figure 4. Chemical structure of β-carotene and of the xanthophylls astaxanthin and lutein, 
main carotenoids from microalgae with commercial interest 

β-Carotene is one of the important members of the family of carotenoids; a group of natural 
fat-soluble stereoisometric pigments. β-Carotene shows pro-vitamin A activity and as such 
it plays an important role in the human body[25]. β-Carotene can be also used as a coloring 
agent. Therefore, β-carotene has several applications in food, pharmaceuticals and 
cosmetics. The great demand of β-carotene has been met by industry, mainly by synthetic 
production. Increasing demand for natural carotenoids has resulted in growing interest in 
extracting β-carotene from different natural sources. Dunaliella salina is the main source for 
the natural β-carotene in the market. The estimated market size for natural β-carotene is 10-
100 tonnes.year-1 and its price is >750 €.Kg-1 [26]. In addition, β-carotene (like other 
carotenoids) is a strong antioxidant, scavenging potentially harmful oxy radicals, which are 
commonly associated with the induction of certain cancers (Leach et al., 1998) and there is 
an inverse relation between the consumption of certain carotenoids and the risk of cancer 
[25]. The demonstrated antioxidant activity of carotenoids is the basis of the protective 
action of these compounds against oxidative stress in many organisms and situations. 
Effects of carotenoids on human health are, in general, associated with their antioxidant 
properties. Notwithstanding, not all of the biological activities ascribed to carotenoids must 
be necessarily linked to their ability to prevent accumulation of free radicals and reactive 
oxygen species. The halophilic green biflagellate microalga Dunaliella salina has since long 
been recognized as an efficient biological source of this carotenoid. Many epidemiological 
studies suggest that humans fed on a diet high in β-carotene from Dunaliella, which 
maintains higher than average levels of serum carotenoids, have a lower incidence of several 
types of cancer and degenerative diseases [27]. The xanthophyll astaxanthin has many 
applications in nutraceuticals, cosmetics, and food and feed industries. Recently, a variety of 
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additional potential applications of this carotenoid, mainly related to human health and 
nutrition properties, have been claimed [28]. Lutein is among the most important 
carotenoids in foods and human serum and, together with zeaxanthin, is the essential 
component of the pigment present in the macula lutea (or yellow spot) in the eye retina and 
in the eye lens. Lutein is used as food dyes and especially as feed additives in aquaculture 
and poultry farming. During the last few years, additional applications for lutein have 
received considerable interest, especially those related to human health. Mainly on the basis 
of epidemiological studies, lutein is currently considered as effective agent for the 
prevention of a variety of human diseases. The microalga Muriellopsis sp. and other 
chlorophycean species are able to accumulate lutein as a part of their biomass. An 
established commercial system for the production of lutein from microalgae does not exist 
yet, although the basis for outdoor production of lutein-rich cells of strains of Muriellopsis 
and Scenedesmus at a pilot scale has alreadybeen set up [29]. 

5.4. Mycosporine-like amino acids 

A remarkable group of marine natural products are the mycosporine-like amino acids 
(MAAs). An outstanding characteristic of these compounds is their high UV absorption with 
molar absorptivities (ε) of around 40 000 l mol-1 cm-1 (e.g. Takano et al. [30]). MAAs are 
water-soluble, low molecular-weight (generally <400) compounds composed of either an 
aminocyclohexenone or an aminocyclohexenimine ring, carrying nitrogen or amino alcohol 
substituents [31]. They are found in a wide variety of marine, freshwater and to a smaller 
degree in terrestrial organisms. There is limited evidence that MAAs are derived from early 
steps of the shikimate pathway. However, the biochemical pathway of MAA synthesis is 
still largely unknown, as well as its genetic base. The most primitive organisms capable of 
MAA synthesis are cyanobacteria [32].  

6. Biological activity of microalgae 

Many of the microalgal metabolites have chemical structure and possess interesting 
biological activity. Microalgae are a unique source of therapeutic substances, particularly 
from cyanobacteria. Among cyanobacteria Spirulina sp. has undergone numerous and 
rigorous toxicological studies that have highlighted its potential therapeutic applications in 
the area of immunomodulation, anticancer, antiviral, and cholesterol reduction effects.  

6.1. Antioxidant activity 

Hydrogen peroxide is a product of microalgae and plants through of photosynthesis, 
photorespiration, respiration and other metabolic processes, as result from the enzymatic 
activity of glycolate oxidase, urate oxidase and amino acid oxidase. However, major 
pathway for production of H2O2 is conversion from superoxide (O2-) produced through the 
transfer of an electron from ferredoxin of photosystem I (PSI) to O2 (Mehler reaction) by the 
action of Superoxide Dismutase (SOD). However, it is suspected that those antioxidants are 
responsible for some side effects such as liver damage and carcinogenesis. Antioxidants can 
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involve with the oxidation process by scavenging free radicals, chelating catalytic metals 
and by acting as oxygen scavengers [33]. Recently many researchers are interested in finding 
any natural antioxidants having safety and effectiveness, which can be substituted for 
current and commercial synthetic antioxidants, BHA and BHT. Microalgae have become 
good candidates for sources of natural antioxidants, as revealed by a number of recent 
studies [34-35]. Algae contain several enzymatic and nonenzymatic antioxidant defense 
systems to maintain the concentration of ROS (O2- and H2O2) to protect cells from damage 
[36]. The main cellular components susceptible to damage by these ROS are lipids 
(peroxidation of poly-unsaturated fatty acids in membranes), proteins (denaturation), 
carbohydrates and nucleic acids. The essential for ROS detoxification during normal 
metabolism and particularly during stress, are antioxidant defenses system [37]. The 
primary scavenging enzymatic defenses system include SOD, calalase (CAT) and 
glutathione peroxidase, (GPX) and peroxiredoxin (PrxR) [38]. These enzymic detoxification 
system involving the action of SOD and reductase, either quench toxic compounds or 
regenerate antioxidants with the help of reducing power provided by photosynthesis [39]. 
However, at low levels, H2O2 resulted in induction of defense genes such as glutathione S-
transferase and glutathione peroxidase. The hydrophilic antioxidants AA and GSH 
effectively scavenge oxygen radicals. Carotenoids and TOH remove ROS directly from the 
pigment bed [40]. Also, Foyer and Noctor [41] reported that the changes in ROS, fluctuations 
in the antioxidants concentrations in photosynthetic cells might have important 
consequences not only for defense metabolism but also for the regulation of genes 
associated with adaptive responses. Several bioactive metabolites produced by 
cyanobacteria and algae have been discovered by screening programs, employing target 
organisms quite unrelated to those for which the metabolites evolved [42]. Shanab et al. [43] 
studied the antioxidant activity of aqueous extracts of nine microalgal species namely, 
Nostoc muscorum, Anabaena flos aquae, Anabaena oryzae, Nostoc humifusum, Oscillatoria sp., 
Spirulina platensis, Phormedium fragile, Wollea saccata and Chlorella vulgaris. Antioxidant 
activity of the algal extracts was performed using 2,2 diphenyl-1-picrylhydrazyl (DPPH) test 
and 2,2/-azino-bis(ethylbenzthiazoline-6-sulfonic acid (ABTS) radical action assay which 
revealed higher antioxidant activity than DPPH mehod. Concerning DPPH, the antioxidant 
activity of nine tested algal species ranged between 30.1 and 72.4% comparing with the 
standarad antioxidant BHT (80.2%). Using ABTS method, which was more sensitvie than the 
DPPH method (Figure 5), the antioxidant activity ranged between 31.2 and 75.9% 
(Standarad BHT showed 85.6%); Spirulina platensis, Oscillatoria sp, Anabaena flous-aqua and 
Nostoc muscorum recorded the highest (75.9, 75.6, 73.6 and 72.8%, respectively) antioxidant 
activity which is could be attributed to the extracellular and intracellular secondary 
metabolits content (Total phenolic content, terpenoids and alkaloids) of these microalgae 
(Tables 1,2). The extractracellular phytochemicals metabolites (%) released in the algal 
cultures show large variability. Anabaena oryza, Phomidium fragile and Wallea saccate (Table 1) 
recorded the highest extracellular total phenolic compounds (0.0085, 0.0078 and 0.0074% 
respectively). The highest terpenoids contents were achieved by Phormidium fragile, Spirulina 
platensis and Wollea saccata (0.0055. 0.0050 and 0.0049%, respectively). The maximum values 
of the extracellular alkaloids were recorded by Anabaena oryza, Phomidium fragile, Anabaena 
oryza, Spirulina platensis and Phomidium fragile (0.075, 0.068 and 0.068%, respectively). While, 
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additional potential applications of this carotenoid, mainly related to human health and 
nutrition properties, have been claimed [28]. Lutein is among the most important 
carotenoids in foods and human serum and, together with zeaxanthin, is the essential 
component of the pigment present in the macula lutea (or yellow spot) in the eye retina and 
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standarad antioxidant BHT (80.2%). Using ABTS method, which was more sensitvie than the 
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(Standarad BHT showed 85.6%); Spirulina platensis, Oscillatoria sp, Anabaena flous-aqua and 
Nostoc muscorum recorded the highest (75.9, 75.6, 73.6 and 72.8%, respectively) antioxidant 
activity which is could be attributed to the extracellular and intracellular secondary 
metabolits content (Total phenolic content, terpenoids and alkaloids) of these microalgae 
(Tables 1,2). The extractracellular phytochemicals metabolites (%) released in the algal 
cultures show large variability. Anabaena oryza, Phomidium fragile and Wallea saccate (Table 1) 
recorded the highest extracellular total phenolic compounds (0.0085, 0.0078 and 0.0074% 
respectively). The highest terpenoids contents were achieved by Phormidium fragile, Spirulina 
platensis and Wollea saccata (0.0055. 0.0050 and 0.0049%, respectively). The maximum values 
of the extracellular alkaloids were recorded by Anabaena oryza, Phomidium fragile, Anabaena 
oryza, Spirulina platensis and Phomidium fragile (0.075, 0.068 and 0.068%, respectively). While, 
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the highest percentages of these metabolities complaining with the released extracellularly 
metabolities, Spirulina platensis, Nostoc muscourum and Oscillatoria sp. recorded the greatest 
intracellular total phenolic compounds (0.71, 0.6 and 0.55% respectively), while Wollea 
saccata showed the least content (0.1%) as shown in Table (2). 

