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Introduction 

Plants interact with microorganisms in a number of ways ranging from 

beneficial or symbiotic interactions and pathogenic or non-symbiotic interactions. 

Beneficial relations may be caused by the symbiotic or non symbiotic associations 

between the plants and the host microorganism. Some of the beneficial relations are 

mycorrhizal symbiosis between the plant and the fungus residing in the roots of the 

plants and actinorhizal symbiosis between the plant and the nitrogen fixing gram 

positive bacteria. Mycorrhizas are among the most universal, intimate and important 

symbioses in terrestrial ecosystem. Among these, Arbuscular Mycorrhiza (AM) is 

the most ancient and widespread mycorrhizal symbiosis with a wide range of plant 

species, and effectively reduce root diseases caused by a number of soil borne 

pathogens (Linderman, 1994; Bodker et al., 2002; Li et al., 2006). Piriformospora 

indica is an endophytic fungus (Verma et al., 1999) showing a great deal of 

similarity with AM fungi, has growth promoting effects on plant and confers 

resistance against biotic and abiotic stress (Waller et al., 2005). However the role of 

P. indica in defense response of plant during biotic and abiotic stress has not been 

well studied. Fusarium moniliforme is a parasitic fungus to several crops and is 

commonly seed born and has been isolated from both symptom less and rotted 

maize kernels (Koehler, 1942) however reports suggest that this seed born inoculum 

is less important than the inoculum in the air and soil (The American 

Phytopathological society, 1973). F. moniliforme produces mycotoxins called 

fumonisins and moniliformin. Moniliformin was found highly lethal to animals and 

experiments show the growth inhibition effect on plant (Cole et al., 1973). 

Plant defense mechanisms are characterized by a combination of two 

responses constitutive and inducible. Constitutive responses consist of general 

barriers or preexisting biochemical defenses. Inducible responses can be localized 

or systemic and are more sophisticated because they involve the recognition of the 

pathogen by the host plant, signal transduction, and the expression of several genes. 

We are more concerned with the antioxidative defense system (against oxidative 

stress), which involves several antioxidants and antioxidative enzymes in balancing 

redox level of cell and defense mechanism mediated by Pathogenesis Related 

Proteins (PR Proteins) that are antimicrobial in nature. These small PR Proteins 

(e.g., thionins, defensins, heveinlike proteins, and knottin-like peptides) have been 

classically divided into five groups, PR-1, -2, -3, -4, and -5, based on serological 
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Introduction 

and ammo acid sequence analyses. These are the mainly co-ordinated, often 

complex and multifaceted defense mechanism against the fungal pathogen (Pozo et 

al., 2002; Pozo et al., 1998; Pozo et al., 1999). 

The work presented here is mainly focused on effects of P. indica on plant 

growth, morphology, antioxidative defense system and PR proteins during the 

colonization. We have studied regulation of antioxidants and antioxidant enzymes 

(e.g. SOD, GR, CAT and GST) levels by P. indica during colonization, its 

compatibility with maize plant and expression of PR proteins. Finally our work 

focuses the role of P. indica in bioprotection against F. moniliforme, effect of state 

of affair of inoculum of P. indica and suspected role of these defense systems in 

bioprotection. 

2 
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Review of Literature 

Micro-organisms are crucial to the functioning of terrestrial ecosystems, and 

soils contain not only a vast amount of microbial biomass, but also the world's 

largest reservoir of biological diversity. Soil provides a spatially and temporally 

heterogeneous environment, especially at the scale encountered by microbes. 

Factors influencing the dispersion and growth of microbial populations include the 

presence of solid surfaces, strongly fluctuating moisture conditions, variable and 

often limiting levels of organic and inorganic substrates, and interactions with other 

soil-borne organisms. However, the most critical selective force for microorganisms 

in soil is influence of plant roots. The soil zone influenced by plant roots, the 

rhizosphere, differs markedly from the root-free soil environment. Not only are 

physical and chemical conditions different in the rhizosphere, but plant roots also 

provide the majority of substrate for energy and biosynthesis of microorganisms in 

soil. Plants can therefore have a profound effect on soil-borne microbial 

communities. However, a strong feedback also exists between the microbial 

communities in the rhizosphere and vegetation dynamics, as micro-organisms can 

significantly influence plant establishment, growth, and succession. 

Microorganisms affect individual plants and plant communities both 

beneficially, e.g. by the provision of nutrients and direct hormonal stimulation of 

growth, as well as negatively, e.g. as the causal agents of disease. Taken together, 

plant-microbe interactions in the rhizosphere are of prime importance to the 

functioning of terrestrial ecosystems. 

PLANT MICROBE INTERACTIONS 

Plants constitute an excellent ecosystem for microorganisms. The 

environmental conditions offered differ considerably between the highly variable 

aerial plant part and the more stable root system. Microbes interact with plant 

tissues and cells with different degrees of dependence (Montesinos et al., 2002). 

Interactions between microorganisms and plants have major effects on the 

development of civilization since humans began to rely extensively on cultivated 

crops for food. 
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Microorganisms have developed several strategies to adapt themselves to the 

plant environment, including beneficial interactions and harmful or pathogenic 

interactions. Beneficial interactions are caused !'Y symbiotic (e.g., Rhizobium) or 

non-symbiotic bacteria and by a highly specialized type of fungi, the mycorrhizae. 

The pathogenic or detrimental interactions of microbes with plants involve viroids, 

viruses, bacteria and fungi, and lead to infectious diseases affecting the host plant 

(Montesinos et al., 2002). 

In symbiotic relationships, the microorganism assists the plant with nutrient 

absorption or contributes biochemical activities that the plant lacks. The plant, in 

turn, contributes photosynthate, to the competitive advantage of the corresponding 

microbial symbiont in the rhizosphere. By altering the balance of microflora in the 

rhizosphere, symbiotic associations may also help to protect plants from disease 

causing microorganisms. 

To successfully colonize a particular host, a microorganism must develop 

the ability to pass defensive barriers of the plant to prevent infection. Once these 

barriers are breached, the newly susceptible host then faces selection pressure to 

develop counter measures that block invasion by the pathogen. After a novel 

resistance response has evolved in the plant, the pathogen must again respond with 

an alternative mechanism that restores virulence. These dynamic battles have 

resulted in the utilization of highly specific and extremely sophisticated attack 

strategies by the pathogen and equally elaborate defense responses by the host 

(Jackson et al., 1996). In this kind of relationship, the appearance of disease 

symptoms, i.e., "compatibility," is the outcome in most cases and results from the 

ability of the pathogens to overcome the complexities of the host defense responses. 

However, "incompatibility," a resistance reaction that prevents or severely retards 

pathogen growth, may be conditioned by a single interacting gene pair-a host 

resistance (R) gene and a pathogen avirulence (Avr) gene (Flor, 1971). 

NON-SYMBIOTIC INTERACTIONS 

There are the three major categories of disease-causing organisms, viruses 

and viroids, bacteria and mycoplasma-like organisms, and fungi (Jones et al., 1991). 
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Viruses 

Viruses were first recognized as pathogenic entities about a century ago. 

Despite differences in the properties of their genomes, all plant viruses face the 

same two fundamental challenges during the establishment of systemic infections in 

their plant hosts. The first necessity is to replicate in the initially infected cells. This 

is achieved in a wide variety of ways, all relying to some extent on the utilization of 

host components to complement replication determinants encoded by the virus. The 

second requirement is for the viruses to move through adjacent plant cells to the 

vascular system, before spreading throughout the plant. This process also depends 

on highly specific interactions with host proteins (Shaw, 1996). 

Prokaryotes 

Many important plant diseases exhibiting a wide range of symptom 

phenotypes are caused by bacteria and mycoplasma-like organisms. These 

organisms have diverse life styles, ranging from facultative pathogens to more 

fastidious obligate pathogens (Agrios, 1988). Members of these groups have two 

modes of pathogenesis: biotrophic pathogens kill their host plants relatively slowly, 

thus allowing maximal opportunity for pathogen replication, whereas necrotrophic 

pathogens use a brute force strategy that results in rapid tissue death. Biotrophic 

bacteria elicit fire blights, wildfire, halo blights, leaf and fruit spots, scalds and 

yellowing diseases, vascular wilts, scabs, cankers, and galls. In contrast, 

necrotrophic pathogens generally have broader host ranges than biotrophic bacteria 

and their pathology is more dependent on environmental conditions that stress the 

host. 

In an interesting parallel with population monitoring by some rhizosphere 

inhabitants, Agrobacterium, Corynebacterium, Erwinia, Pseudomonas, 

Xonthomonos, Streptomyces that the necrotrophic bacterial pathogens engage in a 

stealth mode of pathogenesis by lying in wait to express virulence factors until a 

population of bacteria that is sufficient to overcome the host response, has 

accumulated. This mob attack response is proposed to be mediated by "quorum 
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sensing" mechanisms in which quantitative autoinduced signals monitor bacterial 

populations and regulate the release of antibiotic or virulence factors (Mok et al., 

1996). 

In contrast to the diverse lethal syndromes caused by biotrophic and 

necrotrophic bacteria, the tumor-forming Agrobacteria do not kill cells directly. 

Instead, characteristic tumors often appear just below the soilleve1 at the crown of 

the plant, hence the name crown-gall disease. 

Fungi 

Numerous species of fungi in each of the major phylogenetic groups cause 

serious plant diseases. These include lower fungi, such as Plasmodiophoromycetes, 

Chitridomycetes, and Oomycetes, and higher fungi, such as Ascomycetes, 

Basidiomycetes and Deuteromycetes (Webster, 1980). Fungal pathogens produce 

many different fruiting body and spore forms, and their life styles range from 

obligate parasites, such as the chitrids, downy mildews, and rust fungi, to facultative 

parasites that are capable of attacking plants only under special circumstances. 

Obligate fungal parasites have established intimate and highly evolved relationships 

with their plant hosts. During the course of infection, these pathogens engage in 

many sophisticated but poorly understood activities that redirect nutrient flow in 

plant tissues and alter the growth and morphology of the plant. Changes in the 

morphology of the pathogen are also evident during pathogenesis. 

The penetration processes through which fungi gain entry into plant tissue 

are clearly complex events that in many cases involve the attachment of fungus to 

plant surface (Nicholson and Epstein, 1991) and secretion of a cocktail of hydrolytic 

and proteolytic enzymes (Kolattukudy,1985; Dickman et al., 1989), the composition 

of which varies depending on the particular fungus-plant interaction, however In 

case of mechanically penetrating fungi, penetration is characterized with formation 

of specialized penetration organs, called appressoria, at the tip of their germ tubes. 

Now appressorium attached to plant surface by extracellular adhesives and it form a 

penetration pore by exposing enormous turgor pressure (>8 megapascals; Howard et 

al., 1991). From this penetration pore, an infection peg develops and pierces through 
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the cuticle and cell wall, possibly assisted by hydrolytic enzymes (reviewed in 

Mendgen and Deising, 1993). During penetration, the hydrolytic enzymes and/or 

plant defense responses generate fragments of fungal and/or plant cell walls. These 

compounds, which are often oligosaccharides, can elicit broad host range defense 

responses that slow pathogen ingress. Symptoms often result from the effects of 

fungal toxins, the genetics, biosynthesis, and modes of action of which are steadily 

being resolved. These low molecular weight molecules appear to target critical 

biochemical pathways, and their action can have pleiotropic effects on plant 

metabolism. For example, fusicoccin blocks the function of plasma membrane 

A TPases, thus perturbing the energy status of cells, and tentoxin affects energy 

transfer in chloroplasts. Fusicoccin and tentoxin affect a broad range of plant 

species. However, other fungal toxins, the so-called host-selective toxins (HSTs), 

appear to be specific for individual plant species, and in some cases their effects are 

mediated by gene-for-gene interactions. 

The interactions of Avr and R genes during pathogenesis are also studied. 

