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Abstract 

To meet the needs of a projected global population of 9.1 billion by 2050, 

agricultural food production must increase by at least 70%. This challenge is further 

worsened by biotic and abiotic stresses driven by several factors. Biotic challenges 

include pathogenic fungi, bacteria, nematodes, herbivores etc., and among these, 

fungal pathogens cause significant yield losses to several economically important 

crops. Current agricultural practices rely heavily on chemical fungicides, particularly 

for vegetable and ornamental crops, which pose numerous health and environmental 

risks, produce resistant varieties of pathogens and cause harm to beneficial organisms 

in the soil. Biopesticides offer a sustainable alternative over these chemicals, in 

enhancing disease resistance in affected plants. The present study aimed to examine 

the seed priming effects of Trichoderma virens and Jasmonic acid (JA) on tomato 

plants infected with Fusarium oxysporum lycopersici (Fol) and Rhizoctonia solani, 

which cause Fusarium wilt and damping-off, respectively. The experiment was 

conducted at Lovely Professional University by utilizing the Punjab Ratta tomato 

cultivar, and followed a Random Block Design with twelve treatments, each 

replicated three times. Results indicate that seed priming with these ameliorative 

agents significantly improved growth parameters, reduced disease incidence, and 

enhanced physiochemical and molecular responses. Treated plants exhibited better 

photosynthesis, higher pigment levels, improved stomatal behaviour, and increased 

accumulation of protective compounds like osmolytes, secondary metabolites and 

antioxidants. The enhanced activity of the antioxidative enzymes and reduction in the 

oxidative stress markers indicate improved defence system in the presence of 

biostimulants. The combined pre-treatment of T. virens and JA effectively reduced 

pathogen-induced damage and promoted plant growth. Thus, combined application of 

T. virens and JA offers a cost-effective, environmentally friendly strategy to improve 

tomato crop yield and resilience against the studied soil-borne pathogens. This 

approach can be recommended for commercial-scale tomato production, providing a 

sustainable alternative to chemical fungicides. 
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Chapter 1 Introduction 

In recent years an upsurge in global temperature has initiated significant 

alterations in several agricultural approaches. During their entire life cycle, crop 

plants have been exposed to numerous types of abiotic (temperature extreme, salt and 

drought stress, heavy metals induced toxicity etc.) and biotic (viz. virus, bacteria, 

nematodes, fungi, herbivores etc.) challenges. Furthermore, an increase in the levels 

of stresses has forced an immediate adverse outcome on overall output through an 

increased vulnerability of crops to pathogens and pests (Mahalingam, 2015; 

Ramegowda and Kumar, 2015; Umar et al., 2021). In addition, the problems of 

climatical alterations have been documented to trigger terrible pandemics around the 

globe. Consequently, the climate change influences have worsened the magnitude and 

consequences of biotic stresses inflicted by plant pathogens and ultimately raised the 

hazard and expenses of controlling plant diseases (Raza et al., 2019).  

These climatic conditions have harshly changed the physiological 

characteristics and the disease-resistance system of host plants (Velásquez et al., 

2018). In addition, severe changes in climatic conditions have modulated the host-

pathogen communications, virulence strategies of pathogens and epidemiology of 

mycological ailments (Abdullah et al., 2017; Pontes et al., 2020). Global productivity 

of crop plants has been limited by several plant pathogens which ultimately has 

caused a severe threat to worldwide food security.  Moreover, the population of 

phytopathogens is exceptionally adaptable regarding space, time and genetic 

constitution. Consequently, advancing new pathogenic races over existing host 

defensive mechanisms has raised the issues of agroeconomic production very 

drastically (Fones et al., 2020). In this regard, it is crucial to identify the problem of 

crop loss due to various kinds of plant pathogens and propose novel and practical 

approaches to combat these destructive pathogens.   

1.1 A brief introduction to the experimental host plant 

 Tomato (Solanum lycopersicum L.) is a rabi crop that belongs to the 

Solanaceae family. This important horticultural vegetable crop is widely grown and 

popularly known as “poor man’s orange” in India and “Love of Apple” in England 

(Gatahi, 2020). Several scientific reports about cultivated tomatoes suggest that they 

originated from a wild cultivar of the Peru-Ecuador- Bolivia area of the Andes (Rick 

and Fobes, 1975). Fruits of tomato can be eaten either fresh or cooked. Tomato is 



 

2 
 

mainly consumed in sauce, soups, ketchup, stews, and canned tomato. Food products 

of this herbaceous crop are rich sources of several minerals (Ca, Fe, P, K, Mg etc.), 

Vitamins (A and C), fibres and rich quality plant proteins (Chaudhary et al., 2018). A 

vital carotenoid, lycopene in tomatoes, has been proven to hold a range of 

pharmacological and dietary properties with favourable health advantages as a 

biological antioxidant (Arballo et al., 2021). These redox-homeostasis characteristics 

of lycopene have been proven to be implicated in carcinogenesis and atherogenesis by 

shielding LDL, DNA and lipids in the cell (Kelkel et al., 2011; Bin-Jumah et al., 

2022). In addition to all its valuable perspectives, this crop attracts great interest from 

scientists and researchers because it represents a model plant system to study 

resistance mechanisms in plants against pathogens at the molecular level 

(Abdelkhalek et al., 2022; Lin et al., 2014). 

1.2 Origin of the Problem 

Tomato is cultivated all over the world because of its wide range of 

adaptability as well as versatility. Climatic regions which support this crop chiefly 

include tropical, subtropical, and slightly cold zones and cover an area of 

approximately 5,051,983 hectares 9,05,000 hectares with 186.821 million metric tons 

of annual production and usual yield of 37.1 metric tonnes/hectare (MT/H) in 2020. 

Worldwide (total fresh) tomato production exceeded 187 million Tonnes in 2020 - 

Tomato News, 2022. Despite all these, the growth and productivity of this essential 

horticultural crop are limited due to various biotic and abiotic stresses. Above all, 

diseases are the most common limiting factors in tomato production. It is susceptible 

to being infected by different kinds of pathogens viz. viral, bacterial, nematodes, 

fungal etc. In contrast to others, fungal pathogens are responsible to a greater extent 

for lowering the quantity as well as the market value of this commercial crop (Singh 

et al., 2017). 

Fusarium oxysporum f.sp. lycopersici (Fol) is a cosmopolitan, soil-borne, 

hemi biotrophic, fungal pathogen. Depending upon the structure of conidiogenous 

hyphae, different spp. of Fusarium has been classified under Hyphomycetidae and the 

subclass of Deuteromycetes (Ashwathi et al., 2017). In general, most wilt-inducing 

Fusarium belongs to sp. F. oxysporum. Furthermore, different kinds of host plants 

have been attacked and diseased by various special forms (formae speciales) of F. 

oxysporum (Edel-Hermann and Lecomte, 2019). Infection with this pathogen leads to 

water loss and wilting of tomato plants by directly clogging their xylem vessels. 



 

3 
 

Being a soil-borne pathogen, Fol persists in the soil as resting propagules known as 

chlamydospores. After successful invasion into the cortical cells, fungi migrate 

intercellularly towards the vascular tissue and enter the xylem. Inside these vessels, 

pathogens initiate the production of microconidia, which further spread the infection 

in upward vessels through migration with sap streams. The distinctive wilt indications 

appear because of obstruction prompted by the congregation of pathogen hyphae and 

a blend of host-pathogen interfaces such as secretion of toxins (fusaric acid, 

dehydrofusaric acid, lycomarasmin etc.) and development of gums, gels and tyloses 

(Perincherry et al., 2019). 

Rhizoctonia solani Kuhn (teleomorph: Thanatephorus cucumeris (Frank) 

Donk) is a cosmopolitan, soil-borne, necrotrophic pathogenic fungus responsible for 

inducing infection and lowering the productivity of many commercially significant 

crops (Gondal et al., 2019). R. solani is an imperfect stage of the fungus 

Thanatephorus cucumeris, which belongs to the class Basidiomycetes and order 

Homenomycetales (Senapati et al., 2022). Moreover, members of this species have 

been distributed in somatically incompatible 14 anastomosis groups (AGs) based on 

characteristics like morphology, pathogenicity, molecular and biochemical markers 

and aggressiveness. This fungus is responsible for causing damping off disease in 

seedlings and very young plants. Subsequently, it also spreads infection in the roots or 

near collar regions, from where tiny red or brown colour spots of dead tissues seem to 

emerge. With the further expansion of disease, the root system of the diseased plant 

also becomes brown, and chlorosis is observed in the upper parts. In addition, 

cellulose and lignin decomposing enzymes of the pathogen further assist in the distant 

transfer of the pathogen (Clocchiatti et al., 2021). This pathogen persists in the soil 

inside contaminated plant material through mycelia or thick-walled sclerotia during 

unfavourable settings for numerous years (Gondal et al., 2019). 

Based on the above facts and substantial losses observed in the tomato crop by 

the mentioned pathogens it becomes imperative to find suitable ecofriendly methods 

to manage the pathogen mediated economic loss. Therefore, in this research work, we 

have studied the effects of two diseases, i.e., fusarium wilt and damping off, on 

infected tomato plants in terms of growth characteristics and biochemical and 

molecular alterations. 
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1.3 Limitations of chemical fungicides for disease management 

Even though presently a broad range of chemical pesticides are accessible to 

handle plant diseases, the incessant and injudicious application of these fungicides not 

only alters the nutritional innards of tomatoes but also affects the consistency, 

efficiency and overall health of soil (Meena et al., 2020). Moreover, these fungicides 

cannot be considered long-term remedies against pathogenic fungi because of health 

and environmental concerns. Furthermore, regular application of these chemicals not 

only mutates and establishes tolerance in target organisms, but their continuous 

application introduces several adverse effects in numerous beneficial organisms in the 

rhizosphere. Nowadays, restrictions on the use of these chemicals have been 

increasing progressively. In recent times, agriculturists and business-related sectors 

have shown intense concern and determination concerning the generation of 

sustainable and cost-effectual approaches for disease control (Panth et al., 2020). 

Biological control procedures are intended as substantial remedies for control since 

fungicides negatively affect other beneficial organisms, too (Köhl et al., 2019). 

1.4 Biological control for management of phytopathogens induced disease 

In recent years, the essential need for safe and chemical free food has 

increased the demand and market for biopesticides. Moreover, in sustainable 

agriculture, biopesticides serve as an eco-friendly approach by minimising the 

application of fertilizers and other harmful chemicals (Fenibo et al., 2021). The 

efficiency of specific biochemical and bio-control factors in eliciting induced 

resistance in infected plants against several biotic challenges has been successfully 

reported. Pre-treatment of a susceptible host with either a biocontrol agent (biotic 

inducer) or a chemical compound individually or together ensures an enhanced 

tolerance towards a wide variety of pathogens not only at the application site but also 

at distant locations. Subsequently, the expression of many defence-linked genes has 

been upregulated following the treatment with biotic and abiotic resistance inducers 

(Lahlali et al., 2022).  

Trichoderma spp. are free-living, fast colonizers, intrusive, filamentous, 

adaptable, avirulent, plant symbiotic fungi which assist the plant in having better 

growth and metabolism in pathogen-inoculated soil by inhibiting the growth of 

pathogens through several mechanisms of antagonisms (Sood et al., 2020). There are 

several reports which confirmed the point that microorganisms growing in their 
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vicinity cause the inhibition of the growth of pathogenic spp. by upsetting their 

metabolisms. Around 90% of fungi used as biocontrol mediators against several biotic 

stresses in plants belong to the genus Trichoderma (Hermosa et al., 2012). Around the 

world, more than 60% of successful bio-fungicides are derived from Trichoderma- 

founded innovations (Abbey et al., 2018). In our country too, about 250 Trichoderma- 

isolated products are applied as bio fungicides. However, our farmers still rely on 

artificial chemical fungicides to a more considerable extent than biological control 

(Dinesh and Prateeksha, 2015; Mishra et al., 2020).  

During exposure to stressful stimuli, plants respond to them by operating a 

brilliant communication network of chemical messengers known as the hormonal 

signal transduction pathway. A unique characteristic of this communication system is 

that it can communicate over long distances through signal detecting, transmitting and 

responding to cells and even organelles of different tissues and organs (Jung et al., 

2018).  It has been commonly acknowledged that pathogen-induced attacks on the 

host plant led to the generation of specific Microbe/Pathogen Associated Molecular 

Patterns (MAPS/PAMS). Subsequently, these are identified by cell membrane-

situated PRRs. Following pathogen attack and successful recognition by specific 

PRR, JA biosynthesis is initiated through the oxylipin biosynthesis pathway (Gfeller 

et al., 2010; Zhang et al., 2017). Under the conditions of pathogen contamination, JA 

and its derivatives can be instantly coming into effect (Fragoso et al., 2014), which 

consequently induces nearly all chief secondary metabolites and protein expression 

implicated in defence reaction, comprising of phenylpropane, alkaloids, anti-

nutritional proteins, terpenoids, amino acid derivatives, and some pathogen-related 

proteins (Wang et al., 2021). 

1.5 Oxidative stress markers 

Following exposure to a virulent pathogen, a susceptible host plant develops 

several resistance mechanisms to either exclude or overcome partially or entirely the 

damage convinced by the pathogen attack (Sood et al., 2021).  Resistance approaches 

in diseased plants limit pathogens' growth, multiplication and spread or confine the 

pathogen to necrotic lesions by hypersensitive responses.  Subsequently, the 

generation of ROS like OH⁻, O2- and H2O2 because of pathogenic attack serves as a 

primary indication of early ameliorating response against these devastating diseases 

(Juan et al., 2021). These ROS, once generated through the various biochemical 

pathways, are extremely toxic and induce impairment to lipids, proteins, 
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carbohydrates and nucleic acid at the cellular level. Furthermore, these ROS also act 

as critical regulators of various biological and physiological processes associated with 

mitigating several types of biotic or abiotic stresses in plants by indirectly functioning 

as a second messenger in cellular signalling (Sachdev et al., 2021). 

In addition to this, intermediates associated with ROS initiate defence-related 

responses in plants through a surfeit of mechanistic activities, e.g., strengthening of 

plant cell wall through the cross-linking of lignin and proteins, advancement in 

systemic acquired resistance (SAR), an acquaintance of hypersensitive response (HR) 

against the targeted organisms. ROS enhance the expression of numerous defence-

associated genes by acting as second emissaries. Their gene products mainly include 

peroxidase (POD) and polyphenol oxidase, whose catalysis leads to lignin formation 

in plants. Similarly, phenyl ammonia lyase produced cause the synthesis of 

phytoalexins and phenolic compounds (Nita and Grzybowski, 2016). Furthermore, 

due to the antifungal activity of some PR-proteins such as chitinase and glucanase, 

oligomers such as chitin and glucan are produced because of fungal cell wall 

degradation, which further provokes the numerous defence systems by acting as 

powerful elicitors. In general, plants own very competent enzymatic and non-

enzymatic, alkaloids, phenolic compounds as well as non-proteinaceous amino acids] 

antioxidative defensive systems which act in collaboration to regulate the problems of 

unrestrained oxidation and ultimately shield the plant cells from oxidants injury by 

scavenging these toxic ROS (Sharma et al., 2022). 

Even though till now several reports have documented the initiation of disease 

resistance mechanisms in plants through the pre-treatments with bioagent fungi or 

chemical inducers on their own, their combined efficiency in amelioration of fungal-

induced biotic stress in plants has been explored to a much lesser extent.  Thus, the 

present study aimed to investigate the impact of pre-treatment of bioagents, i.e., T. 

virens and jasmonic acid, as an individual or integrated remedy on the damping off 

and fusarium wilt of tomato plants. Therefore, the chief objective behind this research 

work focussed upon the alteration in growth and physiological activities comprising 

of enzymatic/non-enzymatic defence systems and expressions of defence-related 

genes of treated as well as untreated diseased tomato leaves.  



 
Chapter 2  
Review of Literature 
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Chapter 2 Review of Literature 

Plants persistently face a wide range of stresses which limits their 

productivity. Stress can be well defined as a stimulus that is outside the acceptable 

range of homeostatic limit in a living being (Gull et al., 2019). These environmental 

stresses to which plants have been exposed can broadly categorize as 1) Abiotic and 

2) Biotic stress. Exposure of plants to these circumstances induces a disturbance in 

plant metabolism, leading to a decline in growth and, eventually, productivity (Gull et 

al., 2019). Abiotic stresses involve salinity, extremes in temperature, radiation, flood, 

drought, heavy metals toxicity, etc. (Yadav et al., 2020). Conversely, biotic stress 

includes pathogenic attacks by fungi, bacteria, nematodes, and herbivores (Iqbal et al., 

2021). These pathogens cause several plant diseases responsible for significant crop 

yield loss globally. Being a sessile organism, the plant must face these environmental 

signals. To complete their life cycle, plants display stress tolerance or avoidance 

through mechanisms like acclimation and adaptation that ultimately initiate cellular or 

organismal homeostasis (Lamalakshmi Devi et al., 2017). 