Concerning terpenoids, Anabaena flos aquae, Spirulina platensis and Wollea saccata, recorded 
the highest contents (0.15, 0.14 and 0.14% respectively). Alkaloids determination in algal 
cultures showed that S. platensis, Oscillatoria sp. and Chlorella vulgaris showed the highest 
contents (3.02, 2.6 and 2.45% respectively). Phycobiliprotein pigments (Table 3) were 
determined in water extracts of the tested algal species. Normally, phycobilin pigments in 
cyanobacteria comprised phycocyanin, allophycocyanin and phycoerytherin (the blue, gray 
and red colors respectively). Phormidium fragile recorded the higher C-phycocyanin (CPC) 
content (0.13 mg/ml) while Anabaena oryzae and A. flos aquae recorded the least and absence 
of phycocyanin (0.0089 and 0.0 mg/l respectively). 

 
Figure 5. Antioxidant activity of algal wter extracts at 100 g/ml against DPPH (a) and ABTS (b) radicals 
[43]  

 

Table 1. Secondary metabolites (as mg/100 g) in algal filterates (extracellular) [43] 

Table 2. Secondary metabolites (as %) in algal cells (inracellular) [43] 
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Table 3. Phycobilins pigments (mg/ml) in different aqueous filtrate of some microalgae [43] 

Nostoc muscorum contained the greatest allophycocyanin (APC) pigment (0.14 mg/l), while, 
Oscillatoria sp have the least content (0.001 mg/l). Concerning total phycobilin pigments 
(phycocyanin and allophycocyanin), Nostoc muscrum, Phormedium fragile recorded the highest 
contents (0.229 and 0.16 mg/l) followed by that of S. platensis (0.143 mg/ml), while Anabaena 
oryzae showed the least total phycobilin pigment content (0.011 mg/l).Chlorella vulgaris is green 
alga which have other pigments (Chlorophyll and carotenoids) than the phycobilins (absent).  

Aqueous extracts of the tested algal species showed wide range of colours (green, blue, 
violet, pink, ligh-blue) in spite of the fact that eight of the tested algae were of cyanobacteria 
and only one species was a green alga, their water extracts showed highly variable colors 
(Figure 6) which may be attributed in part to their phycobiliprotein constituents (ratios of 
phycocyanin to allophycocyanin and approximately absence of phycoerytherin pigments), 
and in part to the produced major polar secondary metabolites. All these substances may 
not only caused the alteration of the pH values of the algal aqueous extracts, but also the 
induced biological activities which may be attributed to the synergistic effects of these 
compounds. The aqueous extract of the tested algal species (8 cyanobacteria and one green 
alga) have variable colors (Figure 6) ranging from green, violet, blue, light blue and pink 
color, which can be used as an additive coloring agents to different food products (natural, 
non toxic) instead of the synthetic coloring substances which may be carcinogenic [43].   

  
Figure 6. Color of aqueous extracts of the different microalgae (1. Nostoc muscorum, 2. Anabaena flos 
aquae, 3.Chlorella vulgari, 4. Oscillatoria sp., 5. Spirulina platensis, 6. Anabaena oryzae, 7. Wollea 
saccat, 8. Nostoc humifusum and  9. Phormedium fragile [43] 
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Phycobiliprotein pigments were known by its antioxidant activity [44], increasing of these 
pigments production as a result of doubling nitrate concentration in the growth culture 
media, led to a progressive increase in the antioxidant activity recorded by both DPPH and 
ABTS assays in the two cyanobacteria under investigation.Keeping in mind that, synergetic 
effect occurred between the polar secondry metabolites especially the phenolic compounds 
and the polysaccharides in antioxidant activity. Increasing nitrate concentrations in the 
culture media of both cyanobacteria species (N. muscorum and Oscillatoria sp) led to a 
marked enhancement in phycobiliprotein production (Table 4) which was translated in an 
obvious increase in antioxidant activity (by DPPH and ABTS) in both species under study 
while decreasing the nitrate content, phycobilin pigments production were consequently 
decreased in both species and its complete absence was recorded on nitrogen starvation 
especially in case of Oscillatoria sp., and no allophycocyanin pigments were produced  as 
found by Shanab et al.[43]. They also investigated that increasing nitrate conc. and the 
consequent increase in phycobilin pigments production, have the major role in enhancing 
the antioxidant activity may be attributed. The decrease in nitrate conc. was followed by an 
obvious decrease in phycobilin pigment and even an absence of one of its constituents on 
nitrate starvation. The antioxidant activity in both species (by both assays) was apparently 
not affected comparing with the control (1.5 g/l nitrate). Under stress conditions, it was 
known that, deviation in metabolic pathways may occur. In presence of nitrate, nitrogenous 
compounds, including the phycobilin pigments were increasingly produced leading, 
together with other antioxidant active secondary metabolites (as phenolics), to a marked 
increase in biological activity.  

Table 4. Antioxidant activity of the nitrogen stressed promising algal species using DPPH and ABTS 
radicals [43] 

The decrease in nitrate content induced a stress condition and not only a decrease in 
nitrogen skeleton compounds as phycobilin pigment production, but an increase in the 
carbon skeleton compounds (as phenolics) as a result of metabolic alterations under these 
stress conditions. So on decreasing nitrate content, the antioxidant activity remain at a level 
comparable or even higher than the control due to the synergistic effect of the phycobilin 
pigment and the phenolic compounds produced in excess under stress nitrate condition 
which have high redox potentials. On nitrogen starvation the recorded antioxidant activity 
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(Comparable to those in presence of high nitrate content (6-9 g/l) was largely due to the high 
production of the carbon skeleton compounds (phenolic compounds) which show potent 
antioxidant activity [45]. Shalaby et al. [46] stated that cultivation of Spirulina platensis under 
salt stress conditions (0.02 M as control), 0.04 and 0.08 M NaCl led to a remarkable alteration 
of algal metabolism as well as an enhancement or induction of biologically active 
compounds. Biochemical analysis of salt stressed algal revealed that lipid content was 
slightly increased together with certain saturated and unsaturated fatty acids especially the 
polyunsaturated ones (γ-inolenic acid, omega 3 fatty acid).  

6.2. Anticancer activity 

Today cancer is the largest single cause of death in men and women, and chemoprevention 
has been a promising anticancer approach aimed at reducing themorbidity andmortality of 
cancer by delaying the process of carcinogenesis. A variety of compounds fromnature 
sources have been shown to be beneficial for the inhibition of cancer, such as flavonoids, 
phenolic acids, carotenoids, etc.; the mechanisms which suppress tumorgenesis often 
involve inhibition of tumor cell mediated protease activity, attenuation of tumor 
angiogenesis, promotion of cell cycle arrest, induction of apoptosis and immunostimulation, 
etc. In addition, Chinery et al. [47] also reported their use with the chemotherapy agents 5-
fluorouracil and antioxidants could cause complete remissions in colorectal cancer, where 
only partial remission is possiblewith chemotherapy agents only; therefore, antioxidants 
have been proposed to have potential for the prevention and treatment of diseases 
associated with active oxygen species, especially in cancer diseases. Moreover, experimental 
and epidemiological evidence suggests that anti-inflammatory drugs may also decrease the 
incidence of mammary cancer, tumor burden, and tumor volume [48].The medicinal value 
of cyanobacteria was appreciated as early as 1500 Bc, when strains of Nostoc were used to 
treat gout, fistula and several forms of cancer. Cyanobacteria are a rich source of potentially 
useful natural products. Over 40 different Nostocales species, the majority of which are 
Anabaena and Nostoc spp. Produce over 120 natural products (Secondry metabolities) 
having activities such as anti-HIV anticancer, antifungal, antimalarial and antimicrobial. 
Cyanovirin (CV-N, cyanoviorin-N), a 101 amino acid protein extracted from Nostoc 
ellipsosporum was found to have potent activity against all human immunodeficiency viruses 
such as HIV-1, M and T tropic strains of HIV-1, HIV-2, SIV (Simian), and FIV (Feline) [7]. 
The cosmopolitan distribution of cyanobacteria indicates that they can cope with a wide 
spectrum of global environmental stress, such as heat, cold, desiccation, salinity, nitrogen 
starvation, photooxidation, anaerobiosis and osmotic stress. They have developed a number 
of mechanisms by which cyanobacteria defend themselves against environmental stressors. 
Important among them are the production of photoprotective compounds such as 
mycosporine-like amino acids (MAAs) and Scytonemin enzymes such as superoxide 
dismutase, catalase and peroxidases repaire of DNA damage and synthesis of shock 
proteins [49]. Shanab et al. [43] investigated anticancer efficiency of the algal water extracts 
against Ehrlich Ascites Carcinoma cell (EACC) and Human hepatocellular cancer cell line 
(HepG2). Anticancer efficiency of the algal water extracts was investigated against Ehrlich 
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Ascites Carcinoma cell (EACC) and Human hepatocellular cancer cell line (HepG2). The 
anticancer efficiency of the algal aqueous extracts illustrated in Figure (7) and using EACC 
and HepG2 cell lines, recorded that the anticancer activity ranged between 15.68 to 87.25 % 
in case of EACC cell line and from 9.5 to 89.4% using HepG2 cell line Nostoc muscorum 
aqueous extracts recorded the highest anticancer activity in both cell lines (87.25% in case of 
EACC and 89.4% in case of HepG2), followed by Oscillatoria sp. (67.40 and 77.8% in EACC 
and HepG2 respectively). In case of N. muscorum, the anticancer activity against EACC cell 
line ranged between 83.0 and 90.4% at all nitrate concentrations (increase and decrease) 
compared to the control (85.9%). Comparable anticancer activity was recorded at both the 
highest nitrate conc and starvation (90.4 and 89.9% respectively). The anticancer activity 
against HepG2 cell line recorded more or less comparable activities were recorded at most 
nitrate conc compared to the control (85.6, 86.9, 88.7 and 88.6 % at 3, 6, 9 and 1.5 g/l). At 
nitrate starvation the highest anticancer activity against HepG2 cell line was recorded 
(92.3%). In case of Oscillatoria sp., the anticancer activity against EACC and HepG2 recorded 
an increase in activity on both increasing and decreasing nitrate conc comparing with the 
control. Higher activity was recorded against both cell lines at higher nitrate conc (82.6 and 
75.9% in case of EACC and HepG2 respectively) and at nitrate starvation (82.9 and 82.0% 
respectively) compared to the control (68.3 and 70.4 % against EACC and HepG2 
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The recorded maximum activity in both species against both cell lines at the highest nitrate 
content (9 g/L) may be attributed mainly to the higher content of the phycobiliprotein 
pigments produced under excess nitrate contents. Nitrate limitation and starvation, in spite 
of the caused decrease in phycobilin pigment production due to metabolic alteration 
expected under stress conditions, the carbon skeleton compounds as phenolic may replace 
phycobilin shortage in inducing similar anticancer activity of or even higher efficiency 
caused by great phycobilin contents at higher nitrate supplementation [43]. These results 
demonstrated that the compounds responsible for anticarcinogenic activity was highly polar 
as the phycobilins, phenolic compounds and polysaccharides which induced apoptosis of 
the cancer cells as reported by Aboul-Enein et al [50], which go parallel with these results 
coincides with the results obtained by Wang et al [51] who reported that the aqueous extract 
of red algae mainly contain c-phycocyanin, exhibited higher antipraleferation inducing 
apoptosis body formation. The authors explained that phycocyanin interact with membrane 
associated B-tubulin and glyceraldehydes-3-phosphate dehydrogenase (GAPDH), caused 
polymerization of microtubules and actins filaments leading to arrested the cell cycle at 
G0/G1 phase. As these aqueous extracts exhibited antioxidant and anticancer activities, its 
effect as coloring agent is amplified by these biological efficiencies which are very important 
for human health. Also, it can be used for the manufacture of pharmaceutical drugs 
(antioxidant and anticancer). 