The Avr gene products are virulence components that have strategic roles in 

pathogenicity or in pathogen fitness. In fact, any gene expressed by a pathogen 

could become an Avr gene if an R gene capable of recognizing its product evolved 

in the plant host virulence may be restored after the evolution of successful 

resistance strategies. Among the possibilities are the deletions of Avr genes, frame 

shifts that lead to the production of truncated (and unrecognizable) Avr proteins, and 

ectopic expression from altered promoters. The time taken for evolution of these 

modified Avr determinants likely depends on the nature of the originally targeted 

specificities. If resistance is targeted against indispensable pathogen products, such 

as those involved in replication, it is likely that the effectiveness of the 

corresponding Jt gene (its "durability") may be extended. HSTs were the first 

compounds shown to confer plant disease specificity. Single host genes condition 

sensitivity to HSTs, and the ability of HST -producing fungi to cause disease is 

strictly correlated with synthesis of the toxin. Thus, HSTs are potent weapons in the 

arsenals of otherwise relatively weak pathogens. 

Fusarium species are common plant pathogens and are causative agents of 

superficial and systemic infections in humans are facultative fungal parasites. 
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Infections caused by Fusarium sp. are collectively referred to as fusariosis. This 

fungus is the most common cause of mycotic keratitis. The most virulent Fusarium 

sp. is Fusarium so/ani. Fusarium produces very harmful toxins, especially in storage 

of infected crops. Filamentous fungus (F. moniliforme) is the hyphae producing and 

asexual reproductive stage of the genus Fusarium. Specialized spores are produced 

at the ends of filamentous hyphae branches. F. moniliforme is a major parasite of 

members ofGramineae. It causes stalk rot in maize (Ayers et al., 1970; Christensen 

and Wilcoxson, 1966; Hooker, 1972) and poor stand, reduced root and shoot weight 

and reduced plant growth and emergence in maize seedlings (Futrell and Kilgore, 

1969; Vanwyk et al., 1988; Palmer and MacDonald, 1974; Scott and Futrell, 1970). 

F. moniliforme is commonly seed born and has been isolated from both 

symptomless and rotted maize kernels (Koehler, 1942) however reports suggest that 

this seed born inoculum is less important than the inoculum in the air and soil (The 

American Phytopathological society, 1973). F. moniliforme produces mycotoxins 

called fumonisins and moniliformin. Moniliformin was found highly lethal to 

animals as single dose of 500 J.lg cause death of cockerels within two hours. A study 

with plant shows growth inhibitor and phytotoxic effects of the toxin. Experiments 

show the growth inhibition was 24 and 57% at 20 and 200 ppm of toxin respectively 

(Cole et al., 1973). 

The fungus exists as an intercellular infection within the plant, although 

under certain circumstances it may become intracellular. The fungus endophytically 

infects seedling from its systemic infection of the seed, usually by the second day 

following germination, or within 10 days. The systemic infection of maize seeds 

produces maternal line vertical transmission from generation to generation. The 

endophytic hyphae are neither latent nor dormant but instead physiologically active 

(Bacon et al., 2001). 

SYMBIOTIC INTERACTIONS 

Among the favorable plant-microbe interactions that have been studied in 

the greatest detail are those in which bacteria or fungi enter into mutually beneficial 

symbioses with higher plants (Stacey et al., 1992). As is the case for the majority of 
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plant-pathogen interactions, symbioses are characterized both by their complexity 

and by their specificity, they are also of enormous importance for global 

agricultural productivity. 

In most nitrogen-fixing symbioses, soil bacteria of the unrelated genera 

Rhizobium and Frankia induce cell divisions in fully differentiated (and quiescent) 

cells in the root cortex or pericycle of plants in the families Rosaceae and 

Leguminosae. Bacteria enter the root and migrate, intercellularly or intracellularly, 

toward these foci of dividing plant cells. As cell division continues and the nascent 

structures mature into nodules, the bacteria differentiate into forms that are capable 

of fixing nitrogen. The fixed nitrogen is transported throughout the plant and, in 

return, the bacteria are supplied with photosynthate and a protected environment in 

which to divide. In contrast to the restricted phylogenetic distribution of nitrogen

fixing symbioses, mycorrhizal associations are almost ubiquitous, and the effects of 

these associations on plant fitness and health and on the ability of plants to grow 

productively in suboptimal environments are profound. Mycorrhizas are intimate 

associations between plant roots and certain soil fungi, and are typified by 

outgrowths of fungal hyphae from mycorrhizal roots. These hyphae serve to 

increase the absorptive surface area of the root, thus facilitating the uptake of 

nutrients and minerals, particularly phosphorus (which is limiting for plant growth 

in many soil types). Mycorrhizal associations may also help to protect roots from 

infection by pathogenic organisms in the soil. 

These symbioses share a number of similar features. For example, infection 

by both kinds of nitrogen-fixing bacteria, and by mycorrhizal fungi, triggers similar, 

but limited subsets of the plant defense responses. This implies that, between them, 

the symbionts must be capable of modulating these responses. Furthermore, there is 

evidence that Nod factors, which mediate the specificity of legume-Rhizobium 

interactions, can also stimulate mycorrhizal formation (Ane et al., 2004). After 

infection, the developmental program of nodule formation is controlled by the plant 

in both kinds of symbioses. 
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Mycorrhizal symbiosis 

The importance of mycorrhizal associations was recognized when 

difficulties in transplanting forest trees to new soils were encountered. The new 

environments lacked the appropriate fungal species, and the trees were not able to 

thrive without them. Mycorrhizal associations are now known to be important for a 

wide variety of cultivated and native plants and form an essential component of 

their ecology. These associations can take on a number of different morphologies 

but they fall into two broad categories (Smith and Read, 1997). In endomycorrhizal 

associations, such as arbuscular mycorrhizas (AM), the mycorrhizal fungus 

penetrates root cells in response to specific signals from the plant. In the cortical 

cells the fungi differentiate nutrient exchange structures, termed arbuscules. These 

are anatomically similar to the haustoria (feeding structures) formed by pathogenic 

fungi, although their function is very different (Gianinazzi et al. 1983). Gross 

changes in root morphology are not generally seen in these symbioses, although 

subcellular modifications are extensive. By contrast, in ectomycorrhizal symbioses 

fungi grow within the cortical cell walls and their hyphae form a sheath around the 

root. Exchange of nutrients at the interface between the plant and fungal symbionts, 

occur through a plant hexose transporter gene whose expression increases markedly 

in cortical cells containing arbuscles (Harrison, 1996). 

AM is characterized by highly branched haustorium-like fungal structures 

within root cortical cells. The symbiotic association formed between a wide range 

of plant species including angiosperms, gymnosperms, pteridophytes, and some 

bryophytes. Only a few plant species, e.g., members of Brassicaceae, 

caryophyllaceae, Chenopodiaceae, do not engage in AM interactions (Vierheilig et 

al., 1996). The fungi involved in AM symbiosis are obligate biotrophs i.e., they 

have not been cultured in the absence of a plant host. They reproduce asexually, 

forming multinucleate spores (Trouvelot et al., 1999). Development of the 

symbiosis is initiated when a fungal hypha contacts the root of the host plant where 

it differentiates to form an appressorium. Although the components of root exudates 

are capable of stimulating hypha} growth and branching, they are unable to elicit the 

formation of appressoria, which were initially on intact plant roots (Giovannettim et 

al., 1993). Appressorium formation is followed by the development of a penetration 
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hypha and penetration of the root. It can occur in two different ways, in some cases 

the hypha enters by forcing its way between two epidermal cells, whereas in other 

cases, the hypha penetrates an epidermal or root hair cell wall and grows through 

the cell (Bonfante-fasolo, 1984). The localized production of cell wall-degrading 

enzymes, in combination with mechanical force, may facilitate entry of the hypha 

without inducing defense responses (Bonfante and Perotto, 1995). AM fungi 

produce exo- and endoglucanases, cellulases, xyloglucanases, and pectolytic 

enzymes including polygalacturonases (Garcia-Romera et al., 1991; Garcia-Garrido 

et al., 1992; Garcia-Garrido et al., 1996; Rejon-Palomares et al., 1996) all of which 

would expedite their passage through a cell wall. 

After the fungus colonizes the intercellular space of the root cortex the pant 

mediates two steps allowing the fungus to penetrate the rhizodermis. (1) anticlinal 

cell walls of two adjacent epidermal cells separate from each other in the vicinity of 

fungal hyphae allowing the intercellular passage of the hyphae, and (2) fungal 

hyphae are allowed to pass intracellularly through an exodermal cell and an adjacent 

cell from the outermost cortical layer. After the subsequent penetration of the 

innermost cortical layers, tree-like fungal structures (arbuscules) are formed within 

individual root cortical cells by repeated dichotomous branching of fungal hyphae 

(Smith et al., 1997). 

The arbuscules are responsible for nutrient exchange. They represent a dead 

end in the growth of AM fungi (Bonfante and Perotto, 1995), because they finally 

senesce and collapse after 4-10 days of symbiosis (Sanders et al., 1977). The fungal 

structures are then degraded completely by the plant cell and the plant cell recovers 

its original morphology (Jacquelinet-Jeanmougin et al., 1987). This way, cortical 

cells are able to allow a second fungal penetration and arbuscule formation. The life 

cycle of AM fungi is completed by the formation of extraradical spores, which may 

enter another colonization process. The fungal cell wall becomes progressively 

thinner as the arbuscules develops and consequently in these cells, there is an 

extensive intracellular interface in which the two symbionts are in extremely close 

contact, separated only by their membranes and a narrow plant- derived apoplast 

(Bonfante-Fasolo, 1984; Bonfante and Perotto, 1995). This interface is thought to be 

the site at which phosphate and carbon are transferred between symbionts (Smith 
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and Gianinazzi-Pearson, 1988; Smith, 1993). The life span of an arbuscule is only a 

few days, after which it collapses and decays leaving the cell undamaged and 

capable ofhosting another arbuscule (Alexander et al., 1988). Following formation 

of arbuscules, some species of AM fungi also form lipid-filled vesicles within the 

roots, which are presumed to act as a storage reserve for the fungus (Smith and 

Gianinazzi-Pearson, 1988). 

Despite of several beneficial features, AM symbiosis is not much applicable 

in sustainable agriculture because it is unable to make symbiosis with several group 

of plants and is can't cultured as axenically due to which the exploitation of AM 

symbiosis restricted to in vivo. 

02, ROS, AND OXYGEN TOXICITY 

In its ground state (its normal configuration, 02) molecular oxygen is 

relatively unreactive. However, during normal metabolic activity, and as a 

consequence of various environmental perturbations (e.g., extreme temperatures, 

radiation, xenobiotics, toxins, air pollutants, various biotic and abiotic stresses, and 

diseases) 0 2 is capable of giving rise to frightfully reactive excited states such as 

free radicals and derivatives (Scandalios, 1997; Fridovich, 1995) The oxidation 

powers of 0 2 are restricted because electrons can only be absorbed from another 

species whose electron spin is antiparallel to the two unpaired, parallel-spin 

electrons in diatomic oxygen. This spin restriction renders ground state molecular 

oxygen sufficiently unreactive, so that it cannot abstract electrons from other 

species. However, removal of the spin restriction by adding a single e-, or upon 

transfer of energy to oxygen from a photosensitizer (e.g., chlorophyll, flavin

containing compounds), increases the reactivity of oxygen. Photosensitizers can 

harvest light and energize 02 to form singlet oxygen e ~g02), which can interact 

directly with another molecule, transferring the additional energy to the target 

molecule. The complete reduction of 0 2 to water requires four electrons. 0 2 has a 

preference for a stepwise univalent pathway of reduction resulting in partially 

reduced intermediates. The reactive species of reduced dioxygen 'Reactive Oxygen 

Species (ROS)' include the superoxide radical (02•-), hydrogen peroxide (H20 2), 

and the hydroxyl radical (OH•). The latter can also be generated by the interaction 
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of 0 2•- and H20 2 in the presence of metal ions. Both 02•- and OH• are extremely 

reactive and can cause molecular damage, leading to cell death. The hydroxyl 

radical reacts with virtually anything, inflicting indiscriminate and extensive 

intracellular damage. The 0 2 •- is the conjugate base of a weak acid, the 

perhydroxyl radical ("H02), whose pKa is 4.69 ± 0.08. Thus, under acidic 

conditions, the very reactive perhydroxyl radical may predominate following a one 

electron reduction of dioxygen, while at higher pH values the 02•- is predominant. 