Disease-instigating pathogens are responsible for roughly a 15% decline in 

global food production. It has been estimated that around 800 million persons 

worldwide do not have access to enough food (Strange and Scott, 2005). Because of the 

population explosion, the adequate amount of food needed to feed people sufficiently 

are increasing. Food assurance occurs when people forever have a physical and 

economic approach to sound, safe and healthful food that greets their eating supplies for 

an active and healthy life. In several developing countries, the statistics of hungry, 

undernourished people who don’t have diet security are increasing alarmingly. 

Therefore, in the changing world, there is a critical requirement to refer the serious risks 

to food security triggered by plant diseases on a privileged basis to allow constant 

access to enough nutritious food (Strange and Scott, 2005). The food scarcity caused 

pathogens is an essential factor to consider carefully. It is estimated that almost 20 to 

40% of agricultural yield is lost globally due to multiple types of biotic challenges (van 

Dam and Bouwmeester, 2016; Junaid and Gokce, 2024). Further, global warming and 

climate change increase the reproductive capacity and geographic extension of these 

phytopathogens which eventually causes the production of excessively virulent and 

aggressive pathogens which negatively interact with a wide range of host plant species; 

and consequently, the yield destruction will be the uppermost consequence of this 
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phenomenon (Das et al., 2016; Lahlali et al., 2024). Hence, we can say that in future, 

the probability of plants confronting exposure to biotic/ abiotic stress will be of elevated 

magnitude with repeating stress incidences. 

1. Host-Pathogen Interaction 

A virulent pathogen is a living organism that exhibits the potential to induce 

damage in susceptible hosts during plant-pathogen interaction. Further, the virtue with 

which a pathogen ruins the metabolism of its host plant is termed its pathogenicity. 

After successful penetration and establishment in diseased plants or tissue, it spreads 

the infection into the healthy area of plants by suppressing the immunity of the host 

plant. Based on their disease initiation mechanisms, pathogens can be broadly 

categorized into opportunistic, facultative, and obligate domains. Obligate pathogens 

communicate an infection inside a healthy, susceptible host species (Pandit et al., 

2022; van Baarlen et al., 2007). In addition to contaminating within a confined host 

series, the facultative ones can survive exterior to the host in a non-living 

environment. Contrary to both, opportunistic pathogens express small virulence for 

many host species. When host species become immunologically vulnerable, 

opportunistic pathogens hit the host plant vigorously (Cornelis and Dingemans, 2013). 

Further, based on the metabolic relationship with their host plants, pathogens have 

been grouped into biotrophs and necrotrophs (Priyashantha et al., 2023; Wang et al., 

2014). The first requires a living host for their growth as well as reproduction. On the 

other hand, by forming destructive enzymes and toxic substances, necrotrophic ones 

cause metabolic injury and death of the infected plants.  In addition to studying the 

host-pathogen interface during a particular disease, a third component that should also 

be considered is the ‘environment.’ These three factors together establish a ‘disease 

triangle’, as for the occurrence of a successful infection, all the environmental 

conditions must be conducive to the growth and proliferation of the pathogen (Dixon 

et al., 2003; Sood et al., 2021). Subsequently, a chain of relatively linked events in a 

series that gives a precise idea about the induction and establishment of disease 

because of pathogenic activities is mentioned to as the ‘disease cycle’, which 

demonstrates a clear idea about the development and establishment of an ailment as 

an affair of pathogen action (van Baarlen et al., 2007). 
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2. Consequences of pathogen-induced damage in plants 

Owing to pathogen infections, annual yields of several economically important 

food crops have been reported to be diminished by the regular occurrences of 

different plant diseases. Considering that food crops affected by pathogen-induced 

destruction can feed millions of people, the socio-economic influences of these 

phytopathogens on plants should not be misjudged (de Vos et al., 2005). Therefore, 

for better control of plant illnesses, an organised and wide-ranging interpretation of 

the destructive effects of pathogens on plants is obvious. After the invasion and 

successful establishment into their respective host, metabolisms of both the pathogen 

and the host plant become tightly interconnected. This mainly causes severe nutrient 

loss from the plant side for the better growth and proliferation of pathogens (de Vos et 

al., 2005; Sood et al., 2021). Upon challenges imposed by the pathogen or its derived 

elicitors, several critical metabolic pathways in the diseased plants are down 

regulated, while others essential in plants' defence are upregulated (Less et al., 2011; 

Riseh et al., 2024). For example, metabolic pathways associated with energy 

production like pentose phosphate pathway, glycolysis, Kerb’s cycle, Electron 

transport Chain of mitochondria, biosynthesis of Adenosine triphosphates (ATPs), 

synthesis of energy generating amino acids like lysine and methionine and 

photorespiration linked amino acids such as arginine, serine, glutamic acid, and 

glycine were reported to be upregulated. On the other hand, assimilatory metabolic 

processes like photosynthesis, lipid and starch metabolism, and biosynthesis of 

specific amino acids such as valine, leucine and isoleucine are observed to be down-

regulated because of pathogen-induced damages in plants (Less et al., 2011). 

The severity of the disease symptoms the infected plant expresses depends on 

how much its physiology has been altered because of the pathogen attack. For 

example, interference in photosynthesis by a virulent pathogen was depicted as 

chlorosis (yellowing) and necrosis (browning as death) of leaves and stems in infected 

host plants. Even a slight reduction in the magnitude of photosynthesis not only 

impairs the plant but also increases its susceptibility to many pests and pathogens 

(Nazarov et al., 2020). In addition, pathogenic invasion also leads to disturbances in 

the availability and translocation of minerals and water via the vascular system of the 

host plants. An adequate nutrient supply ensures optimal plant growth and is also 

needed for better resistance and tolerance against pathogens. Several mineral nutrients 
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are used to build strong mechanical barriers and biosynthesis of defensive compounds 

like antioxidants, phytoalexins, flavonoids, etc., providing protection against 

pathogens (Mitter et al., 2021).  The presence of pathogens affects the water and 

mineral uptake by affecting transpiration from aerial plant tissues or influencing their 

absorption from the affected roots. Subsequently, slow translocation of these 

ultimately causes wilting, chlorosis, and probably necrosis in diseased plants (Fig. 

2.1). 

 

Furthermore, change in the permeability of cellular and organellar membranes 

is another important outcome of pathogen-induced damage in plants. This detectable 

response causes the loss of several physiologically essential electrolytes, especially 

Ca2+ and K+ from the infected tissues. In addition, most invading fungi release toxic 

substances that directly affect the permeability of diseased plant cells (Tsuge et al., 

2013). For instance, in oat leaves, a cyclic peptide termed victorin is produced by 

Helminthosporium victoriae, which alters the membrane permeability by binding to 

its proteins and subsequently leads to the development of chlorosis and necrotic 

stripes on leaves (Kessler, 2020). The general retort of plants to most types of stresses 

includes an increase in respiration rate. In pathogen-induced injured host tissue, an 

Fig. 2.1 Depicts the discrete effects of biotic stress on infected plants 
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increase in respiration is often observed. Aftereffects of the intensified oxygen uptake 

and increased activity of respiratory enzymes induced an insignificant elevation in 

temperature, deposition of metabolites across infection points, and even an 

enhancement in the host tissue dry weight (Hasanuzzaman et al., 2020). 

Exposure of plants to unique kinds of challenges leads to the assembly of 

ROS. An inconsistency in ROS production and subsequent disposal through 

enzymatic and non-enzymatic responses results in oxidative stress in diseased plants. 

Besides acting as a stress indicator, ROS are served as a signalling molecule during 

pathogen defence reactions such as HR, SAR, stress hormones synthesis and 

accumulation, PCD and acclimation (Kaur et al., 2022). Elevation in the levels of 

oxidising molecules at the time of oxidative stress disturbs the functioning of 

biological systems by extracting electrons from essential organic molecules and 

ultimately leads to cell damage and death by ROS toxicity.   

After successful pathogen recognition, several enzymes, particularly plasma 

membrane-located oxidase and cell wall peroxidase, have been reported to be 

participating in the apoplastic production of ROS. The NADPH oxidase, also termed 

respiratory burst oxidase (RBO), is a multiunit complex that allocates electrons to 

molecular oxygen and generates superoxide radicals in infected plants (Arthikala et 

al., 2017). In addition, peroxidase catalyses the oxidation and reduction of the 

substrate by using hydrogen peroxide. Following pathogen interaction, the expression 

of these enzymes is reported to be upregulated. As reported in the case of French 

beans in the vicinity of pathogenic bacteria, both H2O2 and cationic peroxidase 

coexisted together (Bestwick et al., 1998). Although consequent to pathogen 

recognition, the apoplast is the primary site for ROS generation; other cellular 

compartments may also be associated with forming defence-related ROS (Dumanović 

et al., 2021). 

 The most common types of ROS mainly comprise 1O2, O2•−, H2O2, and •OH 

(Fig. 2.2). Molecular O2 in the ground state remains inactive and paramagnetic due to 

occurrence of two parallel spined unpaired electrons. Its activation mainly occurs 

through two mechanisms: 1) absorption of an efficient amount of energy to reverse 

the spin of one of the paired electrons (Khorobrykh et al., 2020). This leads to the 

production of 1O2. 2) step-by-step monovalent reduction of molecular oxygen causes 
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the formation of O2•−, H2O2, and •OH. Moreover, in the presence of light, 1O2 can be 

formed through 3Chl synthesis in the PS II reaction centre. This triplet Chl produced 

can further react with 3O2 to produce a highly damaging ROS, i.e., 1O2. 

In addition, the limited availability of CO2 due to the closure of stomata at the 

time of different kinds of stresses initiates the formation of 1O2. This ROS causes the 

oxidation of unsaturated fatty acids, proteins and DNA. Furthermore, it alters the 

nucleic acid composition by reacting selectively with deoxyguanosine (Kasai, 1997; 

Ma and Bai, 2021). Consequently, by promoting light-inducing damage to 

photosystem II, it triggers cell death in stressed plants (Krieger-Liszkay et al., 2008; 

Roeberet al., 2021).  β-carotene and α-tocopherol are the agents which the plants can 

employ for the successful quenching of 1O2 (Krieger-Liszkay, 2005; Kumar et al., 

2020). 

Due to spin constraints, O2 cannot allow four electrons concurrently to 

produce a water molecule. However, during reduction, it takes one electron at each 

step and can give rise to stable intermediates at the respective stage (Halliwell and 

Gutteridge, 1984; Juan et al., 2021). After this, O2•− is the chief ROS developed, 

which begins a system of responses to create “secondary” ROS, either 

straightforwardly or usually through enzyme- or metal-catalysed progressions (Hong 

et al., 2024; Valko et al., 2005). Owing to both oxidising and reducing features, 

O2•− has been reported to oxidize enzymes encompassing the [4 Fe-S] groups and 

was competent to reduce cytochrome C. By accepting one electron and two protons, 

O2•− can be readily converted to H2O2 either nonenzymatically or through SOD 

catalysed reactions (Imlay, 2003; Mandal et al., 2023).  
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Fig. 2.2 Represent Pathogen Induced Production of ROS  

Production of ROS in multiple organelles leads to oxidative damage in the respective cell 

following pathogenic attack on the host plant. By ETC in chloroplast at PSI and PSII, ROS 

like 1O2, O2•−, H2O2, and •OH are produced through Chl* molecules. SOD catalyses the 

dismutation of O2•− via Fenton reaction. At peroxisome photorespiratory enzymes induce 

ETC dependent generation of O2•− and H2O2. Similarly, ETC at mitochondria generate 

O2•− which on dismutation through SOD forms H2O2. Likewise, production of ROS has also 

been reported in ER, Cell wall and apoplast. ROS at low or moderate concentrations 

mediate cellular signaling but at higher concentration cause oxidative burst and ultimately 

apoptosis in the infected plant cell. 

 

 

In addition to this, H2O2 is produced in cells both under ordinary as well as 

varied series of adverse circumstances. Chiefly, ETC operated in chloroplast, ER, 

mitochondria, and cell membrane; along with fatty acid oxidation as well as 

photorespiration are key foundations of H2O2 production in plant cells (Fig. 2.2). 

Reactions associated with photooxidation, NADPH oxidase and xanthine oxidase 

(XOD) also play a pivotal role in H2O2 generation in plants. Furthermore, it also acts 

as a substrate during biosynthetic processes such as lignification and suberization 

(Mittler and Zilinskas, 1992; ul Islam et al., 2023; Sharma et al., 2021). Due to a lack 
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of unpaired electrons, it can easily penetrate the biological membranes and 

accordingly trigger oxidative destruction far away from the place of its formation. 

Since its diffusion ability through aquaporins in the membranes and its stability in 

comparison to other ROS, it has been accorded special consideration as a signalling 

molecule participating in the control of biological progressions and stimulating 

easiness against numerous strains, especially during plant-pathogen interfaces even at 

a small concentration (Aranda-Rivera et al., 2022; Bienert et al., 2007; Neill et al., 

2002; Yan et al., 2007; Torres et al., 2002). In opposite to this, at high concentrations, 

it can oxidize the methionine/ cysteine residues, which subsequently leads to the 

inactivation of enzymes like C3 cycle enzymes, by their thiol groups oxidation 

(Halliwell and Gutteridge, 2015). Once the concentration of hydrogen peroxide 

reaches 10 μM under stress, various enzymes participating in the C3 cycle show 50% 

reduction in their activity (Kaiser, 1979; Leegood and Walker, 1982). Furthermore, its 

accumulation also oxidizes phosphatases, protein kinases, and transcription factors 

comprising thiolate residues. Above all, it coordinates PCD at very elevated 

concentrations in stressed plants (Dat et al., 2000; Yang et al., 2019).  

Among all ROS, •OH is the most reactive species. Due to an unpaired 

electron, it reacts with practically all biological molecules and subsequently causes 

cellular damage in the form of lipid peroxidation, proteolysis, and membrane 

devastation (Foyer, 1997; Meitha et al., 2020). As cells lack an effective enzymatic 

system to eliminate •OH, its surplus accumulation can ultimately cause cell death 

(Kesawat et al., 2023; Pinto et al., 2003). Due to the short life span and sharply 

positive redox potential (~ +2 V), the site of the formation lies nearby to its place of 

reaction (Elstner, 1982). Furthermore, the synthesis of •OH at the catalytic site of a 

large subunit of RUBISCO through the Fenton reaction causes its disintegration in 

chloroplast lysates (Ishida et al., 1997; Luo et al., 2002). 

3. Host Plant- Solanum lycopersicum 

 Tomato belongs to the family Solanaceae, which includes more than 3000 spp. 

Solanaceae comprises several economically important crop plants with diverse uses, 

e.g., as food (potato, eggplants, peppers, tomatoes etc.), medicinal importance 

(henbane, datura, deadly nightshade) as well as decorative uses (Petunias). Linnaeus, 

in 1753 named this genus as Solanum lycopersicon, but after about 15 years, Philip 
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Miller substituted this name with L. esculentum (Gerszberg et al., 2015). Presently, 

most taxonomists and plant breeders have agreed with the restoration of these into 

Solanum (Caicedo and Schaal, 2004; Fridman et al., 2004; Mueller et al., 2005; 

Schauer et al., 2006; Tomato Genome Consortium, 2012). 13 closely correlated taxa 

have been included into the section Lycopersicon of Solanum. Cultivated tomato, i.e., 

S. lycopersicum has existed as domesticated, while 12 others have been considered 

wild spp. (Peralta et al., 2005, 2008; Spooner et al., 2005). Due to the exhibition of 

bright yellow flowers and the presence of pinnate/ pinnatifid non-spiny leaves, 

tomatoes and their close relatives have been differentiated from other groups of 

Solanum species. Tomatoes have been considered a new world crop and originated in 

the Andean region, comprising parts of Peru, Columbia, Ecuador, Chile and Bolivia 

(Rick, 1973; Taylor, 1986). The most probable ancestor of this plant is the wild cherry 

tomato, previously L. esculentum var. cerasiforme (Dun.) Gray. Overall, tomatoes are 

among the most eaten vegetables. They can be consumed fresh or processed into 

various eatable forms such as juice, puree, powder, flakes, soup, sauces etc.  