Table (5) recorded the anticancer efficiency of nitrate stressed N. muscorum and Oscillatoria 
sp. against EACC and HepG2 cell lines. The promising cyanobacterial species N. muscorum 
and Oscillatoria sp. induced both the highest antioxidant (by DPPH and ABTS methods) and 
anticancer activities (using EACC and HepG2 cell lines) which may be attributed to their 
large content in total phycobiliprotein pigments together with the higher secondary 
metabolites content (phenolic compounds, terpenoids, alkaloids [43]. 

6.3. Antimicrobial activity 

The antimicrobial activity of microalgae has been attributed to compounds belonging to 
several chemical classes –including indoles, terpenes, acetogenins, phenols, fatty acids and 
volatile halogenated hydrocarbons [52] for instance, the antimicrobial activity of supercritical 
extracts obtained from the microalga Chaetoceros muelleri were related to its lipid composition 
[53]. However, the antimicrobial activity detected in several pressurized extracts from 
Dunaliella salina may be explained not only by several fatty acids, but also by such compounds 
as - and -ionone, -cyclocitral, neophytadiene and phytol. Efforts to identify the compounds 
directly responsible for those antimicrobial features –e.g. chlorellin [54] have been on the run, 
but are still relatively incipient owing the some new classes of compounds found. Microalgal 
cell-free extracts are already being tested as additives for food and feed formulation, in 
attempts to replace antimicrobial compounds of synthetic origin currently in use – including 
subtherapeutical doses of antibiotics employed as prophilatic measure in animal breeding [55]. 

Recall, in this regard, the growing resistance of some bacterial strains arising from the 
widespread and essentially unrestricted use of antibiotics in cattle handling, and by domestic 
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Ascites Carcinoma cell (EACC) and Human hepatocellular cancer cell line (HepG2). The 
anticancer efficiency of the algal aqueous extracts illustrated in Figure (7) and using EACC 
and HepG2 cell lines, recorded that the anticancer activity ranged between 15.68 to 87.25 % 
in case of EACC cell line and from 9.5 to 89.4% using HepG2 cell line Nostoc muscorum 
aqueous extracts recorded the highest anticancer activity in both cell lines (87.25% in case of 
EACC and 89.4% in case of HepG2), followed by Oscillatoria sp. (67.40 and 77.8% in EACC 
and HepG2 respectively). In case of N. muscorum, the anticancer activity against EACC cell 
line ranged between 83.0 and 90.4% at all nitrate concentrations (increase and decrease) 
compared to the control (85.9%). Comparable anticancer activity was recorded at both the 
highest nitrate conc and starvation (90.4 and 89.9% respectively). The anticancer activity 
against HepG2 cell line recorded more or less comparable activities were recorded at most 
nitrate conc compared to the control (85.6, 86.9, 88.7 and 88.6 % at 3, 6, 9 and 1.5 g/l). At 
nitrate starvation the highest anticancer activity against HepG2 cell line was recorded 
(92.3%). In case of Oscillatoria sp., the anticancer activity against EACC and HepG2 recorded 
an increase in activity on both increasing and decreasing nitrate conc comparing with the 
control. Higher activity was recorded against both cell lines at higher nitrate conc (82.6 and 
75.9% in case of EACC and HepG2 respectively) and at nitrate starvation (82.9 and 82.0% 
respectively) compared to the control (68.3 and 70.4 % against EACC and HepG2 
respectively). Water extracts of the tested promising algal species demonstrated higher 
anticancer efficiencies against both EACC and HepG2 cell lines (87.25 and 89.4% 
respectively) in case of N. muscorum and 67.40 and 77.8% in case of Oscillatoria sp.). Under 
stress nitrogen conditions, these two cyanobacteria species recorded higher anticancer 
activities on exess limitation or starvation of nitrate comparing with its normal content in 
growth media.  

 
Figure 7. (a, b). Anticancer activity of algal water extracts at 100 µg/ ml against EACC (a) and HepG2 
(b) cell lines [43] 

 
Microalgal Biotechnology: Prospects and Applications 289 

The recorded maximum activity in both species against both cell lines at the highest nitrate 
content (9 g/L) may be attributed mainly to the higher content of the phycobiliprotein 
pigments produced under excess nitrate contents. Nitrate limitation and starvation, in spite 
of the caused decrease in phycobilin pigment production due to metabolic alteration 
expected under stress conditions, the carbon skeleton compounds as phenolic may replace 
phycobilin shortage in inducing similar anticancer activity of or even higher efficiency 
caused by great phycobilin contents at higher nitrate supplementation [43]. These results 
demonstrated that the compounds responsible for anticarcinogenic activity was highly polar 
as the phycobilins, phenolic compounds and polysaccharides which induced apoptosis of 
the cancer cells as reported by Aboul-Enein et al [50], which go parallel with these results 
coincides with the results obtained by Wang et al [51] who reported that the aqueous extract 
of red algae mainly contain c-phycocyanin, exhibited higher antipraleferation inducing 
apoptosis body formation. The authors explained that phycocyanin interact with membrane 
associated B-tubulin and glyceraldehydes-3-phosphate dehydrogenase (GAPDH), caused 
polymerization of microtubules and actins filaments leading to arrested the cell cycle at 
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extracts obtained from the microalga Chaetoceros muelleri were related to its lipid composition 
[53]. However, the antimicrobial activity detected in several pressurized extracts from 
Dunaliella salina may be explained not only by several fatty acids, but also by such compounds 
as - and -ionone, -cyclocitral, neophytadiene and phytol. Efforts to identify the compounds 
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but are still relatively incipient owing the some new classes of compounds found. Microalgal 
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subtherapeutical doses of antibiotics employed as prophilatic measure in animal breeding [55]. 

Recall, in this regard, the growing resistance of some bacterial strains arising from the 
widespread and essentially unrestricted use of antibiotics in cattle handling, and by domestic 
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consumers use via self-prescription [56]. However, a key factor for their eventual economic 
feasibility is the possibility of operating large photobioreactors under aseptic conditions, which 
are able to produce biomass and metabolites to sufficiently high levels [57]. 

Table 5. Anticancer activity of the nitrate stressed promising algal species using EACC and HepG2 cell 
lines [43] 

6.3.1. Antiviral activity 

A number of infectious diseases caused by viruses have emerged (and re-emerged) in recent 
years. Although several antiviral drugs have been specifically developed, drug-resistant 
mutations are constantly occuring – so new antiviral active principles are necessary, 
especially those from sources that do not constitute (or are exposed to) viral pools. This is 
why microalgae have received a strong attention as potential suppliers of antiviral agents 
[58]; Viral growth is generally divided into three stages, and antiviral action may take place 
at a single or more stages: Stage I, which consists on adsorption and invasion of cells; Stage 
II, or eclipse phase, during which the cell is forced to synthesize multiple copies of said 
virus; and Stage III, or maturity and release of virus particles. For instance, the anti-HSV 
activity of the antiviral compound acyclovir® is expressed at stage II, but the anti-HSV 
factor from Dunaliella sp. inactivates the viral function at stage I. Sulphated 
exopolysaccharides from marine microalgae have been claimed to interfere with Stage I of 
some enveloped viruses they offer competitive advantages because of their broad antiviral 
spectrum against e.g. HSV and HIV-1 [59]. Apparently, their inhibitory effect arises from 
interaction with the positive charges on the virus or on the cell surface – which prevents 
penetration of the former into the host cells; they may also selectively inhibit reverse 
transcriptase in the case of HIV, thus hampering production of new viral particles after 
infection yet the exact step during viral replication when they act remains to be elucidated. 
Antiviral highly sulfated polysaccharides from several species of red microalgae consist 
mainly of xylose, glucose and galactose [60]; they are unusually stable when exposed to 
extreme pH and temperature [61]. Despite their successful antiviral performance, the 
metabolic pathways leading to sulfated polysaccharides are still poorly known. Their 
secretion by unicellular red algae was originally characterized via radiolabeling – which 
howed biosynthesis of the carbon chain, and sulfation of the resulting polysaccharide to 
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occur in the Golgi apparatus [62]; these findings were confirmed in Porphyridium sp. [63] and 
other red microalgae [64]. More recently, [65] used 14C pulse-chase experiments and 
ultrastructural microscopy to conclude that brefeldin A–a membrane-traffic inhibitor of the 
Golgi apparatus, decreases the contents of the bound and the soluble forms of 
polysaccharides, while inhibiting cell-wall binding of polysaccharides to a greater extent 
than its soluble counterpart (in both actively growing and resting cells). Discovery of small 
molecules that can specifically disrupt a particular protein-protein interface remains a 
challenge-but is of a particular interest in virology, since the antiviral drugs currently 
available target only viral proteins. 