These and the physically energized form of dioxygen, singlet oxygen eo2), are the 

biologically most important ROS (Table 1). An activation energy of ~22 kcallmol 

is required to raise molecular oxygen (02) from its ground state to its first singlet 

state. In higher plants, this energy is readily obtained from light quanta via such 

transfer molecules as chlorophyll. Unless abated, all of these intermediate oxygen 

species are extremely reactive and cytotoxic in all organisms (Scandalios, 1997; 

Halliwell, 1996). ROS can interact with proteins, lipids, and nucleic acids to cause 

severe molecular damage (Table 2). Thus, oxygen provides a paradox, in that it is 

essential for aerobic life, yet in its reduced forms is one of the most toxic substances 

with which life on Earth must cope. ROS are found in virtually all intracellular 

organelles or compartments as a consequence of normal metabolic activity. Each 

organelle or compartment has potential targets for oxidative damage, as well as 

mechanisms for the elimination of excess ROS accumulation (Figure 1). 
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Figure 1. Intracellular antioxidant resources in plant cells. SOD = superoxide 
dismutase (Adopted from Scandalios, 2005). 

Table 1. Reactive oxygen species (ROS) of interest in oxidative stress. 

fName fNotation Some comments ana 6asic sources 
:Mofecufar o:x:,ygen (tripfet grouna 
state) Oz; 312: Common form of aio:x:,ygen gas 

Singfet o:x:,ygen (1st e~itea singfet 
Pliotoinlii6ition; Vo/ irraaiation; PS II e- transfer 

state) 1()2; 12J 
reactions (cliforopfasts) 

Pormea in many pliotooJ(jaation reactions (flavoprotein, 
reao:{ cyding); :Me lifer reaction in cliforopfasts; 

Supero)(jde anion 
02•-

mitoclionaria[ e- transfer reactions; gfyo:x:,ysoma[ 
pliotorespiration; pero:{isoma[ activity; nitrogen 
fix..ation; reactions of 03 ana OJ{ • in apopfastic space; 
defense against patliogens; ozyfation of :zyno6iotics 

J{yarogen pero)(jde 
Pormea from 02 •- 6y aismutation; pliotorespiration;.fi-

JfiOz o:{Ufation; proton-inaucea decomposition of 02 • -; 
defense against patliogens 

C])ecomposition of 03 in apopfastic space; defense 

J(yaro:x:,yf radica[ OJ{• against patliogens; reactions of J-{zOz witli 02 • -
(Jfa6er-Weiss)' reactions ofJ-[z02 witli Pe2+ (Penton); 
liigli[y reactive witli a[[ macromofecufes 

Perfryaro:x:,y[ radica[ 
02Jf• 

Protonatea form of 02 • -; reactions of 03 ana QJ{. in 
apopfastic space 

Ozone 
Vo/ radiation or efectricaf aiscliarge in stratospliere; 

03 reactions invo[ving com6ustion proaucts of fossi[ 
juefs ana Vo/ radiation in tropospliere 
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Table 2. Examples of reactive oxygen species (ROS) damage to lipids, proteins and 
DNA. 

ozyfative tfamaoe to lipitfs 
• Occurs via sroera{ meclianisms of CJ(OS reacting witli fatty acitfs in tlie mem6rane fipid 6ifayer, Ceatfing 
to mem6rane Ceak_age atuf ce{[ d"eatli. 
• In footfs, fipid perozyfation causes rancUfity atuf d"evefopment of und"esira6Ce oaors atuf ffavors. 

OJ(jtfative tfamaoe to proteins 
• Site-specific amino acit£ moaifications (specific amino acitfs aiffer in tlieir suscepti6ifity to CJ(OS attacRJ 
• Pragmentation of tlie peptide cliain 
• Jf.ggregation of cross-fin~a reaction proaucts 
• )f.{terea eCectrica{ cliarge 
• Increased' suscepti6ifity to proteofysis 
• 0-{.Ufation of Pe-S centers 6y 02 •- destroys enzymatic function 
• Ozyfation of specific amino acitfs "marfi.§" proteins for aegraaation 6y specific proteases 
• Ozyfation of specific amino acitfs (e.g., rrry) (eatfs to cross-fin~ng 

Ozyfative aamaoe to (})1{jf. 

• <IYN)f. d"eCetions, mutations, transfocations 
• r.Base d"egraaation, singCe-strana 6rea~ge 
• Cross-fin~ng of qy]V)f_ to proteins 

DEFENSE RESPONSE IN PLANTS 

Each plant, either at the species or subspecies level, has a range of pathogens 

to which it is susceptible, and another to which it is resistant. Non-host plants of a 

given pathogen group develop a type of blocking necrosis against these pathogens 

when their tissues are invaded, which is called the hypersensitivity reaction (HR). 

The resultant HR contrasts with the compatible reaction of a pathogen on its host 

plant, which consists of infection and invasion of plant tissues or organs, and often 

plant death (Montesinos et al., 2002). 

The defense mechanisms utilized by plants can take many different forms, 

ranging from passive mechanical or preformed chemical barriers, which provide 

nonspecific protection against a wide range of organisms, to more active host

specific responses that provide host- or varietal-specific resistance (Jackson and 

Taylorbi, 1996) 
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Figure 2: Redox Regulation of cellular systems (Adopted from https:// 
bioinformatics.cs. vt.edul-expresso/awards/proposals/ITR _ 2002) 

Plant defense mechanisms are characterized by a combination of two 

responses constitutive and inducible. Constitutive responses consist of general 

barriers or preexisting biochemical defenses. Inducible responses can be localized 

or systemic and are more sophisticated because they involve the recognition of the 

pathogen by the host plant, signal transduction, and the expression of several genes. 

In a localized response, plant tissues react against pathogens by a type of 

programmed cell death consisting essentially of electrolyte leakage from the 

cytoplasm and an oxidative burst. In systemic defense, a signal spreads from the site 

of interaction as a response to chemicals, microorganisms, insects, mechanical 

damage or stress. The signal is mediated by several molecules which function as 

messengers in plants, for example, salicylic and jasmonic acid, or even volatiles 

such as nitric oxide and ethylene (Baker et al., 1997). These messengers interact 

with specific binding proteins that are implicated in the transcriptional activation of 

PR genes in response to pathogen aggression. The products of several ofthese genes 

are enzymes, e.g. peroxidases, lipo-oxygenases, superoxide dismutases, and 

phenylalanine-ammonia-lyase (PAL), involved in the secondary metabolism of 

plants and specifically in the synthesis of phenolic compounds, or are phytoalexins, 

glucanases and chitinases, with antimicrobial activity. The inducible defense 
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response in plants produces a limited variety of biochemical compounds with low 

specificity for the target pathogen. However, the specificity of the response in plants 

lies in the fact that they detect intracellularly specific types of proteins secreted by 

the pathogen (elicitors), using an interaction recognition system which triggers the 

defense response. There is now experimental evidence that avr genes are present in 

plant viruses, plant pathogenic bacteria, and plant pathogenic fungi. 

The genetic basis of this strong specificity in plant-bacteria interactions is 

explained by the gene-for-gene elicitor-receptor model. This model takes into 

account avr genes in the pathogen which are homologous to the R genes in the host 

plant. A complementary combination of avr and R genes results in an incompatible 

plant pathogen interaction (rejection) and triggers defense mechanisms in the host 

cells. By contrast, a non-complementary combination of avr and R genes 

(compatible) results in infection. According to this elicitor receptor model in plant

bacteria interactions the virulence genes and factors in the pathogen are confronted 

with the defense genes and factors in the plant host cell. Incompatibility genes in the 

bacterial pathogen encode avirulence factors ( avrX) which are secreted by a type III 

secretion system controlled by the hrp genes (hrpX ) . The avirulence factors are 

detected by the resistance genes (resX) or factors in the plant cell which trigger the 

hypersensitive reaction and defense (Flor et al., 1955, Baker et al., 1997). 

HR that is elaborated in response to invasion by all classes of pathogens is 

the most common feature associated with active host resistance. In most cases, 

activation of the HR leads to the death of cells at the infection site, which results in 

the restriction of the pathogen to small areas immediately surrounding the initially 

infected cells. At the whole plant level, the HR is manifested as small necrotic 

lesions. The number of cells affected by the HR is only a small fraction of the total 

in the plant, so this response obviously contributes to the survival of plants 

undergoing pathogen attack. 

Although the biochemical basis for hypersensitivity is unknown, during the 

HR, controls regulating ion flux are compromised, damaging concentrations ofROS 

accumulate, and marked changes occur in normal metabolic processes, including the 

synthesis of salicylic acid (SA). The ROS may also function either to cross-link cell 
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wall components or as toxic substances that attack the pathogen, or both. Both ROS 

and SA appears to have roles in signal transduction cascades that coordinate various 

defense responses in the plant. HR induces the synthesis of pathogenesis related 

(PR) proteins and the accumulation of hydroxyproline-rich glycoproteins, which 

may function in the strengthening of cell walls, and of biosynthetic precursors of 

callose and suberin, which may be involved in sealing off the infection site. 

Systemic Acquired resistance (SAR) occurs during necrotic resistance responses 

against viruses, bacteria, and fungi, and it culminates in the activation of broad 

spectrum resistance against a large number of biotrophic pathogens. During 

necrosis, or upon application of SA, normally susceptible tissues develop highly 

resistant responses during which expression of at least nine families of so-called 

SAR proteins are elicited. 

Most plants have a battery of preformed secondary metabolites that are 

directly antimicrobial. These secondary compounds were among the first 

components to be implicated in resistance to plant pathogens. Some of the 

compounds are biologically active, whereas others are converted to active forms by 

host enzymes released during infection or injury. There are three classes of 

preformed compounds: saponins, cyanogenic glycosides, and glucosinolates as 

inhibitors of plant disease-causing organisms (Jackson et al., 1996). 

ANTIOXIDANTS IN PLANT DEFENSE 

Certain Reactive oxygen intermediates (ROI) such as hydrogen peroxide and 

the superoxide anion radical accumulate in many plants during attack by microbial 

pathogens. These are formed during certain redox reactions and incomplete 

reduction of oxygen or oxidation of water by mitochondrial or chloroplast electron 

transfer chains. The mechanism of producing superoxide from molecular oxygen 

involves a plasma membrane associated NADPH oxidase. The superoxide anions 

produced outside the plant cells are rapidly converted to (H20 2), a molecule that 

crosses the plasma membrane and enters the plant cells. This H20 2 is eventually 

removed from cells by conversion to water by certain antioxidant enzymes. Family 

ofROis consists of the superoxide radical anion 0 2", the hydroperoxyl radical H02·, 

hydrogen peroxide HzOz, the hydroxyl radical HO", Superoxide, its protonated form 
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H02" and HO" are relatively short-lived whereas H20 2 is comparatively stable and 

can cross membranes. In particular, the hydroxyl radicals among the ROis are toxic 

due to their extraordinary ability to react spontaneously with organic molecules 

such as phenols, fatty acids, proteins and nucleic acids (Huckelhoven and Kogel, 

2003) 

The term "oxidative defense" has been used to characterize ROI-dependent 

plant defiance reactions. ROI accumulation is closely associated with the induction 

of plant defense reactions against viral, bacterial, and fungal pathogens, HR, 

defense gene expression, and cell wall strengthening via cross-linking reactions of 

phenylpropanoids and proteins (Bradley et al., 1992, Levine et al., 1994; Jabs et al., 

1997; Lamb and Dixon, 1997; Grant and Loake, 2000). The ascorbate-glutathione 

cycle is the major antioxidant pathway in plastids, where ROI are generated during 

normal biochemical processes. The increased production of toxic oxygen species is 

a feature commonly observed under certain stress conditions (Foyer et al., 1994), 

when the equilibrium of formation and detoxification of active oxygen species can 

no longer be maintained. Both enzymic and nonenzymic mechanisms have evolved 

to overcome oxygen toxicity. Plants induce 'antioxidant defense system' in 

response to ROS generation to diminish cytotoxic functions such as lipid 

peroxidation, protein modification and DNA damage (Mittler, 2002). Detoxification 

ofROS may reduce cell death and allow plants to eliminate microbial pathogens by 

producing antimicrobial compounds and cell wall stiffening. The primary 

components of this system include carotenoids, ascorbate, glutathione, tocopherols 

and enzymes such as superoxide dismutase, catalase, glutathione peroxidase, 

peroxidases and the enzymes involved in the ascorbate-glutathione cycle, ascorbate 

peroxidase, dehydroascorbate reductase, monodehydroascorbate reductase and 

glutathione reductase (Noctor and Foyer, 1998). 