Generally, tomato plants are branched and slightly trailing when fruiting. 

Leaves are hairy, odorous and pinnately compound. Flowers are five-petaled, yellow 

in colour, pendant and clustered. Fruits are berry and usually red, scarlet or yellow 

and differ in outline ranging from pear-shaped, spherical, elongate or oval. Every fruit 

comprises at least two cells of tiny seeds bordered by jelly-like pulp. It is a perennial 

diploid (2n=24) dicotyledonous plant. Tomato plants flourish well in the temp. 

between 10-30 ºC (optimum temp. 21-24 ºC). The plant requires low to medium 

rainfall and can’t withstand frosting conditions. In different cellular, physiological, 

biochemical, molecular and genetic investigations, tomato is commonly used as a 

‘model crop’ because of their ease of cultivation, manipulation and short life span. 

Furthermore, we can conclude that the tomato is a brilliant device to enhance 

knowledge about horticultural crops.   

 Despite its shorter life cycle, the yield of this critical vegetable crop has been 

limited due to various factors. Among these, yield destruction caused by soil-borne 

pathogens is the worst. Soil-borne infection complexes include Fusarium wilt, 

verticillium wilt, black dot root rot, corky root rot, root-knot nematodes, Rhizoctonia 

root rot, Sclerotinia white mould, and Pythium root rot. Moreover, soil-borne 

pathogens are considered difficult to handle because of a wide range of hosts and the 
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fact that they persist in the soil longer by developing different kinds of perennating 

structures. Because of the susceptibility of cultivated tomato to multiple pathogens, it 

has been considered a prototype to study plant-pathogen interfaces and thereby 

assisting in the establishment of effective control against various diseases to enhance 

universal production (Arie et al., 2007; Piquerezt et al., 2014; Takahashi et al., 2005).  

4. Fungal Pathogen-I  

Fol [W.C. Snyder and H.N. Hansen] is a cosmopolitan, soil-borne, hemi 

biotrophic, fungal pathogen. Depending upon the structure of conidiogenous hyphae, 

different spp. of Fusarium has been classified under Hyphomycetidae and the 

subclass of Deuteromycetes (Ashwathi et al., 2017). In general, most wilt-inducing 

Fusarium belong to sp. F. oxysporum. Furthermore, different kinds of host plants 

have been attacked and diseased by various special forms (formae speciales) of F. 

oxysporum (Edel-Hermann and Lecomte, 2019). Fol leads to water loss and wilting of 

tomato plants by directly clogging the xylem vessels. Saccard, in 1886 reported this 

pathogen for the first time from Italy. In our country, Butler described this pathogen 

in 1918 (Reis et al., 2005).  

Morphologically, diseased plants are identified by symptoms of wilt like 

epinasty of leaves, vein clearing, wilting and defoliation, which finally leads to the 

death of the host plant (Joshi, 2018). Fol persists in the soil as inactive propagules 

known as chlamydospores. Their germination is hastened in the soil in the presence of 

host plant roots. Infectious hyphal threads attach and then penetrate the root cells. 

After successfully invading the cortical cells, fungi migrate intercellularly towards the 

vascular system and enter the xylem vessels. Inside these vessels, pathogens initiate 

the production of microconidia, which further spreads the infection in upward vessels 

through migration with sap streams. The distinctive wilt indications appear because of 

obstruction prompted by the congregation of pathogen hyphae along with a blend of 

host-pathogen interfaces such as secretion of toxins (fusaric acid, dehydrofusaric acid, 

lycomarasmin etc.) and development of gums, gels and tyloses (Perincherry et al., 

2019) (Fig. 2.3). 
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In pathogen-contaminated moist soil, the germ tube of Fol spores directly 

penetrates the root tips of healthy plants (Arie, 2019). Through the root cortex 

mycelium of fungus advances towards the xylem vessels and eventually reaches the 

plant's crown by travelling through the xylem vessel of the stem. In vessels, infection 

is further accelerated through the production of microconidia on mycelial phialides. 

Due to vessel clogging, water scarcity comes into existence and excessive 

transpiration via leaves leads to wilting due to the closure of stomatal pores and 

ultimately, the death of leaves and finally of the whole plant occurs (Srinivas et al., 

2019) (Fig. 2.3).  From the above inferences, we can conclude that this fungus causes 

pathological wilting in the tomato plants through a combination of various factors like 

presence of mycelial growth in and around the xylem vessels, synthesis and 

accumulation of mycotoxins, deactivation of host defensive system and above all 

Fig. 2.3 Shows Fol-induced development of vascular infection in diseased tomato plants 

It is a complex process and occurs in sequential steps as mentioned ahead 1) After successful 

root recognition through biochemical cues, infectious hyphal threads attach and penetrate 

the root cells. 2) After successfully invading the cortical cells, fungi migrate intercellularly 

towards the vascular system and enter the xylem vessels. 3) Inside these vessels, pathogens 

initiate the production of microconidia, which further spread the infection in upward vessels 

through migration with sap streams. 4) The specific wilt indications appear because of 

obstruction prompted by the congregation of pathogen hyphae along with a blend of host-

pathogen interfaces like the secretion of toxins and development of gums, tyloses and gels 

(Perincherry et al., 2019). (Picture Source Plant Pathology 5th Edition; Agrios, 2004) 
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production of gums and tyloses. Several researchers have confirmed that Fol, 

responsible for the vascular wilt of tomatoes, lowered the crop produce to the utmost 

extent (Nirmaladevi et al., 2016; Asha et al., 2011). Singh et al. stated approximately 

60-70 % of yield loss in wilted tomatoes with yellowed leaves (Singh et al., 2015).   

In addition to crop destruction, certain Fusarium spp. efficiently produce 

mycotoxins in agricultural commodities and foodstuffs (Mudili et al., 2014; Nayaka et 

al., 2008, 2009). Further, toxins produced by this species are the amplest natural 

contaminates of cereal and grain comprising diets (Divakara et al., 2014; 

Venkataramana et al., 2014; Kumar, 2016; Kalagatur et al., 2015) and are supposed to 

cause several illnesses among humans and others (Kalagatur et al., 2017, 2018; 

Nayaka et al., 2010; Venkataramana et al., 2014). Several PCR-based findings 

demonstrate the boost in expression of fumonisin biosynthetic genes in different 

strains of Fol (Nirmaladevi et al., 2012). During pathogenesis, polygalacturonase and 

pectate lyase are the key enzymes that assist in the host plant's cell wall destruction 

(Pareek and Rajam, 2017; Guo et al., 2016). As chitin is an important constituent of 

the fungal cell wall, the chs V gene encodes the chitin synthase enzyme - which 

participates in membrane linked chitin production and further enhances the resistance 

of pathogens against plant based secondary metabolites (de Coninck et al., 2015). 

5. Fungal Pathogen-II  

Rhizoctonia solani Kuhn (teleomorph = Thanatephorus cucumeris (Frank) 

Donk) The name of this fungus is derived from ancient Greek words i.e., ‘rhiza 

means root’ and ‘ktonos means murder.’ This is a cosmopolitan, soil borne 

necrotrophic pathogenic fungus that is responsible for inducing infection and lowering 

the produce of lots of horticulturally essential crops (Gondal et al., 2019). For the first 

time de Candolle in 1815 has studied this genus in alfalfa and saffron. In accordance 

with his studies, Rhizoctonia exhibits two peculiar characteristics. The first one is that 

it produces a unique kind of sclerotium which is different from Sclerotia and the 

second is that the fungal mycelium of this pathogen makes association with the roots 

of host plants. In fact, R. solani is an imperfect stage of the fungus Thanatephorus 

cucumeris which belongs to the class Basidiomycetes and order Homenomycetales 

(Khosravi et al., 2011). Moreover, members of this species have been distributed in 

14 anastomosis groups (AGs) based on some characteristics like morphology, 

pathogenicity, molecular and biochemical markers and aggressiveness. However, 
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these groups are somatically incompatible. In 1858 Kuhn, for the first time, observed 

and studied R. solani fungus on potato tubers. R. solani chiefly causes infections in 

the seeds below the soil line, but it can also attack the roots, leaves, pods, and stems 

of infected host plants. Consequently, this fungus is responsible for causing damping 

off disease in seedlings and very young plants. In addition, it also spreads infection in 

the roots or near collar regions from where tiny red or brown spots of dead tissues 

seem to emerge. With the further spread of infection, the root system of the diseased 

plant also becomes brown, and chlorosis is observed in the upper parts. In addition, 

cellulose and lignin decomposing enzymes of the pathogen further assist in the distant 

dispersal of the pathogen (Sturrock et al., 2015).  

Fungal pathogens persist in the soil inside contaminated plant material in the 

form of mycelia or thick-walled sclerotia, even during unfavourable settings for 

numerous years (Gondal et al., 2019). Pathogens are attracted to their host crops 

through chemical stimuli released by the nearby plant roots. After successful 

penetration into the host cells, they initiate appressorium production, which helps 

them to derive nutrients from plant cells. In addition, pathogens release Cell Wall 

Degrading Enzymes (CWDEs) within the host cells, which further support in 

colonization and growth of pathogens inside the plant's dead tissues. Consequently, 

when new host plants are available, a new disease cycle is repeated (Xue et al., 2018) 

(Fig. 2.4).   
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Fig. 2.4 Represents the disease cycle of Rhizoctonia solani  

The pathogens perennate in the soil in the form of mycelia from plant debris or soil, 

or in the form of thick-walled sclerotia and are attracted towards the roots of host 

plants through chemical signals released by these plants in their vicinity. Following 

successful invasion and establishment into the host cell, pathogens derive nutrients 

from the plant cells through appressorium formation. Moreover, the synthesis of 

CDWE further assists in the establishment and development of mycelium into the host 

plant (Picture Source Plant Pathology 5th Edition; Agrios, 2004)  

6. Biocontrol agents (BCA) and chemical inducers as promising ameliorating 

approaches in the mitigation of pathogen-generated damages in plants 

As previously mentioned, plant diseases result from multifaced interactions 

among pathogens, host plants and the environment. The long history of agriculture 

signifies the development of various practices to manipulate this interaction to 

construct an approach which encourages the growth and advance of the host plants. 

Still, it simultaneously induces adverse effects on pathogens' transmission, 

reproduction and existence (Bisht et al., 2020). Depending upon several factors like 

the crop, nature of the pathogen, technology accessibility, geographic locations and 

many more; these approaches can be broadly classified into five categories, i.e., 
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agronomic, regulative, genetic, physical and chemical. Furthermore, these 

technologies can be employed either individually or in combination (integrated 

disease management, IDM) to overcome destructive pathogens, intensify host 

immunity, or alter the abiotic/biotic environment where this interaction occurs (He et 

al., 2021). The ideology of disease-free agriculture emphasizes the applications of 

chemical fungicides to extreme limits, especially in the case of vegetable and 

ornamental crop production. Besides their high financial burden and the threat of 

lowering efficacy, improper and wide-scale application of these fungicides leads to 

several environmental risks due to their ill effects on water quality, soil, humans, and 

animals’ health (He et al., 2021). Owing to the literature mentioned above, we can 

conclude that the use of biological control agent seems to be a promising alternative 

for disease management. 

In general, plant disease management through biological control is based on 

the fact that these microorganisms diminish the plant pathogens by enhancing plant 

immunity and ensuring more remarkable survival by facilitating the environment and 

healthy cropping system (Poveda et al., 2020). Compared to chemical fungicides, 

BCA offers better advantages because they generally attack a specific type of 

pathogen and thereby induce fewer adverse effects on the ecosystem. Secondly, 

compared to chemical fungicides, these BCA can maintain themselves longer in the 

plant rhizosphere. In general, these BCA inhibit the constitutive expression of the 

disease-suppressive genes of the host and simultaneously help it to distribute more 

energy and assets towards the betterment of agronomic traits (Wang et al., 2018). 

Despite the recognized documentation of these BCA as a significant component of 

IDM, its commercial importance in the crop protection market is less than five per 

cent (Kiran Kumar et al., 2018). The top reason behind this is highly linked to the lack 

of technology transfer, as its economic significance is not recognized yet, especially 

in developing countries. 
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Fig. 2.5 Depicts the plant-pathogens-Trichoderma interaction triangle.  

This interaction is a complex network of various processes. Trichoderma spp. exhibit 

a symbiotic relationship with plants and imparts multiple disease resistance 

mechanisms, better absorption of minerals and nutrients, improved development, and 

enhanced crop yield etc. In the pathogen-contaminated rhizosphere, Trichoderma 

spp. adversely affects the pathogenic organisms through some peculiar biocontrol 

mechanisms like antibiosis, mycoparasitism, and competition and ultimately inhibits 

their proliferation near the host plant. 

6.1 ‘Trichoderma’ A multitalented Bio Control Agent 

  Trichoderma (teleomorph Hypocrea) belong to fungi imperfecti, and are 

filamentous, free-living, opportunistic, rapid colonizing, avirulent plant symbiotic 

fungi which assist the host plant in better growth and metabolism in pathogen-

contaminated rhizosphere by suppressing the proliferation of pathogenic organisms 

through several antagonistic mechanisms (Lorito et al., 2010; Sood et al., 2020). 

Trichoderma spp. exhibited negative behaviour against pathogenic microorganisms, 

especially fungi - either through direct (inhibiting its growth) or indirect mechanisms 

(inducing disease resistance and improving plant growth) (Fig. 2.5). 
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6.1.1 Indirect Mechanisms 

6.1.1.1 Antibiosis  

Antibiosis is a phenomenon by which low-molecular weight composites 

interact and decrease the development of other harmful microorganisms. Generally, it 

deals with the synthesis of approximately 180 kinds of secondary metabolites 

belonging to different classes of chemical compounds associated with this genus (Hu 

et al., 2016; Sood et al., 2020.). These antibiotics assist the different spp. of 

Trichoderma to inhibit/reduce the growth of a wide range of soil-borne pathogens like 

Fusarium, Rhizoctonia, Phytophthora, Pythium, Sclerotinia, Verticillium etc. (Abdel-

Mageed Zaher et al., 2013; Ragab et al., 2015; Yao et al., 2023). Numerous volatile 

and non-volatile antibiotics generated by different strains of Trichoderma were 

described to be antagonistic against a wide selection of pathogenic fungi (Nagamani 

et al., 2017; Tyśkiewicz et al., 2022) (Table 2.1). However, it has been monitored that 

the combined cooperative activity of antibiotics and lytic enzymes express 

antagonistic activity to a greater extent than their individual performance (Monte, 

2001; Guzmán-Guzmán et al., 2023). For instance, lytic enzymes catalyse the 

disintegration of the cell wall of Botrytis cineria and F. oxysporum, which leads to 

enhanced diffusion of antibiotics into the targeted mycelium (Howell, 2003). 

Table 2.1 List of useful compounds produced by Trichoderma spp. engaged in 

plant-Trichoderma-pathogen interaction. 

S. No. Category Function performed Reference 

1 Phytohormones Better growth, improved 

metabolism, enhancement in 

tolerance against different 

kinds of biotic and abiotic 

stress through upregulation 

of expression of defensive 

genes.    

Contreras-

Cornejo et al., 

2009; Guzmán-

Guzmán et al., 

2019; Pieterse et 

al., 2012; Ruocco 

et al.,   2015; 

Seyfferth and 

Tsuda, 2014; 

Wang et al., 
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2002; Yoshioka 

et al., 2012 

1. Enzymes 

ACC synthase ACC oxidase Raise biosynthesis of 

ethylene  

Polko and 

Kieber, 2019 

Antioxidative enzymes  

 

Improve antioxidative 

defense  

Mastouri et al., 

2012; Zhang et 

al., 2016 

ETR1 and CTR1  Ethylene signaling  Shoresh et al., 

2005 

Exopeptidases, Endopeptidases Cause the cleaving of 

peptide bonds  

Flores et al., 

1997; Goldman 

and Goldman, 

1998 

Glucan and Chitin synthases Protect and repair 

Trichoderma cell wall 

during interaction with 

pathogen 

Ribeiro et al., 

2019 

Glucanase, Glucosidases, 

Xylanase, Chitinases. 