6.3.2. Antibacterial activity 

Most efforts were devoted to the study of antibiotic resistance in bacteria for several reasons: 
(i) bacterial infections are responsible for most community-acquired and nosocomial 
infections; (ii) the large and expanding number of antibacterial classes offers a more diverse 
range of resistance mechanisms; and (iii) the ability to move bacterial resistance 
determinants into standard, well-characterized bacterial strains facilitates more detailed 
studies of the underlying molecular mechanisms [66]. Pratt et al. [67] isolated the first 
antibacterial compound from a microalga, Chlorella; a mixture of fatty acids, viz. chlorellin, 
was found to be responsible for that inhibitory activity against both Gram+ and Gram- 
bacteria. Research aimed at identifying antibacterial active principles produced by 
microalgae has meanwhile boomed [68]. This realisation arose e.g. from the risk associated 
with several multidrug-resistant Staphylococcus aureus (MRSA) strains, which have been 
causing an increased concern in healthcare institutions worldwide – since they are not 
susceptible to most conventional antibiotics. Hence, discovery of novel antibacterial 
compounds following distinct biochemical mechanisms of action is urged. Antibiotics are 
typically less effective against Gram- bacteria because of their complex, multilayered cell 
wall structure – which makes it more difficult for the active compound to penetrate them 
[69]; this justifies why the antibacterial activity of the supernatant (and methanolic extracts) 
is more potent against Gram+ than Gram- bacteria [68,70]. The exact mechanism of action of 
fatty acids remains unknown: they may act upon multiple cellular targets, even though cell 
membranes are the most probable ones – as membrane damage will likely lead to cell 
leakage and reduction of nutrient uptake, besides inhibiting cellular respiration; conversely, 
Desbois [71] claimed a peroxidative process. Furthermore, compounds synthesized by 
Scenedesmus costatum, and partially purified from its organic extract, exhibited activity 
against aquaculture bacteria because of their fatty acids longer than 10 carbon atoms in 
chain length –which apparently induce lysis of bacterial protoplasts. The ability of fatty 
acids at large to interfere with bacterial growth and survival has been known for quite some 
time, but recent structure-function relationship studies suggest that said ability depends on 
both their chain length and degree of unsaturation. Such compounds as cholesterol can 
antagonize antimicrobial features [53] so both composition and concentration of free lipids 
should be taken into account [72]. Among microalgal-derived oxylipins, the antibacterial 
activities of polyunsaturated aldehydes deserve a special ention. Such compounds are 
synthesized by diatoms, e.g. S. costatum and Thalassiosira rotula. One illustrative example is 
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consumers use via self-prescription [56]. However, a key factor for their eventual economic 
feasibility is the possibility of operating large photobioreactors under aseptic conditions, which 
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occur in the Golgi apparatus [62]; these findings were confirmed in Porphyridium sp. [63] and 
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Golgi apparatus, decreases the contents of the bound and the soluble forms of 
polysaccharides, while inhibiting cell-wall binding of polysaccharides to a greater extent 
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available target only viral proteins. 
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decadienal–probably derived from (the polyunsaturated) arachidonic acid (C20:4 n-3), 
which exhibits a strong activity against such important human pathogens as MRSA and 
Haemophilus influenza – with MIC values of 7.8 and 1.9 µg/mL, respectively, and well as 
against E. coli and Pseudomonas aeruginosa, and S. aureus and Staphylococcus epidermidis 
(Gram- and Gram+ bacteria, respectively). Furthermore, it impairs growth of diverse marine 
bacteria, such as (the Gram-) Aeromonas hydrophila, L. anguillarum, Alteromonas haloplankti, 
Photobacterium phosphoreum and Psychrobacter immobilis, and the (Gram+) Planococcus citreus 
and Micrococcus luteus [73]. 

6.3.3. Antifungal activity 

Algae are one of the chief biological agents that have been studied for the control of fungi 
plant pathogens [74]. Various strains of cyanobacteria are known to produce intracellular 
and extracellular metabolites with diverse biological activities such as antibacterial, 
antifungal and antiviral activity [75]. These biologically active compounds include 
antibiotics and toxins [76]. Hussien et al. [77] screened the effect of culture filtrates of nine 
algal strains (Anabaena flosaquae, Anabaena oryzae, Chlorella vulgaris, Nostoc muscorum, Nostoc 
humifusu, Oscillatoria sp., Phormedium fragile, Spirulina platensis and Wollea saccata) at 
concentrations of 10, 20, 30 and 40% on mycelium growth of the plant pathogenic fungi 
Cercospora beticola causing leaf spot disease in sugar beet comparing with different 
concentrations of the synthetic fungicide Topsin M70 (100, 200, 300 and 400 ppm). They 
found that generally, all the algal culture filtrates reduced the fungal mycelium growth but 
the highest fungal mycelium growth inhibition percentages were achieved by Spirulina 
platensis, Oscillatoria sp. and Nostoc muscorum (Figure 8) at the concentrations of 30% (100, 
100 and 82%, respectively) and at 40% (100, 100 and 100%, respectively). While, the chemical 
synthetic fungicide Topsin M70 completely inhibited the fungal mycelium growth at the 
concentrations of 200, 300 and 400 ppm. Fungal spores production (number of spores) was 
completely inhibited by the previous three algal culture filtrates at 300 and 400 ppm 
particularly at the concentration of 40%. Same results were obtained by Topsin M70. The 
antifungal activity of the algal culture filtrates has been attributed to the presence of 
bioactive compounds i.e. total phenolic compounds, total saponins and alkaloids in the algal 
culture filtrates. 

6.4. Nematicidal activity 

Root-knot nematodes, Meloidogyne spp., are among the most damaging nematodes in 
agriculture, causing an estimated US$ 100 billion loss/year worldwide [78]. The application 
of chemical nematicides has been found as an effective measure for controlling nematodes 
but they have toxic residual effect on the environment particularly on non-target organisms 
and human health. In addition, the use of chemical nematicides is prohibited in organic 
farming. Nematicidal potential of cyanobacteria has remained unexplored except for a few 
reports, which suggest that endospores of Microcoleus and Oscillatoria spp. killed 
nematodes [79].  
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Figure 8. The efficacy of (A) Nostoc muscorum, (B) Oscillatoria sp and (C) Spirulina platensis culture 
filtrates (40 ml.L-1) in suppressing the fungal mycelia growth diameter of Cercospora beticola [77] 

Culture filtrates of Microcoleus vaginatus inhibited hatching of Meloidogyne incognita eggs 
and killed second stage juveniles. Microalgal metabolites have attracted attention, because 
they are a resource for toxins, and potential new drugs [80]. Shawky et al. [81] studied the 
nematicidal effect of nine culture filtrates of algal strains (Nostoc muscorum, Anabaena flos 
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aquae, Anabaena oryzae, Chlorella vulgaris, Wollea saccata, Phormedium fragile, Oscillatoria sp., 
Nostoc humifusum and Spirulina platensis), Azolla pinnata aqueous extract filtrate (1:2w/v) and 
compost watery extract filtrate (1:5w/v) in controlling the population of the root knot 
nematode, Meloidogyne incognita in cucumber under both laboratory and greenhouse 
conditions. Laboratory experiment revealed that high juvenile mortality percentage 
occurred during all the exposure periods of all treatments, the best results were after 72 hr 
exposure. Only five cyanobacterial strains, namely, Spirulina platensis, Oscillatoria sp., 
Anabaena oryzae, Nostoc muscorum  and Phormedium fragile, followed by compost watery 
extract, significantly increased juveniles mortality over 70% at the highest concentration of 
1:10 (84.3, 80.4, 78.9, 75.4, 72.5 and 70.1%, respectively). Azolla pinnata aqueous extract filtrate 
achieved 69.8% at the same concentration while, Anabaena flos aquae and Chlorella vulgaris 
recorded the lowest effect on mortality percentage (52.1 and 40.1%, respectively) at the 
concentration of 1:10. In the greenhouse experiment, the combination of mixing five algal 
culture filtrates of S. platensis, Oscillatoria sp., A. oryzae, N. muscorum and P.  fragile with A. 
pinnata aqueous extract filtrate and compost extract achieved the highest reduction in the 
number of the 2nd stage juveniles in soil, the numbers of galls, developmental stages, 
females, egg masses, egg numbers/egg mass in roots of cucumber plants comparing with the 
individual treatment and the non treated control. In addition, all combinations significantly 
improved fresh weight of roots and shoots and increased the yield of cucumber plants.  

6.5. Mollscicidal activity 

The snail intermediate hosts of schistosomiasis are the sites of intense multiplication of this 
parasite, thus their control strategies are considered a priority of the reduction of 
schistosomiasis transmission [82]. Although chemical molluscicides are to certain extent 
quite successful in curbing the disease concerned. However, in view of their side effects, 
interest in environmentally friendly approaches and use of biological control agents have 
been revived [83]. Mostafa and Gawish [84] stated that the algal culture filtrate of Spirulina 
platensis was proved for its mollscicidal activity against Biomphalaria alexandrina snails the 
intermediate host of Schistosoma mansoni in Egypt that accommodates their survival and 
fecundity and also for its effect on hatchability of snail's eggs and viability of the free living 
larval stages of the parasite (miracidia and cercariae). The culture filtrate proved to have a 
lethal effect on snails with 90 LC 0.23% of the filtrate. B. alexandrina snails stopped egg 
laying after one week of continuous exposure to the sublethal concentrations 0.19 and 0.17%, 
while those exposed to 0.07% laid few ones. It could be due to the phytochemical 
constituents of the culture filtrate i.e. total phenolic compounds, alkaloids and total 
saponins. This was confirmed by histological examination that showed a severe damage in 
the hermaphrodite gland cells of snails (Figure 9) exposed to these concentrations. B. 
alexandrina eggs of 3 and 7 days old failed to hatch post exposure to 0.1% of algal filtrate, 
while 22% and 10% only hatched after exposure to 0.05% of this filtrate. Free cell culture 
filtrate shows also marked miracidicidal and cercaricidal activities as 2% of this filtrate 
killed most of these organisms within 15 minutes of exposure. It is concluded that the 
byproducts of the blue-green alga Spirulina platensis has a lethal effect against adult B. 
alexandria snails, reduced or stopped their oviposition, hence minimize the snail populations 
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available for the parasite transmission. Therefore it may be a potential source of effective 
compounds for control of Schistosoma mansoni. 

 
Figure 9. Section in the hermaphrodite gland of Biomphalaria alexandrina snail: control (A), exposed to 
0.07% (B) and to 0.17% (C) concentrations of Spirulina platensis culture filtrate. G=Spermatogonia, 
T=Spermatid, Z=Spermatozoa, I= Oogonia, O=Oocyte V= vacules D=degeneration [84] 

7. Other applications and products from microalgae 

Microalgae have found commercial applications as natural sources of valuable 
macromolecules, including carotenoids, long-chain polyunsaturated fatty acids, and 
phycocolloids. As photoautotrophs, their simple growth requirements make them attractive 
for bioprocesses aimed at producing high added-value compounds that are in large demand 
by the pharmaceutical market. The productivity and biochemical composition of microalgae 
depend strongly on the mode of cultivation, medium composition, and nutrient profile. 
Consequently, numerous efforts aimed at elucidating the practical impacts of the 
aforementioned parameters have been developed [56]. Thus, there is a growing interest in 
the area of research on the positive effect of algae on human health and other benefits. 