To minimize the damaging effects of ROS, aerobic organisms evolved both 

nonenzymatic and enzymatic antioxidant defenses (Table 3 and 4). Non-enzymatic 

defenses include compounds of intrinsic antioxidant properties, such as vitamins C 

and E, glutathione, and P-carotene. Purely enzymatic defenses, such as superoxide 

dismutases (SOD), catalases (CAT) and peroxidases, protect by directly scavenging 
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superoxide radicals and hydrogen peroxide, converting them to less reactive species. 

SODs catalyze the dismutation of 02 •- to H202, and CAT and peroxidases reduce 

H20 2 to 2H20. The similarity between the SOD and CAT reactions is that each is an 

oxidation-reduction in which the substrate, 02 ·- for SOD and H202 for CAT, is 

both reductant and oxidant, whereas different reductants are required for the 

peroxidases, depending upon their specificities. Under some conditions CAT can act 

as an efficient peroxidase. SODs deal with the first product of the univalent 

reduction of 0 2, converting it to H20 2, which must then be destroyed by CAT 

and/or peroxidases. Thus, the SOD and CAT serve, in tandem, as front-line 

antioxidant defenses: 

02•- + 02•- + 2H+ __ so_o___. 

H202 + H202 

H202 + R(OH)2 

CAT 

Px 

02 + H202 (K2 = 2.4 x 109 M-1 s-1) 

2 H20 + 02 (Kl = 1.7 x 107 M-1 s-1) 

2 H20 + R(0)2 (K4 = 0.2-1 x 103 M-1 s-1) 

Table 3. Non enzymatic Antioxidant Molecule 

}fntiozyfant mofecufe Su6-ce{[ufar focation 
)Iscor6ate (vitamin C) Pfastitf; apopfast; cytoso(: vacuoCe 

Proune Cytopfasm, vacuoCe 

~-Carotene Pfastitf 

qfutatliione, reaucea ((}SJ-l) Pfastitf; mitoclionarion; cytoso[ 

Pofyamines (e.g., putrescine, spennine) :Nucfeus; pfastitf; mitocliontfrion; cytoso( 

a-CJ'ocopliero( (vitamin P.) Ceff ana pfastitf mem6ranes 

Ze~antliin 
Cfiforopfast 
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Table: 4. Antioxidant enzymes. 

'Enzyme l£Cnum6er Su6ce[{ufar focation 
}Iscor6ate pero~Ufase 1.11.1.11 PfastUf stroma and mem6ranes 

Pero~Ufases (non-specific) 1.11.1. 7 Cytoso~ ce[{ waff-6ound 

Catafase 1.11.1.6 q{yox:ysome; pero~isome; cytoso~ 

Supero~Ufe aismutase (SO<D) 1.15.1.1 mitocliotufria 

Cytoso{ (Cu/ZnSO<D ); pfastUf ( Cu/ZnSO<D; 

PeSO<D)' mitocliotufrion (:MnSO<D); 

([)e/iyaroascor6ate reauctase 1.8.5.1 pero~isome 

qfutatliione reauctase 1.6.4.2 

:Monotfeliyaroascor6ate reauctase 1.6.5.'4 Cytoso~ pfastUf 

qfutatliione S-transferases 2.5.1.18 :Mitocliondrion; cytoso~ pfastUf 

PfastUf stroma 

Cytoso~ microsoma{ 

Glutathione-S-Transferase (GST) 

Glutathione-S-transferases are ubiquitous enzymes catalysing the addition of 

reduced glutathione to electrophilic substrates, to form a polar £5-glutathionylated 

reaction product which tags them for vacuolar sequestration (Edwards et al., 2000). 

GSTs were first discovered in animals in the 1960s as a result of their importance in 

the metabolism and detoxification of drugs (Wilce and Parker, 1994). Their 

presence in plants was first recognized shortly afterwards in 1970, when a GST 

activity from maize was shown to be responsible for conjugating the chloro-£5-

triazine atrazine with GSH, thereby protecting the crop from injury by this herbicide 

(Edwards et al., 2000). 

GSTs are soluble proteins with typical molecular masses of around 50 kDa, 

and each is composed of two polypeptide subunits. The native enzyme appeared to 

be a monomer with a molecular mass of approximately 30 kD and an apparent 

isoelectric point at pH 5.2. The enzyme had a pH optimum between 7.5 and 8.0 and 
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The enzyme displayed activity towards 1-chloro-2, 4-dinitrobenzene, a 

general GST substrate and high activities towards ethacrynic acid. It also exhibited 

glutathione peroxidase activity toward cumene hydroperoxide. It detoxify 

endobiotic and xenobiotic compounds by covalent linking of glutathione to 

hydrophobic substrate GSTs have direct cytoprotective activities and they might be 

essential for the preservation of plants during environmental stress and disease, as 

well as for the support of normal development (Marrs, 1996). GSTs are 

predominantly expressed in the cytosol, where their GSH-dependent catalytic 

functions include the conjugation and resulting detoxification of herbicides, the 

reduction of organic hydroperoxides . formed during oxidative stress and the 

isomerization of maleylacetoacetate to fumarylacetoacetate, a key step in the 

catabolism of tyrosine. GSTs also have non-catalytic roles, binding flavonoid 

natural products in the cytosol prior to their deposition in the vacuole. Recent 

studies have also implicated GSTs as components of ultraviolet-inducible cell 

signaling pathways and as potential regulators of apoptosis. 

GSH a tripeptide, L-glutamyl- L-cisteinyl-glycine, first reported in 1988 as a 

philothion, distributed in the intracellular space of plants, animals, and 

microorganisms has two general functions: to remove toxic metabolites from the 

cell and to maintain cellular sulfhydril groups in their reduced form. It contains 

glutamic acid, cysteine, and glycine. The carboxyl acid "side chain" is part of the 

backbone peptide structure. The normal carboxyl group is the so called side chain in 

this case. The function of glutathione is to protect cells from oxidizing agents which 

might otherwise damage them. The oxidizing agents react with the -SH group of 

cysteine of the glutathione instead of doing damage elsewhere. Many foreign 

chemicals get attached to glutathione, which is really acting as a detoxifying agent 

(Boyland and Chasseaud, 1969, Meister, 1989). 

Glutathione metabolism involves many reactions where glutathione is 

synthesized, degraded, conjugated or oxidized. In one of these pathways, the GSTs, 

a family of multifunctional isozymes in vertebrates, plants, insects and aerobic 

microorganisms (Armstrong, 1993), catalyzes both GSH- dependent conjugation 

and reduction (Ketterer et al., 1993). 
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Catalase (CAT) 

Catalase is an enzyme present in the cells of plants, animals and aerobic 

bacteria. It promotes the conversion of hydrogen peroxide, a powerful and 

potentially harmful oxidizing agent, to water and molecular oxygen and is one of 

the major antioxidant enzymes (Scandalios et al. 1997). Catalase also uses hydrogen 

peroxide to oxidize toxins including phenols, formic acid, formaldehyde and 

alcohols. Catalase is located in a cell organelle called the peroxisome. It is a 

tetrameric heme containing enzyme. Plant catalases are generally localized in 

microbodies (Huang et al., 1983, Scandalios, 1994, Willekens et al., 1995). It is one 

of the first enzymes to be purified and crystallized and has gained a lot of attention 

in recent years because of its link to cancer, diabetes, and aging in humans and 

animals. In plants, catalase scavenges H202 generated during mitochondrial electron 

transport, P-oxidation of the fatty acids, and most importantly photorespiratory 

oxidation (Scandalios et al. 1997). Accumulating evidence indicates that catalase 

plays an important role in plant defense, aging, and senescence and it is 

indispensable for stress defense in plants (Willekens et al., 1997). 

Super-Oxide Dismutase (SOD) 

These are metalloproteins that catalyze the dismutation of superoxide 

radicals to hydrogen peroxide and oxygen. It is ubiquitous in aerobic organisms 

where it plays a major role in defense against oxygen radical-mediated toxicity 

(Tsang et al., 1991). Superoxide radicals (02
) are toxic by-products of oxidative 

metabolism (Fridovich, 1986). Their toxicity has been attributed to their interaction 

with hydrogen peroxide to form highly reactive hydroxyl radicals (OH) through the 

reaction: 

Fe2+,Fe3+ 

These hydroxyl radicals are thought to be largely responsible for 

mediating oxygen toxicity in-vivo, they can react indiscriminately with DNA, 
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proteins, lipids, and almost any constituent of cells (Halliwell, 1987; Cadenas, 1989; 

Fridovich, 1989). The oxygen generated in the chloroplasts during photosynthesis 

can accept electrons passing through the photosystems, form the superoxide radicals 

(Asada and Takahashi, 1987). SOD converts these highly harmful superoxide 

radicals to hydrogen peroxide and oxygen. 

SOD provide protection against oxygen toxicity, against compounds that 

cause exacerbation of oxygen toxicity, against ionizing radiation, and also against 

the damaging sequelae of prolonged inflammation (Hasan and Fridovich, 1981 ). 

The reaction catalysed by SOD in plants is as follows: 

SOD activity is also induced by diverse stresses (Bowler et al., 1992), presumably 

because of the increase in the concentration of superoxide radical in cells under 

those conditions. Therefore, SOD is an important enzyme family in living cells for 

maintaining normal physiological conditions and coping with stress (Chen and Pan, 

1996). 

Glutathione reductase (GR) 

GR (EC 1.6.4.2) is a ubiquitous flavoenzyme that converts oxidized 

glutathione (GSSG) to the reduced form (GSH), with concomitant oxidation of 

NADPH (Halliwell and Gutteridge, 2000). The tripeptide glutathione (y-L

glutamyl-L-cysteinyl-glycine) is the majorfree intracellular thiol compound in 

plants, where it functions as a powerful reductant that maintains protein thiols in 

their reduced state and protects membranes against peroxidation by ROS. The thiol 

group of two glutathione molecules can be oxidized, yielding the dimeric oxidized 

glutathione form, which is unable to protect against oxidation (Halliwell & 

Gutteridge, 2000; Foyer and Noctor, 2001; Noctor et al., 2002). Reduced 

glutathione participates in signalling processes by itself, and also as 

nitrosoglutathione (GSNO) after its reaction with nitric oxide (Noctor et al., 2002; 

del Rio et al., 2003; Barroso et al., 2006). In plants grown under abiotic stress in the 

form of heavy metals and xenobiotics, GSH is an essential molecule. It is the 
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repetitive piece from which phytochelatins, Small peptides involved in zinc (Zn) 

and cadmium (Cd) detoxification, are synthesized (Cobbett and Goldsbrough, 

2002). It is also used by glutathione-S-transferases to bind and detoxify xenobiotic 

compounds (Marrs, 1996; Edwards et al., 2000). GR is the GSH-regenerating 

enzyme of the ascorbate-glutathione cycle, which removes hydrogen peroxide 

(H202) with the concerted action of three other enzymes-ascorbate peroxidase 

(APX), monodehydroascorbate reductase (MDAR), dehydroascorbate reductase 

(DAR) plus GSH and ascorbate (Noctor and Foyer, 1998; Asada, 2000; Halliwell 

and Gutteridge, 2000). Glutathione reductases have been linked to many situations 

where oxidative stress occurs, such as salinity drought, UV radiation, high light 

intensity, chilling and contamination by ozone, heavy metals and herbicides, among 

others (Foyer et al., 1991; Mullineaux and Creissen, 1997).This has also been 

shown that GR was found upregulated and are specific for the state of cold 

hardiness of red spruce (Hausladen and Alscher, 1994) with increased antioxidant 

capacity and more resistanse to photooxidation. Recently Waller et al. (2005) have 

described the role of GR in anti oxidative defense system in plants colonized with an 

endophytic fungus P. indica. 

PATHOGENESIS RELATED PROTEINS (PR PROTEINS) 

Plants when exposed to pathogens such as fungi and viruses produce low

molecular-weight antimicrobial compounds called phytoalexins, antimicrobial 

peptides, and small proteins (Bloch et al., 1988; Broekaert et al. 1995; Segura et al. 

1993). The mechanism of action ofthese PR proteins is not known well except PR-

2 and PR-3. 