Catalyse the breakdown of 

their substrate, i.e., complex 

polysaccharides like 

cellulose, chitin, xylans etc., 

to their respective 

monomers 

Harmanet et al., 

1993; Kim et al., 

2002; Li et al., 

2011; Lorito et 

al., 1993; Okada 

et al., 1998; 

Peterbauer et al., 

1996; Sandgren 

et al., 2001; 

Strakowska et 

al., 2014; 

Vázquez-
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Garcidueñas et 

al., 1998; Viterbo 

et al., 2002; 

Wong and 

Saddler, 1992 

Glucose oxidase Produce ROS  Contreras-

Cornejo et al., 

2014; Djonović 

et al., 2006; 

Gupta et al., 

2014 

Lipase Lipase hydrolyses ester 

bonds of triacylglycerols.  

Bhale and 

Rajkonda, 2012 

LOX1 (Lipoxygenase 1) PAL1 

(phenylalanine ammonia lyase), 

Participate in jasmonic acid 

(JA) and SA biosynthetic 

pathways.  

 

Sharma et al., 

2020 

MAPK Convey signals from 

receptors to initiate 

signaling cascade and 

defense responses. 

Jagodzik et al., 

2018; Shoresh et 

al., 2005 

PAL and CHS Produce phytoalexins Ahluwalia et al., 

2015 

δ-cadinene synthase Serve as a precursor for 

synthesis of phytoalexin  

Djonović et al., 

2006; Yoshikuni 

et al., 2006 

2. Phytohormones Better growth, improved 

metabolism, 

enhancement in 

(Contreras-

Cornejo et al., 

2009; Guzmán-
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tolerance against 

different kinds of biotic 

and abiotic stress 

through upregulation of 

expression of defensive 

genes.    

Guzmán et al., 

2019; Pieterse et 

al., 2012; Ruocco 

et al.,   2015; 

Seyfferth and 

Tsuda, 2014; 

Wang et al., 

2002; Yoshioka 

et al., 2012) 

3.  Secondary metabolites 

Butenolides and Hydroxy-

Lactones  

Antifungal Vinale et al., 

2016; Zou et al., 

2019 

Diketopiperazines 

 

Antifungal Howell, 2019 

Hydrophobins 

 

Assist in the plant growth 

and defense induction  

(Guzman-

Guzman et al., 

2017; Y. Huang 

et al., 2015 

Isocyanic compounds such as 

dermadin and trichoviridin 

Antifungal Pyke and Dietz, 

1966 

Koninginins, 

Trichodermamides, Viridins,  

 

 

 

Antimicrobial Brian and 

Mcgowan, 1945; 

Garo et al., 2003; 

Ghisalberti and 

Rowland, 1993 

Lactones Participated in IAA and Et 

induced signaling and 

Vinale et al., 
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improvement of plant 

growth and root 

development.  

2012 

N-heterocyclic compounds  Antifungal Dickinson et al., 

1989; Vinale et 

al., 2006 

Peptaibol like Alamethicin and 

Trichokonin VI  

It is a non-ribosomal short 

peptide with antimicrobial 

nature, rich in 2-amino-IBA 

acid, implicated in plant 

protection mechanisms  

Rippa et al., 

2010; Shi et al., 

2016 

Polyketides 

 

Exhibit antimicrobial 

activities by stimulating SA-

mediated signaling 

pathways 

Mukherjee et al., 

2012; Pang et al., 

2018 

Pyrones 

 

Antimicrobial  Cardoza et al., 

2005 

Terpenes 

 

Antimicrobial Fang et al., 2019; 

Liang et al., 

2016, 2019 

Volatile Organic Compounds  Smoothen the rhizospheric 

plant-microbial interactions  

Cruz-Magalhães 

et al., 2019; 

Liang et al., 

2019; Schenkel 

et al., 2015 

4.  Soil modifiers 

Gluconic, citric and fumaric 

acids 

Assist in the solubilization 

and absorption of 

phosphates and 

Vinale et al., 

2008; Zhao et al., 
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micronutrients.  2014 

Siderophore By chelating with insoluble 

Fe3+ siderophores convert 

them to soluble Fe2+ 

Srivastava et al., 

2018 

 

6.1.1.2 Competition 

The struggle for micro-macro nutrients like C, N and Fe is crucial during 

beneficial and detrimental fungi interactions and is linked with the biocontrol systems 

(Marra et al., 2008; Chauhan et al., 2023). It has been documented 

that Trichoderma spp. fight for nutrients and biological niches against pathogens in 

the rhizosphere of plants. Limited supply and competition for available nutrients 

induce the natural control of fungal populations. Though rhizosphere, as well as root 

exudates, are valuable resources of various nutrients like carbohydrates, vitamins, 

amino and organic acids, iron etc. but the struggle for carbon between fungal 

pathogens like R. solani, F. oxysporum etc. and different strains of Trichoderma was 

believed to be most striking (Alabouvette et al., 2009; Guzmán-Guzmán et al., 2023). 

Compared to other soil microbes, skilled mobilization and utilization of immobile 

nutrients offer superiority to Trichoderma species. Furthermore, different strains of 

Trichoderma produce and secrete organic acids such as fumaric, citric, gluconic etc., 

which decrease the pH of the soil and ease the solubilization of mineral cations like 

phosphates, Mn, Fe and Mg (Vinale et al., 2008; Tyśkiewicz et al., 2022). Under 

neutral pH and aerobic conditions, Iron primarily exist as Fe3+ and forms an 

unsolvable ferric oxide which eventually makes it unavailable for absorption by plant 

roots. Trichoderma spp. form Fe-chelating complex named siderophore. The 

siderophore first combines to the Fe3+ and then transforms it to a highly absorbable 

form, i.e., Fe2+. In this way, Trichoderma depletes the Iron supplies of the soil and, by 

this means, reduces the growth of target fungi (Srivastava et al., 2018). 

6.1.1.3 Mycoparasitism  

 Mycoparasitism, first reported by Weindling (Weindling, 1932), is amongst 

the most significant antagonistic mechanisms articulated by approximately seventy-

five different spp. of genus Trichoderma. Their mycoparasitic activities have been 



 

29 
 

registered against many pathogenic fungi (Harwoko et al., 2021). Several serial events 

bring about this complex process. Firstly, cell wall carbohydrates in Trichoderma 

bind with lectins of pathogenic fungi. The hyphal whirling and formation of 

appressoria follow this initial recognition step. After that, a wide variety of fungitoxic 

CWDE like, glucanases, chitinases as well as proteases that have been synthesised 

and secreted by Trichoderma strains ease the direct entrance of their hyphae into 

pathogen’s lumen. The CWDE and numerous fungitoxic peptaibol antibiotics 

produced by Trichoderma spp. collectively cause dissolution as well as parasitism of 

pathogenic fungi. Numerous genes, proteins and secondary metabolites have been 

reported to be associated with this activity. Besides causing cell wall degradation of 

target fungi, Trichoderma attack leads to the inactivation of its essential enzymes 

required for the successful penetration and colonization into the host tissues (Bargaz 

et al., 2018; Harman et al., 2004; Manzar et al., 2022).  

6.1.2 Direct Mechanisms 

Trichoderma spp. interact with the host in the rhizosphere through the 

distinctive structure known as MAMPs. These MAMPs engaged in the initiation of 

signal transduction pathways related to antimicrobial defensive compounds and 

enzymes. After pathogen infection and Trichoderma colonization, plants display a 

protective attitude by synthesising and accumulating antimicrobial molecules like 

PAL, PPO, and POX, lipoxygenase, PR Proteins, terpenoids, antioxidants, 

phytoalexins etc. (Dutta et al., 2023; Howell et al., 2000). Remarkably, Trichoderma 

strains are resistant to these compounds mainly due to the presence of the ABC (ATP-

binding cassette) transport system. Furthermore, Mitogen-Activated Protein Kinase 

(MAPK) participate in the signalling process associated with plant defence by 

conveying signals from receptors to stimulate a cascade of plant cellular reactions 

(Jagodzik et al., 2018). For instance, applying T. harzianum in lemons intensifies the 

levels of SA and JA and ultimately enhances resistance against F. oxysporum 

(Martinez-Medina et al., 2010). Similarly, in the root system of A. thaliana colonized 

by two spp. of Trichoderma i.e., T. atroviride and T. virens, it enhanced the 

concentration of a phytoalexin named camalexin (Contreras-Cornejo et al., 2011). 

 

 



 

30 
 

6.2 Jasmonic acid as a signalling biomolecule under pathogen stress 

A phytohormone in plants can be defined as a naturally persisting organic 

compound required in minimal amounts, i.e., less than 1mM or even at 1µM 

concentration. These biological compounds regulate various physiological, 

morphological and biochemical functions in plants and are effective under different 

biotic and abiotic stressful circumstances (Egamberdieva et al., 2017; Zheng et al., 

2023). During exposure to stressful stimuli, the plant responds to them by operating a 

brilliant communication network of chemical messengers known as the hormonal 

signal transduction pathway. A unique characteristic of this communication system is 

that it can communicate over long distances through signal detecting, transmitting and 

responding to cells and even organelles of different tissues and organs (Klumpp and 

Krieglstein, 2002; Zhang et al., 2020). Among numerous phytohormones present in 

plant spp. ABA, JA, SA and ethylene in adequate proportion play a significant role as 

stress signals. Where ABA chiefly contributes to mitigating abiotic stress, SA, JA, 

and ET play crucial roles in response to biotic stress signalling (Cramer et al., 2011; 

Liu et al., 2008; Sood, 2023). In general, SA executes a defensive response against 

pathogenicity of biotrophic pathogens; and necrotrophic induced severe infection has 

been reported to be alleviated by JA/ET mediated defence signals (Glazebrook, 2005; 

Hönig et al., 2023). JA is a fatty acid with 12-C unsaturation and a cyclopentane ring 

with a keto group. In addition, its methyl ester, i.e., methyl jasmonates comes into 

existence by transferring a methyl group from SAM to the carboxyl group of JA by 

the action of JMT. JA, as well as MeJA, are biologically active compounds and, along 

with their derivatives, are known as jasmonates (Lalotra et al., 2020).    

Like other oxylipins, JA is created by the octadecanoid path. The family of 

these defence-related compounds has been derived from oxidation of polyunsaturated 

fatty acids. Biosynthesis of JA is initiated from 18 carbon with three unsaturated fatty 

acids named linolenic acid (LA) (Lalotra et al., 2020).  Several investigations have 

reported that activation of the phospholipase enzyme, which releases LA from 

membranes, is responsible for enhancing JA concentration in wounded tissues 

(Canonne et al., 2011; Ruan et al., 2019). Moreover, plants enzyme-like acyl 

hydroxylase can assist in releasing fatty acids from lipids. 
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JA, with IUPAC name, 3-oxo-2-(pent-2′-enyl) cyclopentane acetic acid is a 

ubiquitous phytohormone in the plant kingdom (Lalotra et al., 2020). At the very 

beginning of JA biosynthesis, LA is converted to 13-hydroperoxylinolenic acid (13-

HPLA) by the action of the lipoxygenase (LOX) enzyme (Wasternack and Strnad, 

2018). 13-HPLA serves as a substrate for two enzymes which are Allen Oxide 

Synthase (Hydroperoxide dehydratase/hydroperoxide dehydrase) and Allen oxide 

Cyclase which convert it to an intermediate named 12-oxo-PDA (Rustgi et al., 2019). 

Subsequently, upon reduction and 3 cycles of β-oxidation, 12-oxo-PDA gives rise to 

JA. (+)-7-iso-JA so formed has been epimerized to a more stable trans configuration, 

i.e.  (-)- JA (Liu and Park, 2021).  

A significant factor that ascertains the better vegetative and reproductive 

growth of plants is ‘defence’; a well-defended plant can survive under various biotic 

stresses. The defensive strategies of plants are based on the rapidity to recognise a 

specific pathogen and mounting a signalling network to initiate the synthesis and 

accumulation of defence molecules. JA and its derivatives play a crucial role in 

plants’ immune systems to defend them against pathogens (Pieterse et al., 2012; Sood, 

2023) Multiple reports signify the importance of JA in inducing disease resistance 

against several biotrophic and necrotrophic pathogens (Table 2.2). Constitutive 

expression of the AOS gene participating in JA biosynthesis exhibited enhanced 

resistance to fungal pathogens by upregulating the expression of anti-pathogen-related 

genes in transgenic rice (Mei et al., 2006). Similarly, two AOS mutants 

cpm2 and hebiba deficient in JA biosynthesis, are observed to be susceptible to 

infection by even an avirulent strain of Magnaporthe oryzae (Riemann et al., 2013). 

Table 2.2 Various reports showing the defensive role of JAs application against 

distinct kinds of biotic stresses. 

Plant Name Biotic Stress 

JA (Dose 

and Mode 

of 

Applicati

on) 

Post- JA treatment 

effects 
References 

Arabidopsis Botrytis 

cinerea and Alt

2 mM SA, 

100 μM 

WRKY75 transcriptionally 

upregulates the genes 

Chen et al., 
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thaliana ernaria 

brassicicola 

JA and 2 

mM ACC 

solutions 

were 

sprayed on 

to plants. 

associated with the JA-

mediated signalling 

pathways and thereby 

clearly synchronizes the 

defence responses of A. 

thaliana against 

necrotrophic pathogens. 

2021 

Citrus 

reticulata, C. 

limon, and C. 

limetta 

Penicillium 

digitatum and 

P. italicum 

Preceding 

inoculatio

n with 

pathogens, 

citrus 

fruits were 

immersed 

in SA and 

JA 

solutions 

for 15 

minutes. 

Applications of SA and JA 

suppress post-harvest 

infections and reduce 

disease severity in citrus 

fruits. In addition, it 

enhances disease 

resistance against green 

mould and blue mould 

pathogens by upregulating 

the catalytic activities of 

POD and PPO. 

Moosa et al., 

2019 

Helianthus 

annuus, 

Arabidopsis 

thaliana, Zea 

mays 

Wounding, 

insect attack, 

infection with 

Pseudomonas 

syringae  

200 

μM MeJA/ 

30 

μM ACC 

Induces the expression of 

HAHB4 transcription 

factor which upregulates 

the transcriptional level of 

several defense related 

products such as green leaf 

volatiles, trypsin protease 

inhibitors (TPI), 

lipoxygenase, 

hydroperoxide lyase.    

Manavella et 

al., 2008 

Oryza sativa 
Rice stripe 

virus (RSV)  

50 μM 

Me-JA+1 

μM 

Enhances resistance 

against RSV 

Hu et al., 

2020) 



 

33 
 

Epibrassin

olide (BL) 

sprayed on 

rice 

seedlings 

Phoenix 

dactylifera 

Fusarium 

oxysporum f. 

sp. albedinis 

Roots 

were 

injected 

with 50 

μM JA  

Improved resistance 

against Bayoud disease by 

enhancing the activity of 

defensive enzymes, i.e., 

polyphenol oxidase and 

peroxidase. 

 

Jaiti et al., 

2009 

Prunus avium 
Penicillium 

expansum 

10 μmol/L 

MeJA 

Controlling blue mould 

decay enhances the 

activity of chitinase, 

glucanase, catalase, 

calmodulin, glutathione, 

NPR1-like, Thaumatin 

like- proteins and 

reduction in the action of 

polygalacturonase and 

pectin-methylesterase 

enzymes. 

Wang et al., 

2015 

Prunus 

persica 

Penicillium 

expansum, 

Botrytis 

cinerea, and 

Rhizopus 

stolonifer 

1 µmol 

L−1 Me-JA 

vapour 

Reduction in the disease 

incidence as well as lesion 

for pathogens by 

upregulating the activity of 

defensive enzymes like 

glucanase, chitinase, PAL, 

POD, PPO and level of 

total phenolic contents. 

Jin et al., 

2009 
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Also increases the action 

of APX, SOD, CAT and 

the concentration of H2O2.  

   

Solanum 

lycopersicum 

Botrytis 

cinerea 

10 mM, 

Fruits 

immersed 

in solution 

Inhibit lesion diameter of 

grey mould rot by 

alleviating oxidative 

damage due to 

upregulation of SOD and 

APX gene expression, 

enhancement in the 

content of ascorbate and 

glutathione, inhibition of 

protein carbonylation and 

negatively affecting 

plasma membrane 

integrity of pathogens.   

Zhu and 

Tian, 2012 

Solanum 

lycopersicum 

Meloidogyne 

incognita 

Seeds 

were 

immersed 

in 100 nM 

JA  

Under nematode stress, 

expression of SOD, POD, 

CAT, and GPOX was 

upregulated. An upsurge in 

the concentrations of 

several important amino 

was reported in JA pre-

treated tomato seedlings.  

Bali et al., 

2020 

Triticum 

aestivum 
Tilletia laevis 

100 μM 

Me-JA 

applied to 

seedlings 

Improved resistance 

against pathogens by 

upregulation of gene 

expression of Chitinases, 

Lu et al., 

2006 
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PR-proteins and lipase. 