7.1. Food 

The first use of microalgae by humans dates back 2000 years to the Chinese, who used 
Nostoc to survive during famine. Microalgae for human nutrition are nowadays marketed in 
different forms such as tablets, capsules and liquids. They can also be incorporated into 
pastas, snack foods, candy bars or gums, and beverages [85-86]. Owing to their diverse 
chemical properties, they can act as a nutritional supplement or represent a source of natural 
food colorants. The commercial applications are dominated by four strains: Arthrospira, 
Chlorella, Dunaliella salina and Aphanizomenon flos-aquae. Arthrospira is used in human 
nutrition because of its high protein content and its excellent nutritive value [87-88]). In 
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aquae, Anabaena oryzae, Chlorella vulgaris, Wollea saccata, Phormedium fragile, Oscillatoria sp., 
Nostoc humifusum and Spirulina platensis), Azolla pinnata aqueous extract filtrate (1:2w/v) and 
compost watery extract filtrate (1:5w/v) in controlling the population of the root knot 
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occurred during all the exposure periods of all treatments, the best results were after 72 hr 
exposure. Only five cyanobacterial strains, namely, Spirulina platensis, Oscillatoria sp., 
Anabaena oryzae, Nostoc muscorum  and Phormedium fragile, followed by compost watery 
extract, significantly increased juveniles mortality over 70% at the highest concentration of 
1:10 (84.3, 80.4, 78.9, 75.4, 72.5 and 70.1%, respectively). Azolla pinnata aqueous extract filtrate 
achieved 69.8% at the same concentration while, Anabaena flos aquae and Chlorella vulgaris 
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culture filtrates of S. platensis, Oscillatoria sp., A. oryzae, N. muscorum and P.  fragile with A. 
pinnata aqueous extract filtrate and compost extract achieved the highest reduction in the 
number of the 2nd stage juveniles in soil, the numbers of galls, developmental stages, 
females, egg masses, egg numbers/egg mass in roots of cucumber plants comparing with the 
individual treatment and the non treated control. In addition, all combinations significantly 
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6.5. Mollscicidal activity 

The snail intermediate hosts of schistosomiasis are the sites of intense multiplication of this 
parasite, thus their control strategies are considered a priority of the reduction of 
schistosomiasis transmission [82]. Although chemical molluscicides are to certain extent 
quite successful in curbing the disease concerned. However, in view of their side effects, 
interest in environmentally friendly approaches and use of biological control agents have 
been revived [83]. Mostafa and Gawish [84] stated that the algal culture filtrate of Spirulina 
platensis was proved for its mollscicidal activity against Biomphalaria alexandrina snails the 
intermediate host of Schistosoma mansoni in Egypt that accommodates their survival and 
fecundity and also for its effect on hatchability of snail's eggs and viability of the free living 
larval stages of the parasite (miracidia and cercariae). The culture filtrate proved to have a 
lethal effect on snails with 90 LC 0.23% of the filtrate. B. alexandrina snails stopped egg 
laying after one week of continuous exposure to the sublethal concentrations 0.19 and 0.17%, 
while those exposed to 0.07% laid few ones. It could be due to the phytochemical 
constituents of the culture filtrate i.e. total phenolic compounds, alkaloids and total 
saponins. This was confirmed by histological examination that showed a severe damage in 
the hermaphrodite gland cells of snails (Figure 9) exposed to these concentrations. B. 
alexandrina eggs of 3 and 7 days old failed to hatch post exposure to 0.1% of algal filtrate, 
while 22% and 10% only hatched after exposure to 0.05% of this filtrate. Free cell culture 
filtrate shows also marked miracidicidal and cercaricidal activities as 2% of this filtrate 
killed most of these organisms within 15 minutes of exposure. It is concluded that the 
byproducts of the blue-green alga Spirulina platensis has a lethal effect against adult B. 
alexandria snails, reduced or stopped their oviposition, hence minimize the snail populations 
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available for the parasite transmission. Therefore it may be a potential source of effective 
compounds for control of Schistosoma mansoni. 

 
Figure 9. Section in the hermaphrodite gland of Biomphalaria alexandrina snail: control (A), exposed to 
0.07% (B) and to 0.17% (C) concentrations of Spirulina platensis culture filtrate. G=Spermatogonia, 
T=Spermatid, Z=Spermatozoa, I= Oogonia, O=Oocyte V= vacules D=degeneration [84] 

7. Other applications and products from microalgae 

Microalgae have found commercial applications as natural sources of valuable 
macromolecules, including carotenoids, long-chain polyunsaturated fatty acids, and 
phycocolloids. As photoautotrophs, their simple growth requirements make them attractive 
for bioprocesses aimed at producing high added-value compounds that are in large demand 
by the pharmaceutical market. The productivity and biochemical composition of microalgae 
depend strongly on the mode of cultivation, medium composition, and nutrient profile. 
Consequently, numerous efforts aimed at elucidating the practical impacts of the 
aforementioned parameters have been developed [56]. Thus, there is a growing interest in 
the area of research on the positive effect of algae on human health and other benefits. 

7.1. Food 

The first use of microalgae by humans dates back 2000 years to the Chinese, who used 
Nostoc to survive during famine. Microalgae for human nutrition are nowadays marketed in 
different forms such as tablets, capsules and liquids. They can also be incorporated into 
pastas, snack foods, candy bars or gums, and beverages [85-86]. Owing to their diverse 
chemical properties, they can act as a nutritional supplement or represent a source of natural 
food colorants. The commercial applications are dominated by four strains: Arthrospira, 
Chlorella, Dunaliella salina and Aphanizomenon flos-aquae. Arthrospira is used in human 
nutrition because of its high protein content and its excellent nutritive value [87-88]). In 
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addition, this microalga has various possible healthpromoting effects: the alleviation of 
hyperlipidemia, suppression of hypertension, protection against renal failure, growth 
promotion of intestinal Lactobacillus, and suppression of elevated serum glucose level [85-
86]. A significant amount of Arthrospira production is realized in China and India. Chlorella 
can also be used as a food additive owing to the taste- and flavour-adjusting actions of its 
coloring agent [85]. D. salina is exploited for its β-carotene content that can reach 14% of dry 
weight [89]. For human consumption, Cognis Nutrition and Health, the world’s largest 
producer of this strain, offers Dunaliella powder as an ingredient of dietary supplements and 
functional foods. The last major commercial strain application is A. flos-aquae. According to 
many research studies, used alone or in combination with other nutraceuticals and natural 
food products, A. flos-aquae promotes good overall health [85,90].The consumption of 
Arthrospira (Spirulina) by the Kanembu was also reported by Delisle et al. [91] in a survey of 
household food consumption and nutritional adequacy in Wadi zones of Chad. Table (6) 
presents a comparison of the general compositions of human food sources with that of 
different microalgae.  
 

Commodity Protein Carbohydrate Lipid 
Bakers’ yeast 39 38 1 
Meat 43 1 34 
Milk 26 38 28 
Rice 8 77 2 
Soybean 37 30 20 
Anabaena cylindrica 43-56 25-30 4-7 
Chlamydomonas rheinhardii 48 17 21 
Chlorella vulgaris 51-58 12-17 14-22 
Dunaliella salina 57 32 6 
Porphyridium cruentum 28-39 40-57 9-14 
Scenedesmus obliquus 50-56 10-17 12-14 
Spirulina maxima 60-71 13-16 6-7 
Synechococcus sp. 63 15 11 

Table 6. General composition (%) of dry matter of different human food sources and algae [92]. 

7.2. Feed 

Microalgae can be incorporated into the feed for a wide variety of animals ranging from fish 
(aquaculture) to pets and farm animals. In fact, 30% of the current world algal production is 
sold for animal feed applications [92] and over 50% of the current world production of 
Arthrospira is used as feed supplement [85]. In 1999, the production of microalgae for 
aquaculture reached 1000 t (62% for molluscs, 21% for shrimps, and 16% for fish) for a 
global world aquaculture production of 43x106 t of plants and animals [93]. The importance 
of algae in this domain is not surprising as they are the natural food source of these animals. 
The main applications of microalgae for aquaculture are associated with nutrition, being 
used fresh (as sole component or as food additive to basic nutrients) for coloring the flesh of 
salmonids and for inducing other biological activities. The most frequently used species are 
Chlorella, Tetraselmis, Isochrysis, Pavlova, Phaeodactylum, Chaetoceros, Nannochloropsis, 
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Skeletonema and Thalassiosira [85,94]. Many nutritional and toxicological evaluations have 
proved the suitability of algal biomass as feed supplement [92]. Arthrospira is largely used in 
this domain and concerns many types of animal: cats, dogs, aquarium fish, ornamental 
birds, horses, cows and breeding bulls. Algae positively affect the physiology (by providing 
a large profile of natural vitamins, minerals, and essential fatty acids; improved immune 
response and fertility; and better weight control) and their external appearance (resulting in 
healthy skin and a lustrous coat) of animals. In poultry rations, algae up to a level of 5-10% 
can be used safely as partial replacement for conventional proteins. Prolonged feeding of 
algae at higher concentrations produces adverse effects. The yellow color of broiler skin and 
shanks as well as of egg yolk is the most important characteristic that can be influenced by 
feeding algae [92].  

7.3. Agricultural purposes 

Humans have practiced agriculture for more than 10,000 years, but only in the past 50 years 
or so have farmers become heavily dependent on synthetic chemical fertilizers and 
pesticides. It contributes to numerous forms of environmental degradation, including air 
and water pollution, soil depletion and diminishing biodiversity. Synthetic chemical 
pesticides and fertilizers are polluting soil, water, and air, harming both the environment 
and human health. Soil is eroding much faster than it can be replenished—taking with it the 
land’s fertility and nutrients that nourish both plants and those who eat them. Chemical 
fertilizers can gradually increase the acidity of the soil until it begins to impede plant 
growth. Chemically fertilized plots also show less biologic activity in the soil food web (the 
microscopic organisms that make up the soil ecosystem) than do plots fertilized organically 
with manure or other biologic sources of fertility [95]. The best way, however, is to use as 
much as possible microbial products, functional bio-fertilizers and bio-controllers and 
reduce the amount of the use of chemical fertilizers or pesticides. Heterocystous 
cyanobacteria and several nonheterocystous cyanobacteria are known for their ability to fix 
atmospheric nitrogen. The fertility of many tropical rice field soils has been mainly 
attributed to the activity of nitrogen-fixing cyanobacteria. An estimation showed that more 
than 18 kg N ha-1 year-1 was added to the soils by cyanobacteria. Inoculation of 
cyanobacteria to increase the fertility of soils has been successfully attempted. Recently, 
nitrogen-fixing cyanobacteria have been reported to dominate desert crusts worldwide. This 
is believed to contribute significantly to the fertility of desert soils and may eventually 
facilitate vegetation of deserts [96]. Algae as biofertilizers are a promising alternative to 
avoid soil pollution caused by agrochemicals. Also, they recover the nutrients content to soil 
as they secrete exo-polysaccharides that improve soil structure and bio-active substances 
that enhance the plant growth. Algae are known to be one of the most promising sources as 
bio-control agents of any residues, thereby having positive impact on human health [97]. 
Microorganisms play an important role in various chemical transformations of soils and 
thus, influence the availability of major nutrients like nitrogen, phosphorus, potassium and 
sulphur to the plants. Cyanobacteria and phosphate-solubilizing bacteria were used as 
biofertilizers to increase crop production [98].The cyanobacterial ability to mobilize 
insoluble forms of inorganic phosphates is evident from the finding of kleiner and Harper 
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addition, this microalga has various possible healthpromoting effects: the alleviation of 
hyperlipidemia, suppression of hypertension, protection against renal failure, growth 
promotion of intestinal Lactobacillus, and suppression of elevated serum glucose level [85-
86]. A significant amount of Arthrospira production is realized in China and India. Chlorella 
can also be used as a food additive owing to the taste- and flavour-adjusting actions of its 
coloring agent [85]. D. salina is exploited for its β-carotene content that can reach 14% of dry 
weight [89]. For human consumption, Cognis Nutrition and Health, the world’s largest 
producer of this strain, offers Dunaliella powder as an ingredient of dietary supplements and 
functional foods. The last major commercial strain application is A. flos-aquae. According to 
many research studies, used alone or in combination with other nutraceuticals and natural 
food products, A. flos-aquae promotes good overall health [85,90].The consumption of 
Arthrospira (Spirulina) by the Kanembu was also reported by Delisle et al. [91] in a survey of 
household food consumption and nutritional adequacy in Wadi zones of Chad. Table (6) 
presents a comparison of the general compositions of human food sources with that of 
different microalgae.  
 