PR-2 proteins (J3-glucanses). PR-2 proteins have J3-1, 3- endoglucanase activity in 

vitro and have been grouped into three classes on the basis of amino acid sequence 

analysis (Beffa and Meins, 1996; Cote et al., 1991 ). Class I glucanases are basic 

proteins of 33 kDa and are found in the plant vacuole. Classes II and III include 

acidic, extracellular proteins of about 36 kDa. The major structural difference 

between class I proteins and the other two classes is that class I proteins are 

synthesized as pre-proteins that are processed prior to being enzymatically active. 
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PR-2 proteins have been found in a wide variety of plants, including tobacco, A. 

thaliana, peas, grains, and fruits (Cote et al., 1991; Kim and Hwang, 1997), the 

proteins are active in vitro at micromolar levels against a wide number of fungi, 

including human and plant pathogens (e.g., Rhizoctonia so/ani, C. albicans, and 

Aspergillus fumigatus). The antifungal activity of PR-2 proteins has been 

convincingly demonstrated by a number of in vitro enzyme and whole-cell assays 

(Stintzi et al., 1993) as well as in planta using transgenic plants over-expressing a 

PR-2 protein (Jach et al., 1995). The antifungal activity of plant P-1, 3-glucanases is 

thought to occur by PR-2 proteins hydrolyzing the structural P-1, 3-glucan present 

in the fungal cell wall, particularly at the hyphal apex of filamentous molds where 

glucan is most exposed, resulting in a cell wall that is weak. This weakened cell 

wall results in cell lysis and cell death. 

PR-3 proteins (chitinases). A number of enzymatic assays have shown PR-3 

proteins to have in vitro chitinase activity. Most PR-3 proteins have molecular 

masses of between 26 and 43 kDa (Nielsen et al., 1997; Watanabe et al., 1999). 

Chitinases (both plant PR-3 chitinases and chitinases from other sources) have been 

divided into five groups. class I chitinases contain an N-terminal cysteine-rich 

domain of 40 amino acids (also known as the wheat germ agglutinin domain), a 

chitin-binding hevein-like domain, a highly conserved central portion, and a hinge 

region; most class I proteins have molecular masses of 32 kDa. Class II proteins are 

similar in amino acid sequence to class I proteins, but they lack the N-terminal 

cysteine-rich domain and have molecular masses of 27 to 28 kDa. Class IV proteins 

resemble class I chitinases but are significantly smaller due to four major deletions. 

Class III proteins do not share amino acid sequence homology to any other class and 

have molecular masses of 28 to 30 kDa. Class V chitinases show sequence 

similarities to bacterial exochitinases and have molecular masses of 41 to 43 kDa. In 

addition to chitinases, a chitosanase ( chitosan is deacetylated chitin) from 

Streptomyces strain N174 with antifungal activity has been isolated (Money and 

Harold, 1992), and its X-ray structure has been determined. Chitinases have been 

isolated from fungi, plants, cucumber, beans, peas, grains and many others and 

bacteria and have potent antifungal activity against a wide variety of human and 

plant pathogens. 
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PR-5 (TL) proteins. PR-5 proteins share significant amino acid homology to 

thaumatin (a sweet-tasting (to humans) protein from the South African ketemfe 

berry bush) and are known as TL proteins. TL proteins have been isolated from A. 

thaliana, com (Huynh et al., 1992), soybeans, rice, wheat, tobacco, tomato, 

pumpkin, beans, barley, fla and many other plants. The majority of PR-5 proteins 

have molecular masses of 22 kDa and are stabilized by eight disulfide bonds. This 

highly stabilized structure allows PR-5 proteins to be very resistant to protease 

degradation (Roberts and Selitrennikoff, 1990). Although the precise mechanism of 

action of PR-5 proteins is not completely understood, there are a number of 

interesting observations that may eventually lead to a unified hypothesis for how 

these proteins function to kill fungi (Ibeas et al., 2000) First, several TL proteins 

cause cell permeability changes in fungal cells with a cell wall but have no or little 

effect on protoplasts (Roberts and Selitrennikoff, 1990). For example, zeamatin (a 

TL protein from com) caused very rapid cell lysis of N crassa, even at 4°C; lysis 

occurred primarily at subapical regions (Roberts and Selitrennikoff, 1990). Second, 

a number ofPR-5 proteins bind (1,3) P-glucan and have detectable in vitro (1,3) P

glucanase activity (Trudel et al., 1998). 

Proline: An osmolyte cum non-enzymatic antioxidant 

The class of small molecules known as "compatible osmolytes" includes 

certain amino acids (notably proline), quaternary ammonium compounds (e.g. 

glycinebetaine, prolinebetaine, B-alaninebetaine, and choline-a-sulfate), and the 

tertiary sulfonium compound 3-dimethylsulfoniopropionate (DMSP). The 

quaternary ammonium compounds and DMSP are derived from amino acid 

precursors. These compounds share the property of being uncharged at neutral pH, 

and are ofhigh solubility in water (Ballantyne and Chamberlin, 1994). Moreover, at 

high concentrations they have little or no perturbing effect on macromolecule

solvent interactions (Yancey et al, 1982; Low, 1985; Somero, 1986; Timasheff, 

1993; Yancey, 1994). Unlike perturbing solutes (such as inorganic ions) which 

readily enter the hydration sphere of proteins, favoring unfolding, compatible 

osmolytes tend to be excluded from the hydration sphere of proteins and stabilize 
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folded protein structures (Low, 1985). These compounds are thought to play a 

pivotal role in plant cytoplasmic osmotic adjustment in response to osmotic stresses 

(Wyn Jones et al, 1977). 

Proline accumulation is a common metabolic responses of higher plants to 

water deficits, and salinity stress (Stewart and Larher, 1980; Thompson, 1980; 

Stewart, 1981; Hanson and Hitz, 1982; Rhodes, 1987; Delauney and Verma, 1993; 

Samaras et al, 1995; Taylor, 1996; Rhodes et al, 1999) and is primarily localized in 

the cytosol (Leigh et al, 1981; Ketchum et al, 1991; Pahlich et al, 1983). Proline 

protects membranes and proteins against the adverse effects of high concentrations 

of inorganic ions and temperature extremes (Pollard and Wyn Jones, 1979; Paleg et 

al, 1981; Nash et al, 1982; Paleg et al, 1984; Brady et al, 1984; Gibson et al, 1984; 

Rudolph et al, 1986; Santarius, 1992; Santoro et al, 1992). Proline may also 

function as a protein-compatible hydrotrope (Srinivas and Balasubramanian, 1995), 

and as a hydroxyl radical scavenger (Smimoff and Cumbes, 1989). 

Exogenously supplied proline can also be osmoprotective (Tal and Katz, 

1980; Handa et al, 1986; Lone et al, 1987) and cryoprotective (Withers and King, 

1979; van Swaaji et al, 1985; Duncan and Widholm, 1987; Songstad et al, 1990; 

Santarius, 1992) to higher plant cells. Proline synthesis is implicated as a 

mechanism of alleviating cytoplasmic acidosis, and may maintain NADP+ /NADPH 

ratios at values compatible with metabolism (Hare and Cress, 1997). Rapid 

catabolism of proline upon relief of stress may provide reducing equivalents that 

support mitochondrial oxidative phosphorylation and the generation of ATP for 

recovery from stress and repair of stress-induced damage (Hare and Cress, 1997; 

Hare et al, 1998). Antioxidative nature proline was shown in a study by Chen and 

Dickman (2005) in which they demonstrate that Proline is able to protect the yeast 

cells from lethal level of ROS generated by paraquat and inhibit the stress induced 

apoptotic response. This work open the possibility that proline may reveal an 

elusive mechanism responsible for the ability of symbiotic fungi to protect plants 

against abiotic and biotic stress (Rodriguez and Redman, 2005). 
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ANTIOXIDANTS AND ARBUSCULAR MYCORRHIZAL SYMBIOSIS 

During interaction, first, plant recognizes the invader through some signal 

molecules secreted by the invader known as elicitors. Elicitors can be secreted from 

the microbe (exogenous elicitors) or generated as a result of physical and/or 

chemical cleavage of the plant cell wall (endogenous elicitors). After perception of 

an elicitor, a number of biochemical changes contribute to the early response in host 

cells. These processes include changes in the ion permeability of the plasma 

membrane, the activation of plasma membrane-bound enzymes, the activation of 

kinases, phosphatases, phospholipases, and the production of signal molecules, 

including active oxygen species. The result of these processes is the transcriptional 

activation of defence-related genes. A hypersensitive response and some elements 

of signal transduction pathways are activated after pathogen recognition by the plant 

during the early stages of AM formation. 

An oxidative burst could be detected at sites where hyphal tips of AM fungi 

attempted to penetrate a cortical root cell of the plant. Accumulation of SA during 

the early stages of infection also has been observed in the interaction. In the early 

stages of root colonization by AMF, the plant defense response is characterized by a 

weak and transient activation, but at later stages, for example, the arbuscule 

formation, this activation appears to become stronger, although only in those cells 

which contain fungal structures (Garcia-Garrido and Ocampo, 2002). 

The levels of H20 2 in mycorrhizal associations are increased (Salzer et al., 

1999). Transient increases of catalase and peroxidase activity were observed to 

coincide with appressoria formation and fungal penetration into the root. Catalase 

and peroxidase play a role in the catabolism of hydrogen peroxide and/or in cross

linking reactions between proteins and polysaccharides in the interface between the 

arbuscule and the plant cell plasma membrane (Blee and Anderson, 2000). 

Glutathione-S-transferase accumulates only in certain cells containing arbuscules. 

Alterations in the pattern of anti-oxidative enzymes, such as catalase and peroxidase 

in mycorrhizal roots may indicate that oxidative compounds are produced during the 

colonization process. The increase in catalase and peroxidase activity could be due 

to their function as antioxidants for any active oxygen molecules generated during 
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the initial stages of fungal penetration (Garcia-Garrido and Ocampo, 2002). Since 

H20 2 and other reactive oxygen species are involved in signal transduction cascades 

in plant-pathogen interactions, it is possible that degradation of HzOz by catalase in 

AM could be a possible mechanism for avoiding the activation of defense response 

genes (Garcia-Garrido and Ocampo, 2002) 

PIRIFORMOSPORA INDICA -A SYMBIOTIC FUNGUS 

Piriforomospora indica is a recently discovered fungus which is an 

axenically cultivable endophyte that colonizes roots (Varma et al., 1999). It can be 

easily grown on various complex and minimal substrates, where it asexually forms 

chlamydospores containing 8 to 25 nuclei. It has been related to the Sebacinales 

(form genus Rhizoctonia, Hymenomycetes, Basidiomycota) on the basis of an 

alignment of nuclear DNA sequences from the D1-D2 region ofthe large ribosomal 

subunit. It has the added trait of being able to be grown in axenic cultures. 

Colonization was observed under a light microscope. When hyphae of P. indica 

contacted roots, they developed appressoria and roots were colonized 

intercellularly. The fungus also colonized cortex cells intracellularly, where it 

formed coils and branches or round bodies, but a typical arbuscule, as developed by 

the Glomales, not observed (Varma et al., 1999). Fungal colonization commenced at 

4 to 7 days after treatment. Appressorium-like structures were observed at the point 

of contact of hyphae with root epidermis, whereas a broken epidermal layer was 

observed near the point of contact. Recently it has been shown that this fungus also 

colonizes the root through root hair (Waller et al., 2005). The round bodies, 

however, might function as storage organs. P. indica requires host cell death for its 

colonization (Deshmukh et al., 2006) and never invaded the stellar tissue nor 

traversed upwards into the shoot (Varma et al., 1999). 

Hosts include the cereal crops rice, wheat, and barley as well as many 

dicotyledonous including the crucifers that is not in case of mycorrhizal fungus. The 

fungus has the potential to render protection to the micropropagated plantlets and 

help them escape the transient transplant shock (Sahay et al., 1999). Interaction of 

this endophytic fungus with plant roots, results in better nutritional status. In 

interaction with Arabidopsis and tobacco, fungus stimulated nitrate reduction and 
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acquisition (Sherameti et al., 2005), in contrast to the activity of arbuscular 

mycorrhiza fungi. This has also been proved that this fungus encodes a high affinity 

Phosphate transporter that which transport phosphorus from media to plant (Yadav 

et al., 2007). 