Triticum 

aestivum 

Fusarium 

pseudogramine

arum 

300 μM 

Me-JA by 

spraying 

plants 

Induces the expression of 

PR1.1, PR2, PR3, PR4, 

PR5, PR10 genes. 

Desmond et 

al., 2006 

Triticum 

aestivum 

Fusarium 

culmorum 

200 μM 

MeJA 

applied in 

soil 

around the 

seedling  

Enhancement in the 

catalysis of defense related 

enzymes like SOD, CAT, 

POX, PPO, LOX and 

PAL. An increase in the 

total phenolics and callose 

contents was also 

observed. In addition, a 

decrease in wheat 

seedlings' H2O2 and lipid 

peroxidation levels was 

also observed.  

Motallebi et 

al., 2017 

 

Previous investigations revealed that exogenous exposure to JA or its 

derivatives induces the expression of defence-linked genes, thereby improving 

resistance against several necrotrophic pathogens (Ameye et al., 2015; Macioszek et 

al., 2023; Wang et al., 2012). As examined in the case of Fusarium graminearum-

infected wheat, significant alterations in defensive enzymes and secondary 

metabolites have been monitored, which later enhance disease resistance by directly 

inhibiting pathogen invasion (Moosa et al., 2019; Zhao and Li, 2021). Jasmonates are 

pivotal in regulating the biosynthesis of diverse compounds of specific metabolic 

pathways. As mentioned previously, JA assists in producing distinct types of 

secondary metabolites like indole alkaloids, terpenes, phenylpropanoids, nicotine, 

flavonoids etc. (Wasternack and Hause, 2013).   
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6.2.1 JA induced signalling and gene regulation mechanisms  

Due to pathogenic attacks, multiple invader-derived or damage-associated 

plant-originated signals, which may be either chemical or physical, have been 

reported in local responses. These cues are later recognized by PRR situated on the 

cell membrane. Consequently, this recognition event initiated the de novo formation 

of JA and JA-Ile (JA-Isoleucine). The cytoplasmic enzyme JASMONATE 

RESISTANT 1 (JAR1) (Staswick and Tiryaki, 2004) is known to be responsible for 

the conjugation of JA with Isoleucine to convert it into the biologically active form, 

i.e., JA-Ile. In addition, other active metabolites of JA, including Me-JA (an airborne 

signalling molecule) and cis-jasmone, which function as inter-plant signalling 

compounds, also come into existence. 

 

 

Fig. 2.6 Represents JA induced signalling and gene regulation mechanisms. 

A massive increase in JA-Ile concentration has been reported under stressful circumstances. On 

entering the nucleus, the SCF complex recognises the JA-Ile complex. After that, the JA-Ile 

complex is sensed by the COI1-JAZ coreceptor complex, which elicits rapid interaction of JAZ 

with COI1. This interaction causes the degradation of JAZ repressor proteins in the 26S 

proteasome. After degradation, transcription factors linked with JA-responsive genes are 

activated. Furthermore, a mediator termed MED 25 modulates the gene transcription by 

assisting in binding TFs (MYC 2) with RNA II polymerase.  
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Several reports emphasize that in JA signalling, (+)-7-iso-JA-L-Ile is the 

natural and direct ligand in the plant system (Yan et al., 2016). Coronatine 

insensitive1 (COl1) is a potent receptor for this ligand (Xie et al., 1998). COI1 locus 

translates an F-box protein that assembles with its other companions, SKP1, Cullin 

and Rbx proteins, creating an E3 ubiquitin ligase during the signal transduction 

pathway (Xie et al., 1998). The Skp1/Cullin/F-box (SCF) complex is a proteinaceous 

ubiquitin-proteasome complex. A protein family known as jasmonate zim-domain 

(JAZ) serves as a critical down regulator of the JA signalling pathway and tasks as a 

substrate for this SCFCOI1 E3 ubiquitin ligase complex (Sood, 2023). 

7. Seed Priming as a novel method to induce disease resistance in stressed plants 

Seed priming is an evolving technique for sustainable agricultural practices, 

designed to increase seed value, seedling strength, and productivity and, most 

importantly, induce resistance against several kinds of biotic and abiotic stresses by 

minimising the uses of several harmful chemical compounds (Sood et al., 2021). The 

concept of seed priming was quite ancient and historically dates to CE 60. Several 

reports confirmed that water imbibing seeds before sowing causes faster seed 

germination. Similarly, premature germination of tomato seeds was observed to be 

triggered by two days of water soaking at 23.6 °C (Ells James E., 1963). In addition to 

better growth and efficiency of seedlings, seed priming also leads to significant 

changes in treated seeds, including upregulation in enzyme actions associated with the 

detoxification of ROS and hydrolytic activities. Moreover, modification in internal 

levels of hormones and variable gene expression contributes to increased plant growth 

and better resistance (Lutts et al., 2016). However, this technique involves seed 

hydration to the extent needed for the activation of various metabolic processes but is 

not suitable for radicle emergence from the treated seeds. 

8 Antioxidative defence system in plants  

 In plants, oxidative damage is a strategy in which the generation of ROS 

through various metabolic processes causes unfavourable changes in critical cellular 

components like proteins, DNA, lipids etc (Hasanuzzaman et al., 2020). Broadly, 

ROS can be categorised into radical (including O2 •−, OH• and RO•) and non-radical 

(comprising H2O2, O2, and O3 and HClO) species.  These species usually are 

produced as typical by-products in plant metabolic processes like the ETC in 

chloroplast and mitochondria (Choudhury et al., 2017; del Río, 2015; Guo et al., 
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2023; Halliwell, 2006). Overproduction of these ROS swing the equilibrium of 

oxidant/antioxidant in favour of antioxidants. On the other hand, the presence of 

unpaired free electrons in their construct makes these ROS highly reactive to induce 

damage in several biologically important cellular macromolecules. 

 As too much oxidation and reduction of cellular compounds are highly 

disadvantageous, maintaining redox homeostasis is essential for plants' survival and 

growth (Foyer and Shigeoka, 2011). Interestingly, plants are exceptionally rich in 

complexes with antioxidative properties (Pulido et al., 2009; Vivancos, Dong, 2010; 

Vivancos, Wolff, 2010; Wachter et al., 2005). Antioxidants refer to molecules that 

can quench or inhibit free radical reactions and postpone or avoid cellular damage 

(Dumont and Rivoal, 2019; Nimse and Pal, 2015). To manage ROS induced toxicity, 

plants have evolved an effective antioxidative defence system mainly comprised of 

lipid-solvable membrane-associated antioxidants like β-carotene and α-tocopherol and 

water-soluble ones like ascorbate (AsA) and glutathione (GSH) (Khan et al., 2012; 

Zandi and Schnug, 2022). AsA-GSH cycle constitutes a primary H2O2 cleansing 

system involving the catalysed oxidation and reduction of AsA and GSH. Enzymes 

which have participated in these essential detoxification mechanisms comprise APX, 

MDHAR, DHAR and GR (Rajput et al., 2021). 

8.1 Antioxidative molecules 

8.1.1 AsA 

 AsA functions as the first line of defence by shielding plant cells from 

damaging factors that lead to ROS production. In addition, AsA shows a fundamental 

task in regulating the consequence of the plant-pathogen interface by directly 

interacting with critical elements associated with plant defence mechanisms. As 

mentioned previously in harmonisation with GSH and vital enzymatic antioxidants, 

AsA can provide an important redox environment, essentially required for various 

defence-related pathways like controlling the expression of defensive genes through 

the stimulation of the NPR1, cell wall strengthening, regulatory transcription factors, 

alteration of defence inducing hormone-signalling systems (Boubakri, 2018). The 

AsA-GSH cycle was operational in different cellular organelles, including 

chloroplast, mitochondria, peroxisome, and cytosol, as well as in the apoplastic region 

(Hasanuzzaman et al., 2019; Noctor and Foyer, 1998). In these compartments, 

Ascorbic acid could be retrieved either in reduced or in two oxidized models.  
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Owing to pathogen exposure, an upsurge in ROS accumulation leads to an 

increase in the amount of DHA mainly due to the oxidation of AsA. For instance, in 

tomato fruits, an approximately 40% rise in AsA levels has been detected after 

infection with cucumber mosaic virus (Tsuda et al., 2005). Similarly, due to the 

infection with TuMP in the resistant cultivar of Brassica rapa, enhancement in the 

magnitude of AsA has been monitored (Fujiwara et al., 2013). On the other hand, in 

susceptible cultivars, a remarkable decrease in the AsA levels has been detected 

(Fujiwara et al., 2013).   

 

8.1.2 Glutathione (GSH) 

Glutathione is a universally dispersed sulphur comprising antioxidative 

molecule that performs crucial tasks in regulating plant development, growth and 

stress tolerance (Hasanuzzaman et al., 2017; Rodrigues de Queiroz et al., 2023). It is a 

small-molecular-weight thiol, which swiftly gathers in the cells under stressful 

circumstances. The vibrant connection between reduced GSH and ROS has been well 

established and its dynamical participation in cell signalling and physiological 

processes comprising protein synthesis, transport of amino acid, DNA repair and 

regulation of cell division and senescence has been documented in several reports 

(Aquilano et al., 2014; Hasanuzzaman et al., 2019).  GSH play a crucial role in the 

recovery of the reduced form of ascorbate in dehydroascorbate reductase (DHAR) 

catalysed reaction, well known as the AsA-GSH cycle. The equilibrium between the 

GSH/GSSG content is a fundamental component in sustaining the cellular redox 

status. To counter the repressing effects of ROS mediated oxidative stresses in plant 

cells, it is essential to maintain appropriate levels of reduced GSH. It is reported as a 

capable scavenger of 1O2, H2O2 and OH−. 

8.1.3 Tocopherol 

Tocopherols are lipid-soluble antioxidants essential for membrane integrity 

synthesized in the plastid envelope from homogentisic acid and isopentenyl 

diphosphate. These tocopherols shield cellular membranes from oxidative stress by 

neutralizing singlet oxygen and dropping superoxide radicals (Shah et al., 2021). They 

prevent lipid peroxidation by scavenging the fatty acyl peroxy radicals. In addition to 

this, α-Tocopherols may influence intracellular signal transduction in plant cells. They 

either interact directly with the significant participants of the signalling cascade or 

may affect the signalling process indirectly by regulating the levels of ROS and 
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phytohormones like Jasmonic acid, which thereby later control the plant reactions to 

development and stress tolerance (Munné-Bosch et al., 2007). α-Tocopherols 

deactivate 1O2 to 3O2 through the mechanism of charge transfer. Tocopherol loses one 

electron to electron-deficient 1O2 and subsequently forms a charge transfer complex, 

which undertakes intersystem crossing and splits into α-Tocopherols and 3O2. 

Interestingly, it has been reported that before complete degradation, one tocopherol 

molecule is responsible for the deactivation of approximately 120 singlet oxygen 

molecules by resonance energy transfer (Kurutas, 2016).    

8.2 Enzymatic Antioxidants 

Table 2.3 List of antioxidative enzymes in plants 

Antioxidative 

Enzyme  

Isoform Cellular 

Location 

Catalytic Reaction 

APX cAPX, Chl 

APX, mit 

APX and 

mAPX. 

Cytoplasm, 

chloroplast, 

Mitochondria, 

Peroxisome and 

glyoxisome. 

AsA+H2O2→DHA+2H2O 

CAT 

 

CAT-I, 

CAT-II 

and CAT 

III 

Peroxisome, 

Mitochondria 

and cytoplasm 

H2O2 → H2O +1/2 O2 

 

DHAR 

 

Different 

in 

different 

plants 

Chloroplast, 

cytosol, 

mitochondria, 

peroxisome 

DHA+2GSH→ 

AsA+GSSG 

 

 GPX - Chloroplast, 

Cytosol, 

Mitochondria 

and endoplasmic 

reticulum 

H2O2 + 2GSH→2H2O + 

GSSG 

 

GPOX GPX1- Chloroplast, 2H2O2 + Guaiacol→2H2O 
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 GPX7 cytosol, 

mitochondria, 

endoplasmic 

reticulum. 

+ oxidized Guaiacol 

GR 

 

Different 

in 

different 

plants 

Chloroplast, 

cytosol, 

mitochondria, 

peroxisome 

GSSG+NAD(P)H→ 

2GSH + NAD(P)+ 

 

GST - Chiefly 

cytoplasm 

GSH+X→GSH-X 

conjugate 

MDHAR 

 

Different 

in 

different 

plants 

Chloroplast, 

cytosol, 

mitochondria, 

peroxisome 

MDHA+NAD(P)H → 

AsA+ NAD(P)+ 

 

PPO - Chloroplast o-diphenols +O2 → O-

quinone +H2O → 

complex brown polymers 

SOD Cu/Zn-

SOD, Fe-

SOD and 

Mn-SOD 

Mitochondria, 

chloroplasts, 

nuclei, 

cytoplasm, 

peroxisomes, 

and apoplasts 

𝟤𝖮2•−+𝟤𝖧+→𝖮2+𝖧2𝖮2 

 

 

8.2.1 Superoxide Dismutase (SOD) 

SODs are omnipresent metal containing enzymes and serve as the primary 

defence against ROS. It causes the dismutation of superoxide (O2
.−) radicals generated 

in various metabolic processes (Wang et al., 2018). Based on the occurrence of an 

active site metal co-factor, SOD can be classified into three isoforms i.e., Cu/Zn-

SOD, Fe-SOD and Mn-SOD (Fukai and Ushio-Fukai, 2011).  By eliminating O2•− 
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radicals, SODs reduce the promise of OH• development through metal catalysed 

Haber-Weiss-type reaction since, in comparison to spontaneous dismutation, the rate 

of this reaction is about 10,000 times faster (Gill and Tuteja, 2010; Yadav et al., 2019) 

(Table 2.3).  

8.2.2 Catalase (CAT) 

CAT is a heme-encompassing antioxidative enzyme present in all aerophilic 

organisms. This enzyme exhibits a dumbbell-shaped homo tetrameric structure with 

the molecular weight of each monomer ranging between 2,20,000-3,50,000 kD. The 

presence of the heme group constitutes a crucial component of its activity. Being an 

enzymatic antioxidant, catalase prevents cellular oxidative damage by facilitating the 

decomposition of H2O2 into oxygen and H2O with extraordinary efficiency (Ransy, 

2020). The occurrence of this enzyme was reported in peroxisome, but several 

investigations have also supported its existence in mitochondria and cytoplasm. 

Various physiochemical processes associated with the generation of H2O2 in plants 

include mitochondrial ETC, fatty acids’ β-oxidation, and, most significantly, 

photorespiratory oxidation under stressed or normal conditions. Through Fenton 

reaction exhibits great reactivity towards Fe and other transition elements which 

thereby leads to the lysis of H2O2 to .OH, radicals. Furthermore, reacting directly with 

-SH groups of enzymes like sedoheptulose biphosphatase, fructose biphosphatase and 

glyceraldehyde 3-phosphatase, H2O2 inactivates these enzymes. Similarly, by 

dissociating metal ions from metalloproteins, H2O2 obstructs their biological 

activities. Depending upon the size of the subunit, quaternary structures, sequence and 

prosthetic groups, catalase can be organized into three groups (I-monofunctional 

Catalases, II- Catalase peroxidase and III- Nonheme catalase) (Loewen et al., 2000; 

Hansberg, 2023) (Table 2.3). Among all the antioxidative enzymes, catalase exhibits 

the highest turnover rate. Several reports have estimated that a single catalase 

molecule efficiently converts 6 million molecules of hydrogen peroxide into water 

and O2 per minute. 

8.2.3 Ascorbate Peroxidase (APX) 

APX is another H2O2-scavenging enzyme that protects the chloroplast and 

other cellular constituents from the damaging effects of H2O2 and •OH radicals 

(Caverzan et al., 2012; Gomes et al., 2022). APX belongs to class I heme-peroxidases; 

therefore, iron is essentially required for the catalytic activity of this oxidoreductase 

enzyme. Depending on the composition of amino acids, APX has been classified into 
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five isoforms including cytosolic (cAPX 1and2), chloroplastic (chlAPX: stromal and 

thylakoidal APX), mitochondrial (mitAPX) and peroxisomal/glyoxisomal (mAPX) 

(Caverzan et al., 2012; Jardim-Messeder et al., 2022). APX differs from other 

peroxidases since it utilizes ascorbate (AsA) as its definite electron donor to reduce 

hydrogen peroxide to H2O with the consequent production of monodehydroascorbate 

(MDHA), a monovalent oxidant of ascorbate. Later this MDHA mechanically breaks 

down into AsA and dehydroascorbate (DHA) (Shigeoka, 2002; Li, 2023) (Table 2.3). 