Commodity Protein Carbohydrate Lipid 
Bakers’ yeast 39 38 1 
Meat 43 1 34 
Milk 26 38 28 
Rice 8 77 2 
Soybean 37 30 20 
Anabaena cylindrica 43-56 25-30 4-7 
Chlamydomonas rheinhardii 48 17 21 
Chlorella vulgaris 51-58 12-17 14-22 
Dunaliella salina 57 32 6 
Porphyridium cruentum 28-39 40-57 9-14 
Scenedesmus obliquus 50-56 10-17 12-14 
Spirulina maxima 60-71 13-16 6-7 
Synechococcus sp. 63 15 11 

Table 6. General composition (%) of dry matter of different human food sources and algae [92]. 

7.2. Feed 

Microalgae can be incorporated into the feed for a wide variety of animals ranging from fish 
(aquaculture) to pets and farm animals. In fact, 30% of the current world algal production is 
sold for animal feed applications [92] and over 50% of the current world production of 
Arthrospira is used as feed supplement [85]. In 1999, the production of microalgae for 
aquaculture reached 1000 t (62% for molluscs, 21% for shrimps, and 16% for fish) for a 
global world aquaculture production of 43x106 t of plants and animals [93]. The importance 
of algae in this domain is not surprising as they are the natural food source of these animals. 
The main applications of microalgae for aquaculture are associated with nutrition, being 
used fresh (as sole component or as food additive to basic nutrients) for coloring the flesh of 
salmonids and for inducing other biological activities. The most frequently used species are 
Chlorella, Tetraselmis, Isochrysis, Pavlova, Phaeodactylum, Chaetoceros, Nannochloropsis, 
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Skeletonema and Thalassiosira [85,94]. Many nutritional and toxicological evaluations have 
proved the suitability of algal biomass as feed supplement [92]. Arthrospira is largely used in 
this domain and concerns many types of animal: cats, dogs, aquarium fish, ornamental 
birds, horses, cows and breeding bulls. Algae positively affect the physiology (by providing 
a large profile of natural vitamins, minerals, and essential fatty acids; improved immune 
response and fertility; and better weight control) and their external appearance (resulting in 
healthy skin and a lustrous coat) of animals. In poultry rations, algae up to a level of 5-10% 
can be used safely as partial replacement for conventional proteins. Prolonged feeding of 
algae at higher concentrations produces adverse effects. The yellow color of broiler skin and 
shanks as well as of egg yolk is the most important characteristic that can be influenced by 
feeding algae [92].  

7.3. Agricultural purposes 

Humans have practiced agriculture for more than 10,000 years, but only in the past 50 years 
or so have farmers become heavily dependent on synthetic chemical fertilizers and 
pesticides. It contributes to numerous forms of environmental degradation, including air 
and water pollution, soil depletion and diminishing biodiversity. Synthetic chemical 
pesticides and fertilizers are polluting soil, water, and air, harming both the environment 
and human health. Soil is eroding much faster than it can be replenished—taking with it the 
land’s fertility and nutrients that nourish both plants and those who eat them. Chemical 
fertilizers can gradually increase the acidity of the soil until it begins to impede plant 
growth. Chemically fertilized plots also show less biologic activity in the soil food web (the 
microscopic organisms that make up the soil ecosystem) than do plots fertilized organically 
with manure or other biologic sources of fertility [95]. The best way, however, is to use as 
much as possible microbial products, functional bio-fertilizers and bio-controllers and 
reduce the amount of the use of chemical fertilizers or pesticides. Heterocystous 
cyanobacteria and several nonheterocystous cyanobacteria are known for their ability to fix 
atmospheric nitrogen. The fertility of many tropical rice field soils has been mainly 
attributed to the activity of nitrogen-fixing cyanobacteria. An estimation showed that more 
than 18 kg N ha-1 year-1 was added to the soils by cyanobacteria. Inoculation of 
cyanobacteria to increase the fertility of soils has been successfully attempted. Recently, 
nitrogen-fixing cyanobacteria have been reported to dominate desert crusts worldwide. This 
is believed to contribute significantly to the fertility of desert soils and may eventually 
facilitate vegetation of deserts [96]. Algae as biofertilizers are a promising alternative to 
avoid soil pollution caused by agrochemicals. Also, they recover the nutrients content to soil 
as they secrete exo-polysaccharides that improve soil structure and bio-active substances 
that enhance the plant growth. Algae are known to be one of the most promising sources as 
bio-control agents of any residues, thereby having positive impact on human health [97]. 
Microorganisms play an important role in various chemical transformations of soils and 
thus, influence the availability of major nutrients like nitrogen, phosphorus, potassium and 
sulphur to the plants. Cyanobacteria and phosphate-solubilizing bacteria were used as 
biofertilizers to increase crop production [98].The cyanobacterial ability to mobilize 
insoluble forms of inorganic phosphates is evident from the finding of kleiner and Harper 
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[99] who reported more extractable phosphates in soils with cyanobacterial cover than in 
nearby soils without cover. Cyanobacteria can fix about 25 kg N/ha/season. Apart from 
nitrogen fixation, inoculation with cyanobacteria is also reported to reduce considerably the 
total sulphides and ferrous iron content of the soil. Blue-green algae constitute an important 
group of microorganism capable of nitrogen fixation. Most of the species possess nitrogen 
fixation ability to the order Nostocales and Stigonematales. Over 100 species of blue-green 
algae are known to fix atmospheric nitrogen. These have been found to be very effective on 
the rice and banana plantation. In field condition, overall increase in the gram yield of rice is 
amounted to about 586 kg/ha. In case of crops other than rice, algalization increased nearly 
34 per cent yield. India is one of the countries where agro-chemical conditions appear to be 
favourable where blue-green algae technology has been put forward. In some parts of the 
country, production of BGA inoculants has been commercialised. Producing inoculum in 
artificially controlled conditions is well defined, but relatively expensive. On the other hand 
open-air soil culture is simpler, less expensive and easily adaptable by the farmers. Field 
scale production of algae biofertilizer is also possible. 20-25 kg dry algae can be obtained on 
40 m field. Adopting this method, 15 t/ha of wet BGA can be obtained by the farmers. 
Farmers can also produce algae for countryard of the house [96]. Blue-green algal extracts 
comprise a great number of bioactive compounds that influence plant growth and 
development. They mostly contain growth phyto-regulators like gibberellins, auxin, 
cytokinin, ethylene and abscisic acid [100]. This group of microorganisms have been 
reported to benefit plants by producing growth promoting regulators resemble gibberellin 
and auxin, vitamins, amino acids, polypeptides, antibacterial and antifungal substances that 
exert phytopathogen biocontrol and polymers especially exopolysaccharides that were 
reported to enhance growth and productivity of plants like Daucus carota [101], Santalum 
album [102], Oryzae sativa [103], Lilium alexandrae hort [104] and Beta vulgaris L.[100]. Non-
nitrogen fixing cyanobacteria can enrich phosphorus and potassium contents in soils, laying 
indirect major role in plant growth promotion [105]. Cyanobacteria also enhance the soil 
biological activity in terms of increasing the total bacterial, total cyanobacterial counts, CO2 
evolution, dehydrogenase and nitrogenase activities. Many researches suggested that up to 
50% of the recommended dose of the mineral nitrogen fertilizers could be saved by using 
some species of nitrogen fixing cyanobacteria. The obtained results emphasized the 
prospects and potentials of using cyanobacteria biofertilizers as renewable natural nitrogen 
resources for many crops. They are none polluting, inexpensive, utilize renewable resources 
(inorganic nutrients and atmospheric CO2) in addition to their ability in using free available 
solar energy, atmospheric nitrogen and water [106-108]. 

7.4. Mitigation of CO2: Why algae for CO2 sequestration? 

Many options that have been proposed and that are in use for capturing CO2 can be seen as 
economically, socially and environmentally short-sighted. A common approach is taking 
measures to offset any immediate effects, often by simple relocation of the emissions. 
Injection of flue gases into oceanic or geological sinks is examples of such “end-of-pipe” 
solutions [109]. Algae cultivation can yield a broad range of useful end products, apart from 
biofuels. The sequestration of CO2 into algal biomass can become profitable also through the 
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production of high value products such as pigments and high-grade lipids, which are 
extractable from several species of algae. Brennan and Owende [110] also mention high 
value products such as animal feed supplements being extractable from the microalgae 
species Chlorella, Scenedesmus and Spirulina. The urgent need for substantive net reductions 
in CO2 emissions to the atmosphere can be addressed via biological CO2 mitigation, coupled 
with transition to more extensive uses of biofuel, nuclear and renewable energy sources. 
Microalgae have attracted a great deal of attention for CO2 fixation and biofuel production 
because they can convert CO2 (and supplementary nutrients) into biomass via 
photosynthesis at much higher rates than conventional biofuel crops can. This biomass may 
then be transformed into methane or hydrogen, using processes mediated by anaerobic 
bacteria; an integrated process for hydrothermal production of methane via microalgae has 
been discussed recently [111-112]. Of particular interest is the production of oils by 
microalgae because of the ease of their synthesis (a lack of a nitrogen source usually suffices 
to trigger this form of secondary metabolism). Lipid extraction and re-esterification are 
accomplished with short-chain alcohols and other by-products of secondary metabolism (i.e. 
polyunsaturated fatty acids, bcarotenes or polymers [111]. Upon extraction, such oils can be 
hydrolyzed and then re-esterified with methyl- or ethyl alcohol moieties to obtain biodiesel. 
Microalga-mediated CO2 fixation and biofuel production can be rendered more sustainable 
by coupling microalgal biomass production with existing power generation and wastewater 
treatment infrastructures (Figure 10). Microalgae can utilize low-quality water, such as 
agricultural runoff or municipal, industrial or agricultural wastewaters, as a source of water 
for the growth medium as well as a source of nitrogen, phosphorus and minor nutrients 
[113]. 