Figure 3: Growth and Morphological Characteristics of P. indica 

(A) Axenic growth of P. indica in aspergillus medium at 28±2°C. The 
fungus shows coral like growth (black arrow) 

(B) P. indica growth on solidified aspergillus medium. Black arrow 
showing concentric ring indication the rhythmic growth of the 
fungus. 

(C) The characteristic pear shaped chlamydospore of P. indica stained 
with trypan blue. 

(D) Chlamydospore of P. indica in root cortical cells of colonized maize 
roots stained by trypan blue observed under Leica microscope 1 OX 
magnification. 

(E) Morphology of P. indica (Green arrow showing chlamydospore and 

white arrow showing coiled hyphae) 
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Table: 5. Complete Phylogenetic Classification of P. indica. 

Kingdom Fungi 

Division Basidiomycota 

Class Hymenomycetes 

Sub class Heterobasidiomycetes 

Order Sebacinales 

Family Sebacinaceae 

Genus Piriformospora 

Figure 4: Colonization pattern of P. indica in plant root. Fungal hyphae enters 
root through root hair and forming round bodies (chlamydospores) in cell (a). In 
later stage it colonizes the cortical cell which contains coiled hyphae (black arrows) 
(b). (Adopted from Waller et al., 2005 and Varma et al., 1999.) 

Interaction of fungus leads to several beneficial effects on plant, Firstly, the 

growth-promoting activity of the fungus resulted in enhanced barley grain yield. 

Recently it was found that a leucine-rich repeat protein is required for growth 

promotion and enhanced seed production and its mutation in plant (ppi-2) dose not 

respond to fungus (Shahollari et al., 2007). Second, P. indica amended tolerance to 

mild salt stress, and third, P. indica conferred resistance in barley against root 

(Waller et al., 2005) and leaf pathogens and having an antifungal activity (Rai et al., 

2004). The interaction of barley with P. indica constitutes a model system for 

systemic disease resistance in cereals (Waller et al., 2005). It is evident from a 
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recent study that the interaction of this fungus with the plants (barley plant) in the 

presence of a pathogen (Fusarium culmorum) is helpful in defense mechanism. 

Therefore the present study is taken up to study the mechanism of defense response 

mediated by P. indica in the presence of a plant parasite like Fusarium moniliforme. 

The present study includes the antioxidant property of maize plant (Zea 

mays) in the presence of P. indica along with PR protein and plant with parasite F. 

moniliforme using roots as well as shoots and role of P. indica in bioprotection 

mediated either through antioxidant enzyme and/or PR proteins. 
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Materials and Methods 

Plant Material 

Maize (Zea mays) : Bio 9681 variety (Provided from IARI, New Delhi) 

Fungal Material 

Piriformospora indica 

Fusarium moniliforme 

: A newly discovered root symbiotic fungus 

:A parasitic fungus 

Chemicals and Enzymes 

The commercially available chemicals and enzymes used are mentioned in Table 6. 

Table 6: List of chemicals and enzymes those were used. 

'l'ype 9daterial Sources 

(])yes Coomassie (]3riffuznt (]3{ue, Coomassie 6fue q 250 SitJma 
Isopropano~ iso-amy{ afcolio~ CaCti, :NaC~ :NaOJ{, 

qCucose, :M.etliano~ :M.gC£2, 'l(OJ{, 
Potassium acetate, Cliforojorm, qfycero~ 

Locaffy avaifa6(e 
)'lcetic acitf, :Na:J{zP04, :NalHiP04, :M.gS04, JfC~ 

QuafitJens, Jfi:M.edia, Scf{L JiiS04, qfycine, 'l(C~ Sucrose, Sodium frypocliforite, 
cliemicafs :Mercuric cliforitfe, tri-Sodium citrate, Pormafdefryrfe, and :Merck. 

'l'riton-X-1 00, Pofyviny( Pofypyroffufine. :J{)'l(j)(JYJ{, 
Pyroga((o~ /3-<]Cucan, )'lnifine (]3{ue, (JD:NJJ, 

Cliemicafs from )'lcryfamide, (]3is-)'lcryfamide, PE:M.P.<D, Spennine, 
SitJma a6road Spermidine, 

General Sterilization Procedures Used 

All the glasswares, tissue culture tools and culture media were sterilized by 

autoclaving at 121.6°C under 15 lb psi :pressure for 15 min. The antibiotics and other 

heat labile components were filter sterilized with dispensable syringe driven PVDF 

filter unit of 0.22J..1m pore size ( Mill ex TM, Millipore, USA). 
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Maintenance of Fungal Culture 

P. indica and F. moniliforme were maintained routinely on solidified 

Aspergillus medium (Hill and Kaefer, 2001). The inoculated petri plates were 

incubated for 7-10 days at 30±2 °C. 

Seed Surface Sterilization and Germination 

Maize seeds (Zea mays L.) were surface sterilized for 2 mm. m 0.1 % 

mercuric chloride solution, 4% NaOCl solution for 2 min. and 70% ethanol for 5 min. 

followed by six times washing with sterile water and germinated under sterile 

condition on 0.8% water agar plate at 30±2 °C for 4 days. Seedlings were transferred 

to pots containing sterile soil. 

Plant Fungus Interaction 

Surface sterilized pre-germinated maize seedlings were placed in pots filled 

with a mixture of sterile sand and soil (3:1; garden soil from Jawaharlal Nehru 

University campus and acid-washed riverbed sand). P. indica inoculation was 

performed as described by Varma and Schuepp (1994), whereas in control plants, 

autoclaved dH20 was used. Initially the plants were inoculated with P. indica or F. 

moniliforme by direct mixing of culture in sterile soil and allow one set of plants to 

grow without any fungus. In order to study the bioprotection and protective potential, 

the colonized plants with P. indica were reinoculated with F. moniliforme; plants 

infected with F. moniliforme were reinoculated with P. indica. While the last set of 

pots (without any fungus) were inoculated with P. indica and F. moniliforme 

simultaneously. The controlled experiment was run for 35 days. Three replicates were 

used for each experiment. Plants roots were harvested at different time intervals after 

inoculation, and a random sample of the root system was assessed for colonization. 

The delayed and alternate inoculation of both fungus have chosen to see the 

effect of colonization of P. indica in bioprotection, whether it is effective in recovery 

of biomass, phenotypic appearances and decrease in colonization of F. moniliforme to 

infected plants with F. moniliforme. In other controlled experiment, the plants 
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inoculated with P. indica were used to study the growth promoting effect of fungus by 

measuring the fresh and dry weight. 

Growth Condition and Sampling 

Maize plants were grown m a controlled environment in green house at 

30±2°C temperature with 16 h light/8 h dark and relative humidity 60-70%, with light 

intensity of 1000 Lux. Plants were watered twice and fertilized with Hoagland's 

solution (Amon and Hoagland, 1940) once in week. Plant sample were harvested in 

different time periods after re-inoculation of fungus, carefully washed under running 

tap water, rinsed in deionised autoclaved water and weighed. Samples were freezed 

(in liquid Nitrogen) for enzyme assay and to study colonization in plant root tissue. 

Histochemical analysis 

To check colonization, root segments (1.0 em approximately) were heated in 

10% KOH for 15 min. followed by treating with IN HCl and were stained with 

0.05% trypan blue overnight or 60°C for 1 hand mounted on lactophenol (Dickson et 

al., 1998; Phillips and Hayman, 1970). Observation was done under light microscope 

(Leica Microscope, Type 020-518.500, Germany). Per cent colonization was 

calculated for the inoculated plants using the following formula (McGonigle et al., 

1990). 

No. of colonized root segments 
Percent colonization = X 100 

Total number of segments 

Antibiosis assay of P. indica and F. moniliforme 

To demonstrate the antibiotic activity P. indica and F. moniliforme to each 

other, both the fungus are inoculated on the same plate leaving some distance 

between two inoculums to grow without interrupting each other. The growth pattern 
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of margins of hyphal ferry of individual fungus approaching to each other that is due 

to inhibition is the sign of antibiotic activity of particular fungus. 

Protein Extraction and Quantification 

Frozen root and shoot tissue were homogenized at 4°C in an ice chilled mortar 

with liquid Nitrogen in QB buffer contained no DTT (1,4-Dithiothreitol) {for 

Superoxide-dis-mutase (SOD) assay, Catalase (CAT) assay and Glutathione-S

transferase (GST) assay} with 50 mg polyvinyl pyrrolidone (PVP) per gram tissue 

{for Glutathione reductase (GR) assay}. Extraction of protein for Native-PAGE was 

done in Mcilavaine buffer (citrate-phosphate buffer, pH 6.8). Crude homogenates 

were centrifuged at 15000X g for 15 min at 4°C and the supernatant fractions were 

kept frozen at -20°C. Protein contents were determined by the method of Bradford 

(Bradford, 1976) using BSA as standard. 

SOD assay: 

SOD activity was monitored as described by Roth and Gilbert, (1984). One 

milliliter of reaction mixture contained 50 mM sodium phosphate buffer (pH 7.8), 100 

J!M EDTA, with an appropriate aliquot of enzyme extract and 10 mM of Pyrogallol. 

The enzyme activity was calculated by scanning the reaction mixture for 120 seconds 

(60 seconds interval) at 420 nm in presence of blank containing no protein sample. 

Due to auo-oxidation of Pyrogallol, blank containing no containing no protein sample 

is also scanned at same parameter. The enzyme activity (U/mg Protein) can be 

calculated by formulae bellow-

Specific Activity = V. ~OD420. Dilution I (0.5~0Dblank) .v. protein 

concentration 

Where as v = Sample volume V = Reaction Mixture Volume 

NOTE: Due to auto-oxidation ofPyrogallol ~OD420 is represented as 

~OD420 = ~OD420 sample- ~OD420 blank 
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CAT assay: 

Catalase activity was assayed by measuring the initial rate of hydrogen 

peroxide disappearance using the method of Beers and Sizer (1952). One milliliter of 

catalase assay reaction mixture contained 0.05 mM sodium phosphate buffer, pH 7.0 

with an appropriate aliquot of enzyme extract and 1 mM of hydrogen peroxide. The 

decrease in hydrogen peroxide concentration due to catalase activity was followed as 

a decline in optical density at 240 nm, and the activity was calculated using the 

extinction coefficient of 40 mM cm-1 for hydrogen peroxide. The enzyme activity 

(U/mg Protein) can be calculated by formulae bellow-

Specific Activity= V. L\OD24o. I E. v. Protein concentration 

Where as E= 40 mM-1cm-1 v =Sample volume V =Reaction Mixture Volume 

GST assay: 

GST activity was monitored according to the method given by Habig et al. 

(1974). One milliliter of reaction mixture contained 0.1M sodium phosphate buffer 

(pH 6.5) with an appropriate aliquot of enzyme extract, 2% CDNB (1-chloro-2,4-

dinitrobenzene) and 1 mM glutathione reduced. The enzyme activity was calculated 

by adding the sample and scanning the reaction mixture for 180 seconds ( 60 seconds 

interval) at 340 nm in presence of blank containing no protein sample. The enzyme 

activity (U/mg Protein) can be calculated by formulae bellow-

Specific Activity= V. L\OD34o./ E. v. protein concentration 

Where as E= 9.6mM-1cm-1 v =Sample volume V =Reaction Mixture Volume 

GR assay: 

Glutathione reductase activity was determined by the oxidation of NADPH 

(reduced nicotinamide adenine dinucleotide phosphate) at 340 nm with the extinction 

coefficient of 6.2 mM cm-1 as described by Nordhoff et al. (1993). The reaction 

mixture was composed of 100 mM potassium phosphate buffer (pH 7 .8), 2 mM 
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EDTA, 0.2 mM NADPH and 0.5 mM glutathione (oxidized form, GSSG) with an 

appropriate volume of enzyme extract in a 1 ml volume. The reaction was initiated by 

the addition of NADPH at 25°C. The enzyme activity (U/mg Protein) can be 

calculated by formulae bellow-

Specific Activity= V. d0D34o./ E. v. protein concentration 

Where as E= 6.22 mM-1cm-1 v =Sample volume V =Reaction Mixture Volume 

Estimation of proline content 

Approximately 0.5 gm of plant material was homogenized in 10 m1 of 3 % 

aqueous sulphosalicylic acid (solvent) and the homogenate centrifuged at 10000 rpm 

for 8 min. 2 m1 of collected supernatant was incubated with 2 m1 acid ninhydrin (2.5 

gm ninhydrin in 60 ml glacial acetic acid and 40 ml of 6 M orthophosphoric acid) and 

2 ml glacial acetic acid in capped tube for 1 hour at 1 00°C. Reaction was terminated 

by keeping tube in ice, the reaction product ( chromophore) was extracted with 2 m1 

ice cold Toluene, mixed vigorously with stirrer for 15-20 sec. The toluene containing 

chromophore was aspirated from the aqueous phase, warmed to room temperature and 

the absorbance read at 520 nm. using toluene as a blank. The proline concentration 

was determine from a standard curve and calculated on fresh weight basis as follows: 

Concentration of proline (llg)/ml of solvent= K. OD + B 

{Proline cone. (J.lg/ml) x Volume of sulphosalicylic acid} 
Proline content (llg/gm-tissue) = w · ht f 1 · e1g o samp e m gm. 