The major H2O2 detoxification mechanism in plant chloroplast involves the 

participation of ascorbate peroxidase-ascorbate and glutathione, identified as the AsA-

GSH pathway or the Foyer-Halliwell-Asada pathway. It is well acknowledged as the 

“heart of redox homeostasis” and plays the role of a combined ROS scavenger. 

8.2.4 Guaiacol peroxidase (GPOX) 

GPOX belongs to heme-comprising peroxidase proteins that catalyse the 

redox reaction of aromatic e- donors like pyrogallol and guaiacol at the expenditure of 

H2O2 (Sharma et al., 2012) (Table 2.3). These enzymes are structurally a combination 

of 4 restricted disulphide bridges and possess two interconnected Ca2+ ions.  GPOX 

plays a crucial role in multiple metabolically important processes in plants, 

comprising cell wall lignification, creation of free radical intermediates through the 

oxidation of hydroxy-cinnamyl, decomposition of IAA, ethylene biosynthesis, 

regulation of extension of the plant cell wall, wound repair and crosslinking of 

polysaccharides. Different isoforms of GPOX are known to be distributed in various 

plant tissues and compartments like cytoplasm, cell wall and vacuole (Zandi and 

Schnug, 2022).  

8.2.5 Monodehydroascorbate reductase (MDHAR)  

 To protect themselves against the damaging effects of ROS, plants possess an 

efficient system of reductase enzymes that can keep the AsA pools in a reduced state. 

Therefore, MDHAR, an ascorbate reductase, displays a significant defensive role in 

oxidative stress tolerance (Polle, 2001; Mishra et al., 2023). Owing to the exposure of 

plants to different kinds of stresses causes fast oxidation of AsA to MDHA in the 

chloroplast. For the reason of endurance of plants, that MDHA must be reduced back 

to revive AsA. MDHAR recovers MDHA into AsA by bringing about their reduction. 

In the thylakoid membrane, MDHA is reduced to Ascorbic acid by photo-reduced 

ferredoxin at an elevated rate, constituting the major pathway for AsA regeneration 

(Table 2.3). On the other hand, away from the thylakoids, MDHA reduction is carried 
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out by two enzymes i.e., DHAR and MDHAR of the AsA-GSH route (Asada, 1999; 

Hasanuzzaman et al. 2019). MDHAR uses NAD(P)H as an e- donor for direct 

reduction of MDHA.  Otherwise, two MDHA molecules can react non-enzymatically 

to produce AsA and DHA. In higher plants, MDHAR comprises a multigene family 

with multiple subcellular isoforms. The activity of this enzyme has been detected in 

several cellular compartments like chloroplast, peroxisome, cytoplasm and 

mitochondria.  

 

8.2.6 Dehydroascorbate reductase (DHAR) 

The expression of DHAR has been upregulated by several types of stress in 

plants which imparts tolerance mechanisms to affected plant spp. Ascorbic acid is 

oxidised to DHA in plants through sequential electron transmissions with MDHA as 

an intermediate free radical (Pandey et al., 2014). Thus, by using GSH as an e- donor, 

DHA so formed, is transformed to AsA by DHAR catalysed reduction process (Table 

2.3). In addition to oxidative stress tolerance, DHAR plays a crucial task in plant 

growth and development. As reported in the case of O. sativa, a lack of DHAR leads 

to a sharp decrease in AsA content and is ultimately responsible for the slower pace of 

leaf expansion (le Martret et al., 2011; Ye et al., 2000). 

 

8.2.7 Glutathione Reductase (GR) (NADPH: oxidized glutathione 

oxidoreductase) 

GR is a flavoprotein redox enzyme ubiquitously distributed in both pro- and 

eukaryotes. This enzyme is required to maintain a cellular redox state by sustaining a 

balance between reduced Glutathione and AsA pool by regenerating the reduced form 

of GSH (Noctor and Foyer, 1998; Foyer and Kunert, 2024). The GR and GSH 

perform a fundamental role in asserting the tolerance of plants under multiple kinds of 

stresses. GR maintains the GSH pool in the affected plants by catalysing the NADPH-

reliant reduction of the disulphide bond of GSSG (Trivedi et al., 2013b; Rai et al., 

2023) (Table 2.3). Although this enzyme is chiefly located in chloroplast, its existence 

in other organelles like cytosol, peroxisome and mitochondria has also been reported. 

Numerous isoforms of GR have been registered in many plants (Contour-Ansel et al., 

2006; Edwards et al., 1990; Lascano et al., 2001; Rao and Reddy, 2008; Trivedi et al., 

2013a; Tanwir et al., 2021). 

 



 

45 
 

8. 2. 8 Glutathione peroxidase (GPX)  

Plant GPX is an important antioxidative enzyme that maintains 

H2O2 homeostasis and is an efficient scavenger of ROS. This enzyme corresponds to 

the non-heme thiol peroxidase family that utilizes either glutathione (GSH) or 

thioredoxin (Trx) as reducing substrates (Bela et al., 2015) (Table 2.3). Compared to 

their animal counterparts, plant GPX is inclined towards Trx rather than GSH as the 

reducing substrate. Furthermore, in their active sites, plant GPX comprises cysteine 

residue but in the case of mammalian GPX, selenocysteine (SeCy) rather than Cys 

residue is required for catalytic activity (Islam et al., 2015; Koh et al., 2007). 

Depending upon in silico analysis, GPXs were expected in the chloroplast, 

mitochondria, cytosol, and ER localizations synthesizes H2O2. Conclusively, this 

hydrogen peroxide gets converted into H2O and O2 by the catalytic activity of catalase 

and peroxidase. Moreover, their crucial role in plants' antioxidative defence system, 

GPX also regulates other critical metabolic processes like root-shoot development, 

stomatal functioning, regeneration, immune response, photosynthesis and hormonal 

signalling.  

8.2.9 Glutathione-S-Transferase 

GSTs activities lead to labelling various xenobiotics for vacuolar sequestration 

or transfer to apoplast by catalysing their conjugation with electrophilic centres and 

nucleophilic tripeptide GSH (Martinoia et al., 1993) (Table 2.3). Further, lipid 

peroxides like 4-hydroxyalkenals or 13-hydroperoxylinoleic acid are detoxified by 

GST-induced conjugation of these molecules to GSH. Interestingly, it has been 

revealed in several studies that multiple GSTs contribute to antioxidative defence 

mechanisms by exhibiting the activities of glutathione peroxidase by acting on toxic 

base propenal like thymidine hydroperoxide (Dixon and Edwards, 2009). In plants, 

GSTs are cytosolic and correspond to about 2% of soluble protein. In addition, several 

GSTs are reported to take part in auxin transport and auxin binding as non-substrate 

ligands. It has also been observed that GSTs perform a significant part during the 

regular metabolism of secondary metabolites like anthocyanins (Marsh et al., 2008; 

Gao et al., 2020).  

8.2.10 Polyphenol oxidases (PPOs) 

PPOs are omnipresent Cu-containing enzymes which utilize molecular 

Oxygen for catalytic hydroxylation and dehydrogenation of o-diphenolic compounds 

like catechol and caffeic acid to their respective quinones, which leads to the 
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alkylation of nucleophilic groups and self-polymerization to produce dark-coloured 

melanin polymers (Dirks-Hofmeister et al., 2013) (Table 2.3). In plants, PPOs are 

primarily sequestered in the chloroplast as latent enzymes, whereas their substrates 

are reported in other cytosolic compartments. Pathogen-induced cell disruption would 

facilitate the union of PPOs with their substrates. Critical characteristics of PPO 

comprise two conserved Cu-binding domains and chloroplast and thylakoid transit 

peptides at the N-terminal (Joy IV et al., 1995; Taranto et al. 2017).  

9. Defensive Secondary Metabolites in Plants  

Several physiological processes related to the fundamental growth and 

development of plants constitute their primary metabolism (Zaynab et al., 2018). 

However, secondary metabolism is not necessary for basic processes, but it is extremely 

important for plant defence under adverse conditions (Edreva et al., 2008; Divekar et 

al., 2022). The method(s) of defence response necessitates a certain change in the 

expression levels of metabolic gene organization, which affects protein synthesis to 

control related primary and secondary metabolite pathways. Primary molecules create 

and accumulate a wide range of secondary metabolites in plant cells. Furthermore, when 

plant cells are stimulated with abiotic/biotic stress mediators and signalling molecules, 

their biosynthesis and accumulation may be upregulated (Al-Khayri et al., 2023; 

Narayani and Srivastava, 2017; Ramakrishna and Ravishankar, 2011; Rejeb et al., 

2014). There is additional evidence from numerous studies that under stressful 

circumstances, carbon supplies have been diverted toward creating secondary 

metabolites rather than biomass (Bryant et al., 1983; Isah, 2019). 

 SMs can be classified as phenolic, terpenoids, alkaloids, and sulfur-containing 

chemicals according to their biosynthesis routes (Hänsch and Mendel, 2009; Shiade et 

al., 2024). Shikimic acid routes are used to create aromatic phenolic metabolites. 

Generally, these can be grouped as insoluble, cell wall-binding substances such as 

condensed tannins, lignin, and hydroxamic acid. Conversely, the soluble phenolic group 

comprises phenolic acids and flavonoids (Dehghanian et al., 2022; Jimenez-Garcia et 

al., 2013). These compounds lessen the impact of pathogen-tempted damage to crop 

plants by employing different mechanisms. Owing to pathogen infection, these 

substances break down into phenolate ions and phenolic hydroxyl groups, which then 

join with pathogenic peptides and proteins to produce ionic and hydroxyl linkages that 

eventually cause their denaturation. Furthermore, they intervene with pathogen 

signalling molecules and trigger changes in their reproductive systems and 
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physiological processes via enzyme inhibition, alkylation of DNA, and so on. They also 

function as allelochemicals and display diverse antifungal, antipredator, and antibiotic 

molecular functions; for example, phenolic acids like vanillic, hydroxybenzoic, benzoic, 

and caffeic, exhibit antimicrobial properties. Like this, substances like synaptic, Caffeic, 

p-coumaric, chlorogenic, and ferulic acids shield plants from antioxidative stress by 

removing ROS produced because of membrane lipid peroxidation (Khalid et al., 2019). 

 Terpenoids are lipophilic SMs that are produced via mevalonate pathways. 

These are biosynthesized and categorized based on the number of C5 Isoprene units 

(Morrissey and Guerinot, 2009; Mosquera et al., 2021).  Carotenoids are chemically 

tetraterpenes which serve as accessory pigments during photosynthesis, and by 

photoinhibition, guard the photosynthetic apparatus from photooxidation (Sahebi et al., 

2017). In the plant kingdom, terpenes perform a crucial protective role as a feeding 

deterrent against herbivores and mammals, such as pyrethroids in the leaves of 

Chrysanthemum exhibit insecticidal action (Haouas et al., 2008). Numerous volatile 

terpenes generated essential oils, such as limonoids from citrus fruits and azadirachtin 

from neem, act as potent insect repellents and feeding deterrents. Cardenolides also 

have a bitter taste and are particularly poisonous to higher animals (Okumu et al., 

2007). 

 Familiar amino acids like tryptophan, tyrosine and lysine serve as precursor 

molecules for the biosynthesis of Nitrogen bearing SMs mainly comprising alkaloids 

and cyanogenic glycosides (Ziegler and Facchini, 2008). Consequent to herbivory, an 

elevated accumulation of antiherbivore alkaloid compounds has been described in 

several investigations, for instance nicotine uprise in Nicotiana attenuata (Pandey et al., 

2008). Whenever a plant comprised of cyanogenic glycosides and glucosinolates as 

nitrogenous SMs is crushed, these metabolites are broken down. By means of enzymatic 

hydrolysis, cyanogenic glycosides release toxic gas named hydrogen cyanide (HCN) 

(Nyirenda, 2021). Being a fast-acting toxin, HCN shows a unique ability to bind 

metalloproteins like cytochrome oxidase, an enzyme essentially required in 

mitochondrial respiration. Furthermore, numerous alkaloids, for instance, strychnine, 

coniine and atropine are testified to be toxic, while others, like caffeine, cocaine and 

nicotine, act as sedatives in human beings. 
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10. Protective Osmolytes in plants 

To adapt to stressful circumstances, plants produce and accumulate compatible 

solutes designated as osmolytes. Various low molecular weight substances or 

metabolites, including sugars, polyamines, secondary metabolites, amino acids, and 

polyols, are called osmolytes (Ghosh et al., 2021).  These serve as significant 

cytoprotectants by maintaining cellular homeostasis through various mechanisms like 

facilitating driving gradient for water absorption, regulating cell turgor through fine 

osmotic tuning, and establishing cellular redox status by eliminating excess ROS, and 

providing protection to cellular machinery from oxidative injury and osmotic stress. 

Numerous stress signalling pathways such as hormones, mitogen activated protein 

(MAP) kinase, and calcium-signaling cause excessive formation of osmolytes. In 

response to host plants' osmotic and oxidative stress-induced damages, these 

accumulate numerous small molecular weight metabolites, specifically, sugars, amino 

acids, polyamine, secondary metabolites, and polyols (Ghosh et al., 2021; 

Roychoudhury and Banerjee, 2016). 

In many plant species, sugars act as key osmolytes in osmotic adjustment. 

Their contribution towards free radical scavenging, Osmo-protection, carbon-storing 

and maintenance of the structure of essential proteins like RUBISCO has been widely 

acknowledged. In addition to compatible osmolytes, sugars act as crucial substrates 

for the growth and regulation of gene expression under stressed conditions. Among 

the several amino acids in plants, proline, glycine betaine (GB) and Gamma-

Aminobutyric Acid (GABA) function as stress-responsive amino acids and play a key 

role in oxidative and osmotic adjustment in plants (Dabravolski et al., 2023; Giri, 

2011; Huang et al., 2000; Suprasanna et al., 2014). Proline is a proteinogenic amino 

acid; it is a secondary amine and does not possess an amino group. Proline serves as 

compatible solutes under osmotic stress conditions. In addition to this, because of its 

chaperone-like nature, it also performs as a brilliant antioxidant as well as a potent 

scavenger of ROS (Alia et al., 2001; Matysik et al., 2002; Smirnoff and Cumbes, 

1989; Spormann et al., 2023). Proline accumulation in the plant cell is executed either 

by new synthesis or reduction in degradation processes or can be both. GABA is a 

non-protein amino acid that substantially regulates various metabolic processes in 

abiotically stressed plants because of its significance in plant antioxidant defence, 

osmoregulation and being a signalling molecule (Michaeli and Fromm, 2015; Nayyar 
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et al., 2014). GB is a nitrogenous substance, more specifically a quaternary amine, 

which possesses zwitterions. The chemical structure of glycine betaine exhibits 

positively charged functional groups like phosphonium cation or quaternary amine, 

and on the other side, it displays negatively charged functional groups such as the 

carboxylate group. In stressed plants, GB alleviates different kinds of abiotic stresses, 

mainly by reducing the levels of ROS accumulation, protecting membrane integrity 

and photosynthetic machinery, and inducing the expressions of genes responsible for 

stress tolerance in plants (Chen and Murata, 2008, 2011; Zulfiqar et al., 2022). 



Chapter 3 
Hypothesis 
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Chapter 3 Hypothesis 

Presently, the ideology of disease-free agriculture emphasises the applications 

of chemical fungicides to extreme limits, especially in the case of vegetable and 

ornamental crop production. Besides their high financial burden and the threat of 

lowering efficacy, improper and wide-scale application of these fungicides leads to 

several environmental risks due to their ill effects on water quality, soil, and human 

and animal health. Moreover, these fungicides cannot be considered long-term 

remedies against pathogenic fungi because of health and environmental concerns. 

Subsequently, the essential need for safe and chemicals free food has increased the 

demand and market for biopesticides. Moreover, in the pursuit of sustainable 

agriculture, biopesticides serve as an eco-friendly approach by minimising the 

application of harmful chemicals. In this direction, the efficiency of specific 

biochemical and bio-control factors in eliciting induced resistance in infected plants 

against several biotic challenges has been successfully reported. Furthermore, pre-

treatment of a susceptible host with either a biocontrol agent or a chemical inducer, 

individually or together, initiates a defensive response against the devastating 

pathogens comprising several interlinked biomolecules with ameliorative nature. 