7.5. Wastewater treatments 

Wastewater nitrogen and phosphorous as microalgae nutrients aquaculture systems 
involving microalgae production and wastewater treatment (e.g. of amino acids, enzyme, or 
food industries wastewaters) seems to be quite promising for microalgae growth combined 
with biological cleaning. This allows nutrition of microalgae by using organic compounds 
(nitrogen and phosphorous) available in some manufactures wastewater, not containing 
heavy metals and radioisotopes. Additionally, microalgae can mitigate the effects of sewage 
effluent and industrial sources of nitrogenous waste such as those originating from water 
treatment or fish aquaculture and at the same time contributing to biodiversity. Moreover, 
removing nitrogen and carbon from water, microalgae can help reduce the eutrophication in 
the aquatic environment. Aslan and Kapdan [114] used C. vulgaris for nitrogen and 
phosphorus removal from wastewater with an average removal efficiency of 72% for 
nitrogen and 28% for phosphorus (from 3 to 8 mg/L NH4+ and 1.5–3.5 mg/L PO4 _3). Other 
widely used microalgae cultures for nutrient removal are Chlorella [115] and Spirulina 
species [116]. Nutrient removal capacities of Nannochloris [117]), Botryococcus brauinii [118] 
and cyanobacterium Phormidium bohneri have also been investigated [119-120]. 
Environmental applications production of biodiesel and other bio-products from microalgae 
can be more environmentally sustainable, cost-effective and profitable, if combined with 
processes such as wastewater and flue gas treatments. In fact various studies demonstrated 
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[99] who reported more extractable phosphates in soils with cyanobacterial cover than in 
nearby soils without cover. Cyanobacteria can fix about 25 kg N/ha/season. Apart from 
nitrogen fixation, inoculation with cyanobacteria is also reported to reduce considerably the 
total sulphides and ferrous iron content of the soil. Blue-green algae constitute an important 
group of microorganism capable of nitrogen fixation. Most of the species possess nitrogen 
fixation ability to the order Nostocales and Stigonematales. Over 100 species of blue-green 
algae are known to fix atmospheric nitrogen. These have been found to be very effective on 
the rice and banana plantation. In field condition, overall increase in the gram yield of rice is 
amounted to about 586 kg/ha. In case of crops other than rice, algalization increased nearly 
34 per cent yield. India is one of the countries where agro-chemical conditions appear to be 
favourable where blue-green algae technology has been put forward. In some parts of the 
country, production of BGA inoculants has been commercialised. Producing inoculum in 
artificially controlled conditions is well defined, but relatively expensive. On the other hand 
open-air soil culture is simpler, less expensive and easily adaptable by the farmers. Field 
scale production of algae biofertilizer is also possible. 20-25 kg dry algae can be obtained on 
40 m field. Adopting this method, 15 t/ha of wet BGA can be obtained by the farmers. 
Farmers can also produce algae for countryard of the house [96]. Blue-green algal extracts 
comprise a great number of bioactive compounds that influence plant growth and 
development. They mostly contain growth phyto-regulators like gibberellins, auxin, 
cytokinin, ethylene and abscisic acid [100]. This group of microorganisms have been 
reported to benefit plants by producing growth promoting regulators resemble gibberellin 
and auxin, vitamins, amino acids, polypeptides, antibacterial and antifungal substances that 
exert phytopathogen biocontrol and polymers especially exopolysaccharides that were 
reported to enhance growth and productivity of plants like Daucus carota [101], Santalum 
album [102], Oryzae sativa [103], Lilium alexandrae hort [104] and Beta vulgaris L.[100]. Non-
nitrogen fixing cyanobacteria can enrich phosphorus and potassium contents in soils, laying 
indirect major role in plant growth promotion [105]. Cyanobacteria also enhance the soil 
biological activity in terms of increasing the total bacterial, total cyanobacterial counts, CO2 
evolution, dehydrogenase and nitrogenase activities. Many researches suggested that up to 
50% of the recommended dose of the mineral nitrogen fertilizers could be saved by using 
some species of nitrogen fixing cyanobacteria. The obtained results emphasized the 
prospects and potentials of using cyanobacteria biofertilizers as renewable natural nitrogen 
resources for many crops. They are none polluting, inexpensive, utilize renewable resources 
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production of high value products such as pigments and high-grade lipids, which are 
extractable from several species of algae. Brennan and Owende [110] also mention high 
value products such as animal feed supplements being extractable from the microalgae 
species Chlorella, Scenedesmus and Spirulina. The urgent need for substantive net reductions 
in CO2 emissions to the atmosphere can be addressed via biological CO2 mitigation, coupled 
with transition to more extensive uses of biofuel, nuclear and renewable energy sources. 
Microalgae have attracted a great deal of attention for CO2 fixation and biofuel production 
because they can convert CO2 (and supplementary nutrients) into biomass via 
photosynthesis at much higher rates than conventional biofuel crops can. This biomass may 
then be transformed into methane or hydrogen, using processes mediated by anaerobic 
bacteria; an integrated process for hydrothermal production of methane via microalgae has 
been discussed recently [111-112]. Of particular interest is the production of oils by 
microalgae because of the ease of their synthesis (a lack of a nitrogen source usually suffices 
to trigger this form of secondary metabolism). Lipid extraction and re-esterification are 
accomplished with short-chain alcohols and other by-products of secondary metabolism (i.e. 
polyunsaturated fatty acids, bcarotenes or polymers [111]. Upon extraction, such oils can be 
hydrolyzed and then re-esterified with methyl- or ethyl alcohol moieties to obtain biodiesel. 
Microalga-mediated CO2 fixation and biofuel production can be rendered more sustainable 
by coupling microalgal biomass production with existing power generation and wastewater 
treatment infrastructures (Figure 10). Microalgae can utilize low-quality water, such as 
agricultural runoff or municipal, industrial or agricultural wastewaters, as a source of water 
for the growth medium as well as a source of nitrogen, phosphorus and minor nutrients 
[113]. 

7.5. Wastewater treatments 
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involving microalgae production and wastewater treatment (e.g. of amino acids, enzyme, or 
food industries wastewaters) seems to be quite promising for microalgae growth combined 
with biological cleaning. This allows nutrition of microalgae by using organic compounds 
(nitrogen and phosphorous) available in some manufactures wastewater, not containing 
heavy metals and radioisotopes. Additionally, microalgae can mitigate the effects of sewage 
effluent and industrial sources of nitrogenous waste such as those originating from water 
treatment or fish aquaculture and at the same time contributing to biodiversity. Moreover, 
removing nitrogen and carbon from water, microalgae can help reduce the eutrophication in 
the aquatic environment. Aslan and Kapdan [114] used C. vulgaris for nitrogen and 
phosphorus removal from wastewater with an average removal efficiency of 72% for 
nitrogen and 28% for phosphorus (from 3 to 8 mg/L NH4+ and 1.5–3.5 mg/L PO4 _3). Other 
widely used microalgae cultures for nutrient removal are Chlorella [115] and Spirulina 
species [116]. Nutrient removal capacities of Nannochloris [117]), Botryococcus brauinii [118] 
and cyanobacterium Phormidium bohneri have also been investigated [119-120]. 
Environmental applications production of biodiesel and other bio-products from microalgae 
can be more environmentally sustainable, cost-effective and profitable, if combined with 
processes such as wastewater and flue gas treatments. In fact various studies demonstrated 
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the use of microalgae for production of valuable products combined with environmental 
applications [113,121]. 

7.6. Biofuel production 

Microalgae can potentially be employed for the production of biofuels in an economically 
effective and environmentally sustainable manner. The production of these biofuels can be 
coupled with fuel gas CO2 mitigation, wastewater treatment and the production of high-
value chemicals. The efficiency is low but there is much room for improvement. The use of 
microalgae is seen as, at least, a partial solution to climate change and energy problem [122]. 
Many microalgae are exceedingly rich in oil which can be converted to biodiesel using 
existing technology. More than 50% of their biomass as lipids, sometimes even up to 80%, 
and oil levels of 20-50% are quite common [123]. 

 
Figure 10. Integration of microalgal bioreactors into existing wastewater and power generation 
infrastructures. The overall process uses microalgae to capture industrially produced waste CO2 in 
photobioreactors, coupled with treatment of nutrients in wastewater. CO2 is converted into algal 
biomass by photosynthesis in the presence of light. After processing (biological, physical or 
thermochemical), the biomass generated can be used for production of biodiesel, methane or other fuels 
and co-products (e.g. animal feeds and polymers) 

Lipids production and biodiesel extraction from algae depend on algal species and 
extraction solvent system [124].There is a unique opportunity to both treat wastewater and 
provide nutrients to algae using nutrient-rich effluent streams. By cultivating microalgae, 
which consume polluting nutrients in municipal wastewater, and abstracting and 
processing this resource, then the goals of sustainable fuel production and wastewater 
treatment can be combined [174,125].The efforts span over many areas of “algae to fuels” 
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technologies including production system development, algae harvest, algae strain 
development and genetic modification, algae products development, etc. Screening and 
genetic modification of algae strains will play an increasingly important role. Genetic 
engineering has the potential to improve the overall algal biomass yield and lipid yield. 
Discovery of new strains and genetically modified strains capable of secreting hydrocarbons 
to extracellular spaces will open some new opportunities; however, challenges with 
recovering the secreted liquids or volatiles remain. There is a need to develop high 
throughput screening and analysis methods. Current harvest and dewatering are still too 
energy intensive. New techniques and strategies must be devised to lower the costs. Direct 
conversions such as in situ transesterification and hydrothermal liquefaction offer the 
possibility to process wet algae. Fractionation of algal biomass, before or after oil extraction, 
deserves a closer look because it may play an important role in offsetting the costs. New 
techniques to disrupt algae cellular structures to improve oil extraction efficiency are needed 
[126]. 