Where the value of K and B are taken from standard curve which was drawn between 
the concentration of proline (10, 20, 30 ........ 80, 90, 100 J.lg) and relative absorbanse. 
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Gel electrophoresis and In-gel enzymatic assays for Pathogenesis Related 

Protein-2 (PR-2, fJ-1,3-Glucanase) 

All Protein extracts were analyzed by 10% or 15% (w/v) polyacrylamide gel 

electrophoresis (PAGE) under native conditions, at pH 8.9 (Davis, 1964). For all 

treatments 15 Jlg and 20 Jlg of proteins were loaded for analyses. A soluble fraction of 

purified laminarin from Laminaria digitata, was used as substrate for P-1 ,3-glucanase 

activity (Grenier and Asselin, 1993). laminarin were incorporated at a final 

concentration of 0.6 mg/ml directly in the separation gels for the Davis system. After 

electrophoresis, gels were incubated in 50 mM sodium acetate buffer, pH 5.0, for 3 h 

at 37°C. P-1, 3-Glucanase activities on gels were revealed by staining the gels for 15 

min with 0.025% (w/v) Aniline blue in 150 mM K2HP04, pH 8.6, and visualized 

under long wave UV transilluminator (Grenier and Asselin, 1993). 

BIOINFORMATICS AND CALCULATIONS 

Prediction of theoretical isoelectric point (pi) and molecular weight (Mw) of fJ-

1,3-Glucanase of Zea mays 

The theoretical Isoelectric Point (pi) and molecular weight was calculated 

using "Compute pl!Mw" on ExP ASy Proteomics tools 

(http://scansite.mit.edu/calc _ mw _pi.html). 

Statistical Methods 

All graphs and statistical calculations were performed on "Microsoft excel" from 

Microsoft corporation and unpaired student t- test and ANOV A was performed using 

program "SigmaStat 2.0" from Jandel Corporation. 
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Results 

Colonization of P. indica and Plant Growth 

The fungal inoculation treatments showed different levels of effectiveness in 

improving the growth of the maize plant. Initially it was observed that the fungal spore 

germinates and enter root through root hair or other root surface within 3 to 5 days. After 

5 days period it was observed that fungal mycelium grow intercellular and intracellular in 

the root cortex and forms a network ofhypha. Colonization of fungus depends on the size 

of inoculum and time. Using one gram of P. indica fresh culture per pot, we have found 

15%-35% colonization for 10 days, and at the end of 20 day 70% or more colonization 

was observed (Table 7). Colonization of fungus characterized with intracellular densely 

packed pear shaped chlamydospores. 

Note: The distribution of chlamydospore within the root was taken as an index for 

colonization. 

We have observed dramatic morphological alteration in root initially and later in 

shoot also. Colonization results in an increase in the length of primary, seminal, crown 

and lateral roots of maize root system and increase in number of seminal and crown roots. 

In later stages fine secondary and tertiary roots were also observed which was found as 

interwoven network (Fig. 7). The shoot length and leaves broadness were significantly 

increases in response to P. indica colonization (Fig. 7). Effect of colonization P. indica 

stimulate the total fresh and dry weight of plant, which shows 157 % and 148 % increase 

respectively as compare to control plant (Fig. 6 a and b). 

Table 7. Percent Colonization of P. indica in maize root. Plants were inoculated with 
P. indica culture (1 gm/pot) and roots were harvested at 5, 10, 20 days after inoculation. 
Roots were chopped into ~2 mm pieces and observed for fungal structure 
(chlamydospores) under light microscope. 

Time After Inoculation 
% Colonization 

(Days) 

5 9 ± 6.35 

10 26 ± 9.10 

20 70 ±10.54 
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Figure 5. Colonization of P. indica in maize root. Fungus first establishes it self in root 
tissue a; anow indicating a few chlamydospore in plant root after 5 days of inoculation 
and the colonization of fungus increases by time b; anow indicating the densely packed 
chlamydospore in cortical cells of root tissue after 15 days of inoculation. Fungus also 
showing some basidium likes structure observed during colonization process c; anow 
indicating basidiophore-like structure bearing 8 basidiospore-like structures). d; Fungus 
show a unique way of colonization in which it forms chlamydospores in chain and 
released from end of chain, released spores are get attached on root surface. e; Effect of 
colonization of P. indica on maize plants, after inoculation, maize plants were grown for 
35 days, along with control plants (non inoculated with P. indica). 
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Figure 6. Impact of simultaneous and alternate inoculation of P. indica and F. 
moniliforme on biomass yield. Growth promoting effect of P. indica on Fresh weight 
(a) and Dry weight (b) of maize plant. Weight of P. indica colonized and control plants 
were determined every week. Mean fold change in biomass yield (c) relative toP. indica, 
F. moniliforme and non-inoiculated control six week old plants respectively. P-7 F, 
inoculation of F. rnoniliforme in 10 days old plant precolonized with P. indica; F-7 P, 
inoculation of P. indica in 10 days old plant precolonized with F. moniliforme and 
inoculation of both fungus (P+F) in 10 days old plant alone. Bars labeled with the (*) 
represents non-significantly different means, according to unpaired student t-tests (P < 
0.05), after ANOY A. 
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c P+FII F F7P c P+Fl 

Figure 7. Plant shoot and root phenotype demonstrating the protective potential of P. indica against F. monil({orme. Plants were allowed 
to colonize either with P. indica (Pi) or F. moniliforme (Fm) or both (P+F-1), whereas control plants were allowed to grow without any fungu s 
(C) . After 15 days, colonized plant with P. indica re-inoculated with F. monili;/onne (P~F), Fusarium infected plants re-inoculated with P. 
indica (F~ P) and both P. indica and F. moniliforme (P+F-II) inoculated in a set of control plant and the plants were allowed to grow for 35 
more days. Shoot and Root morphology of 50 days control (C) and 15+35 days P+F-11 (la,b), 50 days Pi and 15+35 days P~ F (lla,b), 50 days 
Fm and 15+35 days F~P (IIIa,b,c,d) and 50 day control (C) and 50 day P+F-1 (IVa,b) . Black arrows are indicating the remains of root branches 
and blue are indicating the intact branches. 
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The effect of P. indica on colonization of F. moniliforme in the plant root was 

dynamic and shows an induced variation in roots integrity, "Branching index" (number of 

root branches/em.) and biomass yield. We found that the inoculation of P. indica in plants 

pre-colonized with F. moniliforme recovers the biomass that is 170% and 187% for fresh 

and dry weight respectively than Fusarium infected control and is comparable to control 

plant without any fungus (Fig. 6 c), similarly there is improvement in the root system 

integrity (Fig. 7) and Branching index (number of root branches/em.). Same effect was 

also observed in plants simultaneously inoculated with P. indica and F. moniliforme with 

113% and 143% increase in fresh and dry weight respectively (Fig. 6 c), however 

inoculation of F. moniliforme in plants pre-colonized with P. indica dose not affect the 

root integrity and branching index significantly while the biomass yield was affected with 

12% decrease in dry weight (Fig. 6 c). P. indica show no growth inhibitory effect against 

F. moniliforme and vise versa (Fig. 8). 

Figure 8. Antibiosis assay for antibiotic secretion and growth inhibition effect of P. 
indica (Pi) and F. moniliforme (Fm). 

Change in Activity of Antioxidant enzymes in root and shoot of maize plant colonized 
with P. indica and effect inoculation of F. moniliforme on enzyme activity 

Inoculation of P. indica in matze plants significantly alters the level of 

antioxidative enzymes and is depend on colonization. We have found the activities of 

CAT (Fig. 9 a), GR (Fig. 9 c), GST (Fig. 10 a) and SOD (Fig. 10 c) were constantly 

increases during the colonizing process til125 days in the root and were 26-360, 2-12, 4-

25 and 1.5-10 fold higher than control respectively, interestingly it was found that this 

unusual increase in enzyme activity did not continued after the 25 days but was 

significantly higher than control. In case of shoot, the activities were 1-4 fold till the 

colonizing process for all enzymes while they were observed 20-225, 2-92 and 3-60 fold 
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higher after 25 days than control for CAT (Fig. 9 b), GST (Fig. 10 b) and SOD (Fig. 10 d) 

respectively, at the same time GR activity (Fig. 9 d) was not found altered significantly. 

Inoculation of F. moniliforme in 10 days old plant pre-inoculated with P. indica show 

5-6 and 9-30 fold for CAT, 2-7 and 1.5-9 fold for GR, 2-16 and 3-27 fold for GST and, 

1.5-10 and 9-28 fold increase for SOD Activity than control plant without any fungus in 

root and shoot respectively (Table 8). 

Table 8. Activity of antioxidant enzymes in root and shoot of plants alternate (P-7 F and 
F-7 P) and simultaneous (P+F) inoculated with P. indica (P) and F. moniliforme (F). 
(Activities are expressed in folds compared to control plant) 

State of CAT GR GST SOD 
affairs of 

inoculation Root Shoot Root Shoot Root Shoot Root Shoot 

Pi 26-360 20-225 2-12 1-4 4-25 2-92 1.5-10 3-60 

Fm 24-60 1.5-27 2-21 1.3- 3.6 3-44 2-15 1.5-5 1.8-8 

P-7F 5-6 9-30 2-7 1.5-9 2-16 3-27 1.5-10 9-28 

F-7P 14-41 20-23 2-5 1-10 1-17 3-29 2-16 9-30 

P+F 8-80 4-53 0.7-1 6 1-17 1.8-34 1.6-72 3-16 3-100 

Antioxidant enzyme activity in root and shoot of maize plant infected with F. 
moniliforme in response to colonization of P. indica 

Inoculation of P. indica in 10 days old plant pre-inoculated with F. moniliforme 

restore the all enzyme activity non-significantly in root and found increased in shoot than 

control plant inoculated with F. moniliforme, however CAT, GST and SOD activities 

were follow a continuous increase till 1 0 days while in case of GR, it was till 15 days in 

root. The enzyme activities were found increased 14-41 and 20-23 fold for CAT, 2-5 and 

1-10 fold for GR, 1-17 and 3-29 fold for GST and, 2-16 and 9-30 fold for SOD Activity, 

than control plant without any fungus in root and shoot respectively (Table 8). 

Inoculation of F. moniliforme in maize plants significantly alters the activities and were 

enhanced 24-60 and 1.5-27 fold for CAT (Fig. 9 a and b), 2-21 and 1.3- 3.6 fold for GR 

(Fig. 9 c and d), 3-44 and 2-15 fold for GST (Fig. 10 a and b), 1.5-5 and 1.8-8 fold for 

SOD (Fig. 10 c and d) than control respectively in root and shoot. 
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Figure 9. Effect of inoculation of P. indica and F. moniliforme on Catalase and Glutathione Reductase specific activity. Catalase Activity 
in Root (a) and shoot (b) and GR activity in root (c) and shoot (d) of plants inoculated with P. indica (P) and F. monil(forme (F) and in control 
(C) without any fungus. 
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Figure 10. Effect of inoculation of P. indica and F. moniliforme on GST and SOD specific activity. GST Activity in Root (a) and shoot (b) 
and SOD activity in root (c) and shoot (d) of plants inoculated with P. indica (P) and F. nwni!U(mne (F) and in control (C) without any fungus . 