Synthesis and accumulation of these molecules inside diseased plants lead to induced 

systemic resistance (ISR).  Further, seed priming with these ameliorative agents is an 

evolving technique for sustainable agricultural practices, designed mainly to increase 

seed value and, most importantly, to induce resistance against several kinds of 

stresses, either biotic or abiotic, in plants by minimising the use of several harmful 

chemical compounds.  

In the present investigation, tomato is taken as a ‘model crop’ for studying 

resistance mechanisms against pathogens. Cultivated tomatoes have low genetic 

diversity and are susceptible to over 200 diseases. Among these pathogens, especially 

soil-borne like Fol and R. solani, are difficult to manage due to their persistence in 

soil for longer duration. Thus, due to susceptibility of cultivated tomato to multiple 

pathogens, it has been considered a prototype to study plant-pathogen interactions and 

thereby assisting in the establishment of effective control against various diseases to 

enhance universal production. Among these, yield destruction caused by two soil-

borne fungal pathogens of tomato viz. Fol and R. solani are most devastating 

pathogens and are accountable for a significant yield loss in the greenhouse and open 
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field conditions. Applying chemical elicitors like jasmonic acid upregulates various 

defence-related pathways in pathogenically stressed plants. In addition, bioagents 

such as Trichoderma virens limit the growth of fungal pathogens through multiple 

strategies such as mycoparasitism, competition and antagonism and, on the other 

hand, symbiotically enhance the plant growth in the pathogenically contaminated 

rhizosphere. Furthermore, the ameliorative potential of T. virens in coordination with 

JA in fusarium wilt and damping-off stressed tomato plants had not been studied until 

now. Hence, the main objective of the current investigation is to work out the 

morphological, biochemical/ physiological and molecular aspects of defence response 

against Fol and R. solani in the existence of either chemical inducer or biological 

control agent individually or together in biotically stressed tomato plants. 



Chapter 4 

Research Objectives 
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Chapter 4 Research objectives 

⮚ Isolation, identification, and purification of Fusarium oxysporum f. sp. 

lycopersici and Rhizoctonia solani 

⮚ Pathogenicity test of fusarium wilt and damping off diseases on tomato plants 

⮚ To monitor the effects of Fusarium oxysporum f. sp. lycopersici and Rhizoctonia 

solani induced biotic stress in terms of morphological, biochemical, and 

molecular aspects of tomato plants 

⮚ To monitor the ameliorative efficacy of Trichoderma virens and jasmonic acid in 

controlling fusarium wilt and damping off diseases in tomato plants 



Chapter 5 

Methods and 
Materials 
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Chapter 5 Methods and Materials  

1. Isolation, Purification and Identification of Pathogens 

1.1 Fusarium oxysporum lycopersici 

The stem of the infected plant was washed, chopped into pieces and then kept in 1% 

sodium hypochlorite (NaOCl) for 3 min., and they were then rinsed again with DW 

thoroughly. These pieces were dried between the folds of sterilized blotting paper. 

The single piece was then kept in a sterilized Petri plate (90 mm) comprising Potato 

Dextrose Agar (PDA) medium poured previously under aseptic conditions. To inhibit 

bacterial contamination, the antibiotic chloramphenicol was supplemented into this 

medium. Lastly, these plates were incubated at 28 ± 2ºC in a BOD incubator for seven 

days. The purification of the pathogen was carried out regularly by sub-culturing. The 

culture of the pathogen was sustained on PDA slants in culture tubes and preserved at 

4ºC for further use. The cultural and morphological features of the fungi such as the 

colour of the colony, the pattern of growth and the asexual spores’ formation were 

examined and confirmed with the help of standard text for establishing their identity. 

Furthermore, the pathogenic mycelium was identified by the ITCC, IARI with ITCC 

No. 8111. 

1.2 Rhizoctonia solani 

The pathogen was procured from ITCC, IARI, New Delhi, with ITCC No. 1142. By 

using the single hyphal tip method, the pathogen was purified. The fungus was 

cultured in the middle of an agar Petri plate. Hyphal strands were examined in an 

inverted Petri plate under a low-power microscope, and isolated hyphal tips were 

marked with a permanent marker. Finally, these tips were aseptically transferred in 

PDA slants and incubated usually at 28 ± 2οC for 7 days. The cultural and 

morphological features of the fungus were examined and confirmed with the help of 

standard text to establish their identity. 

2. Plant material and its growth 

Tomato seeds, cultivar Punjab Ratta were obtained from the Department of Vegetable 

Science, Punjab Agriculture University, Ludhiana, Punjab. The seeds were sterilized 

with 0.01% mercuric chloride and grown in seedling trays containing sterilized soil 

and vermicompost in the ratio of 3:1 in the plant growth chamber at a temperature 

between 25-27 ºC, 16 hours (h) light and eight h dark cycle and relative humidity of 
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70 % for thirty days. The thirty days old tomato seedlings were then used to determine 

sensitivity against pathogens and further experimentations.  

3. Pathogenicity Test 

The pathogenicity test was conducted to confirm the principles of Koch for 

pathogenicity validation of the concerned pathogen. 

3.1 Fusarium oxysporum lycopersici 

3.1.1 Preparation of inoculum  

Two mycelial plugs (0.5 cm in diameter) from the 7-day-old culture of Fol were 

inoculated in 250 mL PDB (Potato Dextrose Broth) containing an Erlenmeyer flask. 

This flask was incubated at 28 ± 2ο C at 100 rpm for 10 days. The mycelial mat was 

filtered through a double layer of sterilized cheesecloth to obtain conidial stock. The 

density of conidial stock was counted using a hemocytometer, and the desired density 

i.e., 1×106 spores/mL, was acquired by diluting the stock solution. 

3.1.2 Pathogenicity Test 

Thirty days old healthy tomato seedlings were infected with the pathogen inoculum 

with the standard root dip method. Healthy tomato seedlings were relocated, shaken to 

eliminate any stuck soil particles without disturbing the root integrity, and cleaned 

gently under running tap water. The root apex was trimmed (~ 1cm) with the help of a 

sterile scissor, and then these roots were immersed in the formulated spore suspension 

(1×106 spores/mL) of Fol for (Nirmaladevi et al., 2016). These inoculated seedlings 

were transplanted to sterilized soil (2 Kg) containing plastic pots (diameter 20 cm and 

surface sterilized with 0.1% HgCl2). In each pot, three seedlings were transplanted. 

The plants were kept in a greenhouse at 16 h light and 8 h dark conditions, with 

temperatures ranging from 25-28 ºC. The vascular wilt symptoms were observed 10-

15 days after post-pathogen inoculation. 

3.2 Rhizoctonia solani 

3.2.1 Preparation of inoculum  

Two mycelial plugs (0.5 cm in diameter) from a 7-day-old culture of R. solani were 

transferred to a 250 mL PDB containing an Erlenmeyer flask. This flask was 

incubated at 28 ± 2ο C at 100 rpm for ten days. The mycelial mat was filtered out with 
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a double layer of sterilized cheesecloth. A known amount of mycelial mat was 

blended in sterilized distilled water (2 % W/V) in a blender for 30-60 sec. 

3.2.2 Pathogenicity test 

To evaluate the pathogenicity of R. solani suspension, 10 mL was inoculated into pots 

with the exact specification and conditions as mentioned in the case of Fol inoculum. 

These pots were allowed to incubate for ten days before the transplantation of tomato 

seedlings into them. The damping-off symptoms were monitored after 10-15 days 

post-pathogen infection in tomato seedlings (Manganiello et al., 2018). 

4. Evaluation of antagonistic activities of T. virens and T. viride against Fol 

and R. solani  

4.1 Dual culture assay 

In dual plate assay, T. virens (ITCC No. 4177) and T. viride (ITCC 8315) were 

screened for assessment of antagonistic activity against test pathogens, i.e., Fol (ITCC 

no. 8111) and R. solani (ITCC No. 1142) by inserting a mycelial plug in the Petri 

dishes (Morton and Stroube, 1955). Similarly, a mycelial disc (5 mm) of a 5-day-old 

test pathogen culture was kept 6 cm distant on the opposed side of the Petri petriplate, 

at right angles to the Trichoderma fungal disc. The same disc of test fungus was 

placed in another PDA containing a Petri plate, which served as untreated control. 

After this, these plates were incubated in a BOD incubator at 28 ± 2ºC. The growth of 

pathogens mycelium towards colonies of Trichoderma spp. was monitored, and 

inhibition percentage was measured after seven days of incubation. The experiment 

was carried out in triplicate and repeated twice. 

Calculations 

The following formula has been applied to calculate the per cent inhibition in the 

radial colony growth (Garrett, 1956). 

Inhibition % =  
େ୭୬୲୰୭୪ି୘୰ୣୟ୲ୣୢ

େ୭୬୲୰୭୪
 × 100                                                      

Control- Radial growth (cm) in the control set, Treated- Radial growth in the treated 

set  

4.2 Screening of Trichoderma spp. for the synthesis of extracellular enzyme, 

i.e., Chitinase assay 
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The Chitinase Detection Medium (Agrawal and Kotasthane, 2012) comprised of a 

basal medium containing 4.5 g of chitin, 0.30 g of MgSO4.7H2O, 2.00 g of KH2PO4, 

3.00 g of (NH4)2SO4, 1.00 g of Citric acid monohydrate, 0.15 g of Bromo cresol 

purple 15.00 g of Agar, and 0.20 ml of Tween-80 per litre. The pH of this medium 

was maintained at 4.7 and then autoclaved at 121oC for 15 min. After cooling, the 

medium was transferred into petri plates and permitted to solidify. The actively 

growing T. virens and T. viride culture plugs of the isolates to be analyzed for 

chitinase activity were inserted into the medium containing Petri plates and perceived 

for the coloured zone development. Chitinase activity was characterized by the 

construction of a purple-coloured zone. The Colour intensity and diameter of the 

coloured area were considered as the benchmarks to verify the chitinase activity. 

Preparation of Colloidal chitin  

In the chitinase assay, the detection medium is supplemented with chitin as the sole 

carbon precursor. It was prepared corresponding to the method of (Roberts and 

Selitrennikoff, 1988) with a slight modification. For this, 5 g chitin was acid 

hydrolysed in 40 ml conc. Hydrochloric acid by continuous stirring in a magnetic 

stirrer for 24 hours at 4 ºC. This step is followed by adding 200 mL of chilled ethanol 

(95%) and then kept at 26 ºC for 24 hours. Subsequently, it was centrifuged for 20 

min at 3000 rpm and 4 ºC. After that, the pellet so obtained was eroded with sterile 

DW by centrifugation at 3000 rpm and 4 °C for 5 min until the complete removal of 

alcohol smell. The procured chitin had a pasty and soft consistency with wetness up to 

90-95 %. It was preserved at 4 °C till further use. 

5. Seed Treatment and Germination  

Tomato seeds were surface decontaminated with 0.01% mercuric chloride (HgCl2), 

followed by frequent cleaning with double-DW. Afterwards, adequate concentrations 

of Trichoderma virens and Jasmonic acid were standardised for seed treatment. 

5.1 Preparation of spore suspension of Trichoderma virens 

T. virens with ITCC no. 4177 was raised on PDA for 7 days at 28 ± 2ο C in a BOD 

incubator. Two mycelial plugs from a 7-d old culture of T. virens were transported to 

250 ml PDB containing Erlenmeyer flask. This flask was incubated at 28 ± 2ο C at 

100 rpm for 10 days. The mycelial mat was passed through a double layer of sterilized 

cheesecloth to get the spore suspension. This suspension was further diluted, and the 

spores were counted through a hemocytometer under the microscope. To this spore 
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suspension, 1% carboxy methyl cellulose (CMC) was added, serving as an adherent 

during seed treatment. The stock solution was further diluted to 1×106, 1×107, and 

1×108 spores/mL to get the optimum concentration for seed treatment. Sterilized 

tomato seeds were applied with different concentrations of T. virens for 4 hrs (50 

seeds in 20 ml) and allowed to germinate in Petri plates at 25 ± 2 ºC and 80 % 

humidity in a seed germinator.  

5.2 Jasmonic acid 

A JA stock solution of concentration 10 mM was prepared. This stock was further 

diluted to attain 0.1, 1.0 and 10 μM concentrations. Sterilized tomato seeds were 

treated with different concentrations of JA (50 seeds in 20 ml) for 4 hrs and allowed 

to germinate in Petri plates at 25 ± 2 ºC and 80 % humidity in a seed germinator. Each 

treatment was maintained with three replicates.  

5.3 In vitro seedling germination and vigour index under pathogens infection 

Sterilized tomato seeds of uniform size were selected and imbibed with 0.1, 1, 10 μM 

of JA and 1×106, 1×107, and 1×108 spores/mL of T. virens for four hours to get the 

optimum concentration for seed treatment. Then, these imbibed seeds were infected 

with the desired pathogens inoculum, as described previously, by soaking them in 

their respective inoculum for 30 minutes. After that, the seeds were washed with 

distilled water (DW) and then 20 seeds were transferred to each Petri plate for 

germination. Petri plates were lined with three layers of filter paper made wet with 7 

mL of DW. After 10 days, seedlings' growth was measured in terms of root length, 

shoot length and percentage germination. 

In vitro seedling growth promotion activity of JA and T. virens was determined 

according to the value of the seedling vigour index. For this, seed germination 

percentage and root-shoot length were monitored after 10 days of germination. The 

seedling vigour index was measured through the formula as defined by (Abdul-Baki 

and Anderson, 1973). 

 

Vigour Index = (Mean Root Length + Mean Shoot Length) × Germination (%) 

   

Seed germination %age =
୘୭୲ୟ୪ ୬୭.୭୤ ୱୣୣୢୱି୬୭.୭୤ ୱୣୣୢୱ ୥ୣ୰୫୧୬ୟ୲ୣୢ

୘୭୲ୟ୪ ୬୭.୭୤ ୱୣୣୢୱ
 × 100                     
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5.4 Seed Priming and germination  

After ascertaining the effective concentration of T. virens and JA for seed treatment, 

tomato seeds were sterilized with 0.01% HgCl2, pursued by frequent cleaning with 

double-DW and then dried in laminar air flow on sterilized blotting paper (Jain et al., 

2012). Thereafter, these dried and surface sterilized seeds were treated by immersing 

them for 4 hours in 1×107 spores/mL in 1% CMC of T. virens and 1μM JA. Seed 

treatment in combination (T. virens + JA) comprised an equal volume of individual 

preparation of T. virens and JA. The control ones were treated with distilled water 

alone. Furthermore, all these seeds were kept in the seed germinator at 80 % relative 

humidity and 25–27 οC and kept for 24 h (Jensen et al., 2004). These treated seeds 

were then grown for thirty days in a plant growth chamber in seedling trays. After 

this, they were exposed to a selected concentration of pathogens in the field. 

 

6 Experimental design and treatments 

The experiment about this study was conducted under open field conditions at the 

experimental farm at Lovely Professional University, with latitude 31°24.500’ NS and 

longitude 75°69.507’ EW (Fig 5.1). The design of the experiment was Random Block 

Design (RBD), and a total of twelve treatments with three replications each were 

distributed in a 20×20 m experimental field separated by a 60×90 cm distance from 

each other. (Fig. 5.2) The following twelve treatments were examined (Table 5.1):  
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Fig. 5.1 Pictorial presentation of experimental field [A] Field Preparation, [B] 

Transplantation of tomato seedlings, [C] overview of experimental field and [D] 

Sample collection for further analysis 
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Fig. 5.2 Overview of experimental field layout 
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Table 5.1 Details of treatments 

 
Treatment Fol R. solani T. virens JA 

T1 (CN) - - - - 

T2 (Tv) - - + - 

T3 (JA) - - - + 

T4 (Tv+JA) - - + + 

T5 (Fol) + - - - 

T6 (Fol+JA) + - - + 

T7 (Fol+Tv) + - + - 

T8 (Fol+Tv+JA) + - + + 

T9 (Rs) - + - - 

T10 (Rs+JA) - + - + 

T11 (Rs+Tv) - + + - 

T12 (Rs+Tv+JA) - + + + 

 + (Present), - (Absent) 

 

A Determination of Morphological Aspects  

7.1.1 Shoot length  

In sixty days old tomato plants, shoot length was determined in cm from the base to 

the tip of the shoot. 

7.1.2 Root length  

It was determined (cm) from the stem's base to the root's tip and recorded. 

7.1.3 Fresh weight and number of leaves 
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These were taken immediately at the time of harvest of plant samples. 