7.7. Heavy metals and phycoremediation 

Metals are directly or indirectly involved in all phases of microbial growth. Many metals 
such as sodium, potassium, iron, copper, magnesium, calcium, manganese, zinc, nickel and 
cobalt are vital for biological functions, while others such as aluminum, cadmium, silver, 
gold, mercury and lead are not known to have necessary biological functions. All these 
elements can interact with microbial cells and be accumulated as a result of different 
mechanisms [127]. Some of these mechanisms have biotechnological importance and can be 
applied for the bioremediation of metals from industrial effluents. The capability of some 
microbial species to adsorb some heavy metals on their surface [128-129] or accumulate 
them within their structure is a chief route for the removal of heavy metals from 
contaminated environment [130-132]. Another fashion for the detoxification of heavy metals 
by microorganisms is the chelation of these metals inside or outside their cells after 
converting them into other forms to reduce their toxicity. In 2007, Lefebvre et al. [133] 
working with some cyanobacterial strains (Limnothrix planctonica, Synechococcus leopoldiensis 
and Phormidium limnetica) demonstrated their ability to convert Hg2+ into elemental mercury 
Hg° and meta-cinnabar (β-HgS) under pH controlled and aerated conditions. The 
transformation of mercury into β-HgS was attributed to the interaction with metal binding 
sulfhydryl protein as an intermediate step in metal sulfide synthesis. Moreover, some of the 
freshwater algae Limnothrix planctonica and Selenastrum minutum were recorded for their 
ability to bio-transform Hg2+ into a form with the analytical properties of β-HgS under 
aerobic conditions due to the presence of some protein and non-protein thiol chelators [134]. 
Furthermore, Lengke et al. [135] investigated the gold bioaccumulation by cyanobacterium 
Plectonema boryanum from gold (III)-chloride solutions. They confirmed that the reduction 
mechanism of gold (III) to metallic gold by this organism involves the formation of an 
intermediate gold (I)-sulfide due to a chelation process via some thiol compounds. Recntly 
Essa and Mostafa [136] studied the effeicincy of three cyanobacterial isolates (Spirulina 
platensis, Nostoc muscorum, and Anabaena oryzae) individually or as a mixed culture to 
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the use of microalgae for production of valuable products combined with environmental 
applications [113,121]. 

7.6. Biofuel production 

Microalgae can potentially be employed for the production of biofuels in an economically 
effective and environmentally sustainable manner. The production of these biofuels can be 
coupled with fuel gas CO2 mitigation, wastewater treatment and the production of high-
value chemicals. The efficiency is low but there is much room for improvement. The use of 
microalgae is seen as, at least, a partial solution to climate change and energy problem [122]. 
Many microalgae are exceedingly rich in oil which can be converted to biodiesel using 
existing technology. More than 50% of their biomass as lipids, sometimes even up to 80%, 
and oil levels of 20-50% are quite common [123]. 

 
Figure 10. Integration of microalgal bioreactors into existing wastewater and power generation 
infrastructures. The overall process uses microalgae to capture industrially produced waste CO2 in 
photobioreactors, coupled with treatment of nutrients in wastewater. CO2 is converted into algal 
biomass by photosynthesis in the presence of light. After processing (biological, physical or 
thermochemical), the biomass generated can be used for production of biodiesel, methane or other fuels 
and co-products (e.g. animal feeds and polymers) 

Lipids production and biodiesel extraction from algae depend on algal species and 
extraction solvent system [124].There is a unique opportunity to both treat wastewater and 
provide nutrients to algae using nutrient-rich effluent streams. By cultivating microalgae, 
which consume polluting nutrients in municipal wastewater, and abstracting and 
processing this resource, then the goals of sustainable fuel production and wastewater 
treatment can be combined [174,125].The efforts span over many areas of “algae to fuels” 

 
Microalgal Biotechnology: Prospects and Applications 301 

technologies including production system development, algae harvest, algae strain 
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energy intensive. New techniques and strategies must be devised to lower the costs. Direct 
conversions such as in situ transesterification and hydrothermal liquefaction offer the 
possibility to process wet algae. Fractionation of algal biomass, before or after oil extraction, 
deserves a closer look because it may play an important role in offsetting the costs. New 
techniques to disrupt algae cellular structures to improve oil extraction efficiency are needed 
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applied for the bioremediation of metals from industrial effluents. The capability of some 
microbial species to adsorb some heavy metals on their surface [128-129] or accumulate 
them within their structure is a chief route for the removal of heavy metals from 
contaminated environment [130-132]. Another fashion for the detoxification of heavy metals 
by microorganisms is the chelation of these metals inside or outside their cells after 
converting them into other forms to reduce their toxicity. In 2007, Lefebvre et al. [133] 
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and Phormidium limnetica) demonstrated their ability to convert Hg2+ into elemental mercury 
Hg° and meta-cinnabar (β-HgS) under pH controlled and aerated conditions. The 
transformation of mercury into β-HgS was attributed to the interaction with metal binding 
sulfhydryl protein as an intermediate step in metal sulfide synthesis. Moreover, some of the 
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ability to bio-transform Hg2+ into a form with the analytical properties of β-HgS under 
aerobic conditions due to the presence of some protein and non-protein thiol chelators [134]. 
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Plectonema boryanum from gold (III)-chloride solutions. They confirmed that the reduction 
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precipitate some heavy metals (Hg2+, Cd2+, Cu2+ and Pb2+) out of their solutions through 
using the culture biogas produced during their aerobic growth in a batch bioreactor. 
Variable capabilities of metal bioprecipitation were recorded by the three algal isolates. FT-
IR studies showed the existence of –OH groups in the metal precipitate produced by the 
algal isolates while –NH groups were identified only in the metal precipitates produced by 
N. muscorum, and A. oryzae. This study highlighted a novel approach for heavy metals 
bioremediation through the transformation of these metals into nitrogen complexes and/or 
hydroxide complexes via using the culture biogas produced by some cyanobacterial species. 

8. Microalgal production 

Microalgae for human nutrition are nowadays marketed in different forms such as tablets, 
capsules and liquids. They can also be incorporated into pastas, snack foods, candy bars or 
gums, and beverages. In addition, this microalga has various possible healthpromoting 
effects: the alleviation of hyperlipidemia, suppression of hypertension, protection against 
renal failure, growth promotion of intestinal Lactobacillus, and suppression of elevated 
serum glucose level [86-87]. Owing to their diverse chemical properties, they can act as a 
nutritional supplement or represent a source of natural food colorants. The commercial 
applications are dominated by four strains: Arthrospira, Chlorella, D. salina and 
Aphanizomenon flos-aquae. Arthrospira is used in human nutrition because of its high protein 
content and its excellent nutritive value [87,88,137]. A significant amount of Arthrospira 
production is realized in China and India. The world’s largest producer Hainan Simai 
Enterprising Ltd. is located in the Hainan province of China. This company has an annual 
production of 200 t of algal powder, which accounts for 25% of the total national output and 
almost 10% of the world output. The largest plant in the world is owned by Earthrise Farms 
and streches over an area of 440,000 m2 (located at Calipatria, CA, USA; Figure 11). Their 
production process is presented in Figure 12. Their Arthrospira-based products (tablets and 
powder) are distributed in over 20 countries around the world. Many other companies sell a 
wide variety of nutraceuticals made from this microalga. For example, the Myanmar 
Spirulina Factory (Yangon, Myanmar) sells tablets, chips, pasta and liquid extract, and 
Cyanotech Corp. (a plant in Kona, Hawaii, USA) produces products ranging from pure 
powder to packaged bottles under the name Spirulina pacifica. Cyanotech Corp. has 
developed an orginal process for drying the biomass in order to avoid the oxidation of 
carotenes and fatty acids that occurs with the use of standard dryers. The patented process 
employs a closed drying system that is kept at low oxygen concentrations by flushing with 
nitrogen and carbon dioxide. The process relies on a very cold ocean water crown from a 
depht of 600 m just offshore to provide dehumidification and actually dries microalgal 
products in less than 6 s (Figure 13). Chlorella is produced by more than 70 companies; 
Taiwan Chlorella Manufacturing and Co. (Taipei, Taiwan) is the largest producer with 400 t 
of dried biomass produced per year. Significant production is also achieved in Klötze, 
Germany (130 – 150 t dry biomass per year) with a tubular photobioreactor. This reactor 
consists of compact and vertically arranged horizontal running glass tubes with a total 
length of 500,000 m and a total volume of 700 m3 (Figure 14). The world annual sales of 
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Chlorella are in excess of US$ 38 billion [85]. The most important substance in Chlorella is β-
1,3-glucan, which is an active immunostimulator, a free-radical scavenger and a reducer of 
blood lipids (9, Ryll et al., Abstr. Europ. Workshop Microalgal Biotechnol., Germany, p. 56, 
2003). However, various other health-promoting effects have been clarified (efficacy on 
gastric ulcers, wounds, and constipation; preventive action against atherosclerosis and 
hypercholesterolemia; and antitumor action) [85,122,138]. 

 

 
Figure 11. Earthrise Farms Arthrospira production plant (Calipatria, CA, USA) 

 
Figure 12. Earthrise Farms microalgal production process 
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Figure 13. Cyanotech process for drying microalgae biomass 

 
Figure 14. Glass tube photobioreactor (700 m3) producing Chlorella biomass (Klötze, Germany) 

9. Conclusion 

Meeting the increasing water demands with limited resources advocates Egypt to find 
innovative and sustainable approaches for management. It is essential to maximize the 
benefits of the available resources and to minimize the wastes and losses, not only in water 
resources but also in all economical and social resources, and in an integrated framework 
believing that everything is related to everything. So would it not be possible to kill several 
birds with one stone, using algae for absorbing CO2 at the same time as providing nutrient 
recovery from food industrial effluents and domestic wastewater and producing renewable 
energy (fuels), as well as other pharmaceutical products, food, feed and fertilizer from the 
biomass? In recent years, microalgal culture technology is a business oriented line owing to 
their different practical applications. Innovative processes and products have been 
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introduced in microalgal biotechnology to produce vitamins, proteins, cosmetics, health 
foods and animal feed. For most of these applications, the market is still developing and the 
biotechnological use of microalgae will extend into new areas.With the development of algal 
cultures and screening techniques, microalgal biotechnology can meet the challenging 
demands of food, feed, pharmaceutical industries, fuels and biofertilizers. The general needs 
of the human society are continuously increasing. We need every new compound which 
may be useful for the human society. More food, new drugs, and other goods are highly 
necessary for the benefit of humankind. The only question is the existence of sufficient 
natural and technical resources to fulfill these demands. Fortunately, in the area of the 
research of bioactive microbial products it seems that the ever expanding scientific and 
technical possibilities are increasing together with the continuously widening needs of the 
human. 
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