48 



Results 

Effect of simultaneous inoculation of P. indica and F. moniliforme on the activity of 
antioxidant enzyme in root and shoot 

Inoculation of both P. indica and F. moniliforme simultaneously in 10 day old 

plant continuously increases the activities of all four enzymes till 5 days in root and this 

was comparable to enzyme activities in plants colonized with P. indica. Activities were 

found 8-80 and 4-53 folds for CAT, 0.7-16 and 1-17 folds for GR, 1.8-34 and 1.6-72 fold 

for GST and 3-16 and 3-100 folds for SOD than control respectively in root and shoot 

(Table 8). GR activity in plants inoculated with both P. indica and F. moniliforme 

simultaneously did not show significant increase in root and shoot. 

Change in Proline Content 

Plants inoculated with P. indica, interestingly, having high concentration of 

proline accumulation than non-colonized plants. The change in proline content was seems 

dependent on colonization. Initially (1 and 2 week) the proline content was increases 

continuously and become static later (3rd week). P. indica stimulated proline 

accumulation and it was found 1.93, 1.55 and 1.3 times the content of non-colonized 

plants, 1, 2 and 3 week respectively (Fig. 11 ). 
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Figure 11. Change in Proline content in plants colonized with P. indica. Proline 
content of P. indica colonized and control plants were determined for three weeks. All 
experiment done in triplicate. Error bars, SE. 
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Change in expression profile of P- Glucanase and detection of isoforms 

Separation of acidic and neutral proteins from maize root and shoot extracts using 

the Davis system enabled detection of one main bands with P-1,3-glucanase activity in 

maize roots colonized with P. indica or F. moniliforme, corresponding to constitutively 

expressed isoforms. The activity of constitutive isoforms appears to increase with P. 

indica (Fig. 12 a, lanes PR and PS). Additionally, two new isoforms were induced in P. 

indica-colonized roots and shoot respectively (Fig. 12). No P-1,3-glucanase activity was 

detected in protein extracts from plant shoot infected with F. moniliforme. The isoform 

which has higher electrophoretic mobility than constitutive isoforms, induced highly only 

in root and shoot colonized with P. indica and the activity of this isoform dose not 

observed in case of F. moniliforme or control plant (fig. 12 a). In figure 12 b it is very 

clear that ohe isoform with high mobility expressed only in plants colonized with P. 

indica. The observation indicates the relationship of this isoform with P. indica 

colonization. 
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a. 
CR cs PR PS FR FS 

PR PS FR FS 

Figure 12. ~-Glucanase activity in root and shoot of plant colonized with P. indica 

and F. moniliforme. Acidic ~-1 ,3-glucanase activities after separation of proteins by the 

Davis system in 10% (w/v) with 20~-tg protein (a) and 15 % (w/v) with 15~-tg protein (b) 

polyacrylamide gels containing soluble ~-glucans (Laminarin from Laminaria digitata, 

S lGMA) as substrate. Extracts from P. indica colonized root (PR), shoot (PS), F. 

moniliforme infected root (FR) and Shoot (FS), control root (CR) and shoot (CS) of maize 

plants after 7 weeks of growth, either inoculated with P. indica or F. moniliforme. 

Constitutive isoforms are indicated by bars and additional isoforms by arrows. 
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Discussion 

The inoculation of maize plants with P. indica stimulated biomass 

production of the plant. The biomass is of importance when studying the degree of 

P. indica effectiveness on the host plant. Increased biomass of the inoculated maize 

plants, compared with non-inoculated plants, indicates mycorrhiza-like growth 

promotion activity in relation to plant biomass production. Plant fungus symbiosis, 

like mycorrhizal association causes imperative changes in plant metabolism and 

growth (Arines et al., 1994), although very little is known of the biochemical 

mechanisms involved in this symbiotic association. Increased growth associated 

with P. indica and AM infection has been attributed to enhanced nutrient uptake, 

especially of Phosphorus and Nitrogen (Y adav et al., 2007 unpublished data, 

Sherameti et al., 2005, Toro et al., 1998, Requena et al., 2001). Altered root 

morphology or contributions by soil hyphae of P. indica increases the total 

absorption area and that leads to enhanced nutrients and water absorption as in case 

of mycorrhiza (Auge, 2001). Thus, the increased biomass of P. indica inoculated 

plants could be partly related to the increase in water and nutrient uptake. 

The colonization of P. indica in maize roots lead to significantly lower the 

susceptibility to F. moniliforme infections than observed in non-inoculated plants. 

The effect of alternate and simultaneous inoculation of P. indica and F. morziliforme 

in maize plants on biomass and susceptibility varied with state of affairs of 

inoculation of two fungi and level of colonization of P. indica. F. moniliforme is a 

major parasite of members of Gramineae. It causes stalk rot in maize (Ayers and 

Nelson, 1970; Christensen and Wilcoxson, 1966; Hooker, 1972) and poor crop 

stand, reduced root and shoot weight and reduced plant growth and emergence in 

maize seedlings (Futrell and Kilgore, 1969; Van wyk et al., 1988; Palmer and 

MacDonald, 1974; Scott and Futrell, 1970). Improvement in stand, plant growth, 

biomass and root integrity in response to P. indica force to make conclusion about 

its biotic-tolerance and disease resistance. Besides its tolerance to root parasite, P. 

indica is resistance for leaf parasite (Waller et al., 2005) suggesting the induction of 

systemic resistance towards plant fungal pathogen and/or parasite. We performed 

antibiosis assay for fungus which revels no secretion of effective antibiotics by P. 

indica that can inhibit the growth of F. moniliforme, suggesting the biotic-tolerance 

is due to reprogrammed and induced resistance of plant by P. indica and not due to 

antibiotic secretion. The increase in proline content in plants colonized with P. 
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indica might provide the salt and drought tolerance to the plant as describes by 

Waller et al. (2005). 

Systemically induced antioxidative enzymes in root and shoot of plants 

infested with P. indica suggesting an enhanced antioxidative capacity in plant. 

Unusual strong induction of antioxidative enzymes during colonization period could 

be for detoxification of ROS, generated during the colonization and play a 

protective role (Alguacil et al., 2003) and for the compatibility of symbiotic 

interaction between plant and fungus. No reinforcement of cell wall and 

hypersensitive reaction was observed in root colonized by P. indica, again the 

evidence for its recognition as a non-pathogen/parasite by the plant. This 

compatibility may involve some specific signaling cascade that has to be 

discovered. Tanaka et al. (2006) suggest a symbiosis mechanism in which ROS 

production by the E. festucae NoxA in planta negatively regulates fungal 

development and hyphal tip growth, thereby preventing excessive colonization of 

the plant tissue. Increase in the level of antioxidative enzymes in response of 

alternate and simultaneous inoculation of P. indica and F. moniliforme, were 

observed insignificant compared to control in root while significant in case of shoot. 

The observation suggesting a high antioxidative capacity in shoot than root and this 

slightly increased level of antioxidant enzymes probably favors the symbiosis and 

results in improvement in stand, plant growth, biomass and root integrity. The 

outcome of such an interaction can vary in a seamless manner from mutualism to 

parasitism. In most cases, the host plant does not suffer; in fact it often gains an 

advantage from colonization by a fungus. This benefit is based on a fine-tuned 

balance between the demands of the invader and the plant response. If the 

interaction becomes unbalanced, disease symptoms appear or the fungus is excluded 

by induced host defense reactions (Kogel et al., 2006). P. indica dose not induces 

the expression of pathogenesis related or jasmonic-acid induced gene in early phase 

of symbiosis which generally induces in systemic disease resistance (Waller et al., 

2005). Now we have found, in late phase of this symbiosis, there is induced 

expression of PR-2 protein has been detected and two new isoforms have been 

detected in root and shoot, associated with P. indica colonization. High level of 

expression of (3-glucanase activity is associated with strong defense response in 
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plant root against F. moniliforme. Fungus contain ~-1 ,3-glucans, chitin and/or 

chitosan and glycoproteins. All these molecules are known to be potent elicitors of 

plant defence reactions. When colonization by AM fungi is successful, some fungal 

strategies of self camouflage may occur such as important wall modifications during 

the colonization process or repression of the induced plant defense mechanisms 

(Gollote et al., 1997). In fact, the host plant influences wall morphology and 

composition of AM fungi as they develop within the root tissues. Lemoine et al. 

(1995) described a progressive disappearance in wall ~-1 ,3-glucans during root 

colonization. Extraradical hyphal walls contained a large quantity of ~-1,3-glucans, 

but they were less abundant in intercellular hyphae and became undetectable in 

arbuscules (Gollote et al., 1997). In this context, it can be hypothesized that the new 

systemic induced acidic glucanase isoforms could help the plant to control the P. 

indica development and defense response against pathogen. Though, we did not 

analyze the cell wall composition of P. indica during colonization process, as 

repression of oxidative defense mechanism in early phase and not at late phase of 

colonization of P. indica but it can be concluded that some how P. indica get 

protected from this hydrolytic enzyme in late phase and survive inside the root as 

endophyte. 

We have shown for the present work that colonization of P. indica, have 

strong growth promoting effects, systemic resistance to biotic stress, biochemical 

changes that can provides resistance to salt and drought stress and enhanced 

antioxidant capacity. Because P. indica, unlike arbuscular mycorrhiza fungi, 

axenically cultivable in absence of host plant (Varma et al., 1999), can be used as a 

tool in sustainable agriculture, new biocontrol method to control soil borne diseases 

in ceo-agriculture and its use in Agri-management and Agribusiness, without using 

a transgenic approach, in the near future. It can also serve as a model organism for 

study the plant symbiose interaction, molecular mechanism of disease resistance 

and much important for environmental studies. 
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Appendices 

All the reagents and buffer used and not mentioned in appendix were prepared 

according to "Molecular cloning: A laboratory manual" 3rd edition (Sambrook and 

Russel, 2001) 

Table 1. Aspergillus Medium (Hill and Kaefer, 2001) 

Constituents Composition (giL) 

Glucose 10 

Peptone 2 

Yeast extract 1 

Casamino acid 1 

Vitamins stock solution 1ml 

Macroelements from stock 50ml 

Microelements from stock lml 

Agar 10 

pH 6.5 

Macroelements (Major Elements) Stock (giL) 

NaN03 120.0 

KCl 10.4 

MgS04_?H20 10.4 

KH2P04 16.3 

K2HP04 20.9 

Microelements (Trace Elements) Stock (giL) 

ZnS04. ?H20 22 

H3B03 11 

MnCh. 4H20 5 

FeS04. ?H20 5 

CoCh. 6H20 1.6 

CuS04. 5H20 1.6 

(NH4)6 Mo10n 4H20 1.1 

Na2EDTA 60 

Vitamins Stock (%) 
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Biotin 0.05 

Nicotinamide 0.5 

Pyridoxal phosphate 0.1 

Amino benzoic acid 0.1 

Riboflavin 0.25 

The stocks were stored at 4°C and vitamin was stored at -20 oc in aliquots. The 

stock of FeS04. 7H20 was prepared separately. 

Note: The modified aspergillus media used for enzyme activity contains 10 times 

reduction of peptone, yeast extract and casamino acid without vitamins 

Table 2. Lactophenol (Phillips and Hayman, 1970) 

Phenol 150 g 

Water 150ml 

Lactic acid 125 ml 

Glycerol 125 ml 

Table 3. Trypan Blue (Phillips and Hayman, 1970) 

I Trypan blue 0.1 g 

100ml 

Table 4. Aniline blue (Phillips and Hayman, 1970) 

Aniline blue 0.2 g 

Na-P buffer (0.07 M, pH 9) 100ml 

Table 5. Bradford Reagent (Bradford, 1976) 

Coomassie brilliant blue G 250 lOOmg 

90% ethanol 50ml 

85 % o-phosphoric acid lOOm! 
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Table 6. Sodium Acetate Buffer (50 mM), pH 3-6.5 

I Sodium acetate 6.8 g 

Dissolved in 1 liter deionized water and pH adjusted by acetic acid glacial 

Table 7. 1-chloro-2,4-dinitrobenzene (CDNB) (Habig et al. 1974) 

Table 8. Glutathione (reduced) (Habig et al. 1974) 

I Glutathine 

MQwater 

Table 9. Pyrogallol (Roth and Gilbert, 1984) 

I Pyrogallol 

MQwater 

366mg 

6ml 

45mg 

5ml 

10.2 mg 

10ml 
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