7.1.4 Dry weight 

After the estimation of fresh weight, the samples were placed in a pre-heated hot-air 

oven, dried at 60 ºC for 6 hours, and obtained dry weight was recorded in g/plant. 

7.2 Disease Incidence 

After thirty days of pathogen inoculation, the percentage disease incidence (PDI) was 

determined by using equation: 

         

8. To study stomatal opening/closing through Scanning Electron Microscopy 

(SEM) 

Opening and closing of stomata in tomato leaves under different treatments at 60 days 

old seedlings were determined by Field Emission scanning electron microscope 

JEOL. 

8.1 Principle 

The SEM is based upon the principle that whenever the accelerated primary electrons 

hit the sample tissue, it produces secondary electrons, which are gathered by a +vely 

charged electron detector that sequentially gives a 3-D image of the sample.  

8.2 Procedure 

Leaf tissues from sixty days old tomato plants were dehydrated in ethanol series and 

then air dried. Then with the help of double-sided carbon adhesive tape, these samples 

were fixed on metallic supports known as stubs. After fixation, these samples were 

metalized with gold in JEOL Smart Coater. The observation and electron micrographs 

were obtained with a JEOL device at Central Instrumentation Facility at LPU. 

 

B Biochemical Aspects 

9.1 Chlorophyll Content  

Chl. content was estimated as per the method of Lichtenthaler, 1987. 
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Principle 

The basic structure of chlorophyll molecule possesses a phytol chain linked to a 

porphyrin ring system. In general, chlorophylls exhibit lipid-like properties because of 

the presence of a phytol side chain. This phytol chain is esterified to the carboxyl 

group of the ring. As chlorophyll molecules are fat-soluble compounds, they can be 

disengaged from plant tissue with the help of either pure or aqueous solution of 

organic solvents like acetone, methanol, or ethanol.  

Reagent  

Acetone – 80 % 

Procedure 

250 mg of leaf tissue from the treated and control plant was homogenized with 80% 

acetone and then subjected to centrifugation at 13,000 rpm for 20 minutes at 4οC. 

After that, the supernatant from this plant extract was procured to determine 

chlorophyll content. The Ab. of the supernatant was pick up at 645 and 663 nm 

operating a UV-vis. spectrophotometer. 

 

Where v = volume of plant extract in ml, W = fresh weight in grams 

9.2 Total carotenoid content (TCC) 

TCC was assessed by following the protocol of Maclachlan and Zalik, 1963. 
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Principle 

The carotenoids constitute a chemically diverse group of yellow-red coloured 

polyenes possessing 3 to 13 double bonds in conjugation. Further, a hydroxylated C6 

ring structure at one or both ends has also been reported in a few cases. These peculiar 

characteristics allow the active delocalization of electrons along the total stretch of the 

chain. They are responsible for light-harvesting capacity during photosynthesis, 

pigmentation, and various chemical reactivities. Approximately 700 compounds have 

been reported under this important plant pigment family, broadly categorized into 

carotenes and oxygenated derivatives known as xanthophylls. Due to the lipid-like 

properties of these molecules, they can be easily extracted in an aqueous solution of 

80% acetone. 

Procedure  

250 mg leaf tissues from different plant treatments were homogenized with 80 % 

acetone and centrifuged at 13,000 rpm for 20 minutes at 4οC. The OD of the 

supernatant was read out at 480 and 510 nm utilizing a UV-visible spectrophotometer.  

Calculations  

Total Carotenoid contents =
7.6 (O. D. 480) − 1.49 (O. D. 510) × v

d × 1000 × w
 

Where, v = Volume of plant extract, w = fresh weight and d = path length of cuvette 

(1cm) 

 

9.3 Total Anthocyanin Content (TAC) 

TAC was estimated according to Mancinelli, 1984. 

Principle 

Anthocyanin comprises an important subclass of flavonoids in plants. These are 

water-soluble vacuolar pigments accountable for violet, purple, blue, red and scarlet 

colours of leaves, stems, fruits and flowers. In addition to providing vibrant colours, 

anthocyanins are also responsible for incorporating adaptation to different types of 

stressful conditions. They are necessary secondary metabolites in the plant system and 
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are usually separated using different solvents, particularly acidified methanol solution. 

It has been suggested that “slight” acidification of solvents avoids the degradation of 

these compounds. 

Procedure  

0.5 g leaf tissue with different treatments was homogenized with 1.5 mL of extraction 

mixture (methanol: water: HCl, 79:20:1). This crumpled material was then 

centrifuged for about 20 minutes at 13,000 rpm and 4 οC. Then Ab. was read at 530 

and 657 nm through a spectrophotometer.  

Calculations 

TAC = O. D. 530 − 0.25 × O. D. 657 

9.4 Total flavonoid content (TFC) 

TFC was quantified in accordance with the method of Kim et al., 1999. 

 

Principle 

Flavonoids are a complex group which comprises flavanones, flavanols, flavones, 

chalcones, catechins, and anthocyanins. The primary chemical structure of flavonoids 

is the C6C3C6 assembly of flavanone synthesized through the catalytic activity of 

flavanone synthase enzyme from the condensation reaction of 4-coumaroyl-CoA and 

malonyl-CoA. For the determination of total flavonoid content, AlCl3 

spectrophotometric technique was utilized. It is based upon the principle that AlCl3 

makes acid-stable complexes with the C-4 keto group and the hydroxyl group of 

flavones and flavanols at either the C-3 or C-5 position. Moreover, it also creates 

labile complexes with the ortho-dihydroxyl groups in the A- or B-ring of flavonoids. 

Procedure 

Extract preparation 

The plant extract was made by crushing the 1 g leaf sample in 3 mL absolute 

methanol in a pestle and mortar, trailed by centrifugation at 13,000 rpm for 20 

minutes and 4 οC. 
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Reagents  

NaOH 1mol\L 

NaNO2 5% 

AlCl3 5% 

Absolute alcohol 

Procedure 

1 mL of this supernatant was mixed with 4 mL double DW, 0.3 mL 5% sodium nitrite 

and 0.3 ml 5% aluminium chloride, followed by incubation for five minutes. After 5 

minutes, 2 mL of 1mol\L NaOH and 2.4 mL of DW were added, and absorbance was 

taken at 510 nm by operating a spectrophotometer. 

 

Calculations 

Flavonoid contents were estimated in term of rutin equivalents (mg rutin/ g FW) from 

standard curve of rutin.  

C =
c × v

m
 

where ‘C’ is the total flavonoid content in mg g-1 plant extract c, which indicates the 

quantity of rutin quantified by the calibration curve (mg/mL), ‘v’ indicates the volume 

of plant extract in mL and ‘m’ is the weight of crude plant extract in grams.  

Concentrations of extracts were calculated using the following regression equation 

𝑌 = 𝑚𝑥 + 𝑐 

Where Y= extract absorbance, m= slope of the calibration curve, x= extract 

concentration, and c= signified the intercept. 

 

9.5 Gaseous Exchange Parameters by Infra-Red Gas Analyzer (IRGA)  

The gaseous exchange of plant leaves was monitored with the help of IRGA (Li-COR 

6400). Various parameters were quantified by regulating the air temperature at 25 °C, 
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air relative humidity at 80–90%, CO2 concentration and photosynthetic photon flux 

density (PPFD) at 400 μ mol mol-1 and 1000 μ mol m-2s-1, respectively. 

Principle 

Hetero atomic gas molecules like CO2, NH3, N2O, and H2O absorb infrared (IR) 

radiation, particularly IR wavebands. An infrared gas analyser measures the decrease 

in the transmission of IR wavebands due to the existence of gas in between the source 

of these radiation and a detector. This decline in the transmission is an act of gas 

concentration. Therefore, the chief role of IRGA is to measure the intensity of CO2 

concentration. 

Procedure 

Gaseous exchange parameters comprise PR, TR, SC, and IC in tomato leaves under 

different treatments detected by an Infrared Gas analyser by maintaining optimum 

conditions for analysis. 

10.1 Malondialdehyde (MDA) content  

The MDA content estimation has long been done as a marker of lipid peroxidation in 

studies associated with oxidative stress and redox signalling as plant reactions to 

different stresses. Generally, synthesis of MDA content can either be stimulated 

nonenzymatically through ROS or enzymatically via lipoxygenase activity. However, 

under both conditions, determining primary lipid hydrogen peroxide compounds is 

problematic because of their reactivity and instability. Therefore, estimation of lipid 

peroxidation is generally quantified by calculating the concentration of secondary 

oxidation products (mostly aldehydes) derived from these primary hydroperoxides.  

Principle 

In this test, one molecule of MDA reacts with two molecules of TBA, producing 

peach orange-coloured chromogen exhibiting an absorption maximum at 532 nm. 
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Procedure 

MDA content of tomato leaves with different treatments was quantified according to 

the Heath and Packer, 1968 method. For this, 1g of plant tissue was homogenized by 

adding 5 mL of TCA and then centrifuged at 5,000 rpm for 10 minutes. After that, to 

1mL supernatant, 6 mL of 20 % (w/v) TCA comprising 0.5 % (w/v) TBA was added. 

The reaction mixture was warmed to 95ºC for 30 min. and immediately cooled on ice. 

The absorbance of this was then taken at 532 nm. The nonspecific Ab. was rectified 

by deducting the Ab. taken at 600 nm. Finally, the MDA content was quantified 

applying an extinction coefficient, i.e., 155 mM cm -1.   

MDA =
Absorbance × Total Volume × 1000

Ext.  coefϐicient × sample vol.× sample weight
 

10.2 Hydrogen Peroxide (H2O2) content  

Principle 

The quantitative measurement of H2O2 content in stressed plants is vital because of 

the involvement of H2O2 in oxidative cellular destruction and its importance in cell 

signalling (Neill et al., 2002). In this investigation, H2O2 content was quantified by 

following the method of Velikova et al., 2000. This method is grounded upon the 

principle that in acidic mediums, potassium iodide (KI) is oxidised by H2O2 as per the 

following equation:   
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On adding hydrogen peroxide to a colourless solution of KI, the I- (iodine ions) are 

oxidised slowly to I2 (iodine). Further, I2 react with I- to form triiodide I3
- and develop 

a reaction mixture with yellow colour. In this manner, H2O2 could be estimated 

spectrophotometrically by determining I3
- absorption at 390 nm. 

Reagents  

Potassium phosphate buffer (PPB) – 10 mM  

Trichloroacetic acid (TCA)– 1M  

Potassium iodide (KI)– 1M 

Procedure 

500 mg of plant tissue was homogenized with 2 mL of TCA and then subjected to 

centrifugation at 12,000 rpm for 15 minutes. After centrifugation, to 0.5 mL of 

supernatant equal volume of PPB (10 mM) and 1 mL of KI (1 M) were added. O.D. 

was taken at 390 nm.  

Calculations  

H2O2 content was quantified against the standard curve. 

 

11 Estimation of Osmolytes 

11.1 Free Proline content 

Proline content was evaluated corresponding to the Bates et al., 1973 method. 

Principle 

Proline is extracted in Sulphosalicylic acid. This proline was made to react with acidic 

ninhydrin to form a rusty red colour chromophore having absorption maxima at 520 

nm. Proline-ninhydrin complex is hydrophobic and dissolves in an organic solvent, 

i.e., toluene. As toluene is immiscible in water, two layers or phases formed when we 

added toluene to a water-based solution, vortexed and allowed it to settle.  
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Reagents 

Sulphosalicylic acid (SSA)- 3%  

Acid Ninhydrin- Created by heating 1.25 g ninhydrin in 30 ml GAA and 20 ml 6 M 

orthophosphoric acid, with stirring, until dissolved 

Glacial acetic acid (GAA) 

Toluene 

Proline 

Procedure 

For proline estimation, 250 mg of plant sample was homogenized with 3% SSA 

followed by centrifugation at 10,000 rpm for 10 minutes. 1 mL of obtained 

supernatant was reacted with 1 mL of freshly prepared ninhydrin and 1 mL of GAA in 

and then placed for 1 h in a water bath at 100°C. The reaction ceased in an ice bath 

and was then brought to room temperature. Subsequently, extracted with 2 mL 

toluene and mixed strongly with a vortex. The chromophore comprising toluene was 

extracted from the aqueous phase, and Ab. was taken at 520 nm taking toluene as 

blank. The proline intensity was quantified from the standard curve. 

11.2 Glycine-Betaine (GB) Content 

GB content was quantified by following Grieve and Grattan, 1983 method. 

Principle  

Glycinebetaine (GB) is a nitrogenous compound and a quaternary amine which 

contains zwitterions. It is a chemical having a +vely charged cationic group, such as a 

quaternary ammonium/ phosphonium cation, with no H atom. Conversely, a 

functional group containing a negatively charged carboxylate group may not be 

present in front to the cationic position. It is also recognized as a methyl donor. This 

method uses periodide to precipitate quaternary ammonium compounds to determine 

glycine betaine content in a given plant sample. 

 

 



 

71 
 

Reagents  

HCl – 2 M  

Potassium triiodide (Lugol’s Reagent) 

1-2 dichloromethane 

Procedure 

1 g of dried leaf sample was crumpled in 10 mL of distilled water and then filtered 

through Whatman filter paper (No. 1). 1 mL of this filtrate was mixed with a mL of 2 

M HCl. To this mixture, 0.2 mL of Lugol’s reagent was added. The constituents were 

correctly mixed, followed by cooling for 90 min. by using an ice bath with constant 

shaking. After this, 2 mL of ice cooled DW and 20 mL of C2H4Cl were supplemented. 

The 2 layers formed in the mixture were appropriately combined by giving it a 

nonstop flow of air. The upper one was thrown away, and the absorbance of the lower 

one was recorded at 365 nm.  

Calculations 

GB content in the given sample was quantified against the value of the standard 

curve. 

11.3 Total soluble sugar (TSS) content   

TSS content was spectrophotometrically detected corresponding to the method 

explained by Scott and Melvin, 1953. 

Principle 

First, the concentrated acid in the anthrone reagent causes the hydrolysis of 

carbohydrates (present as poly- or monosaccharides/ free or bound) into their 

constituent monosaccharides.  Correspondingly, the presence of acid activates the 

dehydration of the monosaccharides to create furfural (in the case of pentose) or 

hydroxy furfural (from hexose). These furfurals or hydroxy furfurals so formed 

condense with two naphthol molecules (from anthrone reagent) to produce a blue-

greenish colour complex. The concentration of the complex is then quantified by 

measuring the absorbance at 630 nm.   
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Reagents 

HCl – 2.5 N  

Na2CO3  

Anthrone reagent (0.2 % in conc. H2SO4)     

Procedure 

To 25 mg plant tissue, 1.25 mL of HCl was mixed and allowed to cool down to room 

temperature. After that, solid Na2CO3 was added to it for neutralization, and then with 

the addition of DW, volume was prepared to 25 mL. To 1 mL of this, 4 mL of freshly 

prepared anthrone reagent was mixed. This mixture was boiled in a water bath for 8 

minutes and then cool down to room temperature. O.D. was logged at 620 nm.    

Calculations 

The total sugar content in a sample was quantified from a standard curve of glucose 

solution.  

12 Antioxidative Défense System 

12.1 Antioxidative Enzymes 

Preparation of enzyme extract 

1 g plant sample with different treatments was homogenized in a pre-chilled pestle 

and mortar utilizing 3mL of potassium phosphate buffer (PPB) (100 mM, pH=7). The 
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crushed sample was centrifuged for about 20 minutes at 13,000 rpm and 4 °C. The 

supernatant thus procured was utilized for different biochemical analyses.  

12.1.1 Protein Content 

Protein content estimation was done by ensuing the method of Lowry et al., 1951. 

Principle 

Determination of protein concentration by the Lowry method is dependent upon the 

reaction of peptide nitrogen [s] with the Cu [II] ions in an alkaline condition and the 

succeeding reduction of the Folin- Ciocalteu phosphomolybdic phosphotungstic acid 

to hetero-poly molybdenum blue via the aromatic acid’s oxidation because of Cu- 

catalyzed reaction. 

Reagents 

A. 2% Na2CO3 in 0.1 N NaOH  

B. 1% C4H4O6KNa·4H2O (Potassium sodium tartrate) in H2O  

C. 0.5% CuSO4.5 H2O in H2O  

D. Reagent I: 48 ml of A, 1 ml of B, 1 ml C  

E. Reagent II- 1-part Folin-Phenol [2 N]: 1 part water 

BSA Standard - 1 mg/ ml 

Procedure 

100 µL of plant extract and a series of the standard were taken into test tubes, and in 

each tube, the volume was made to 1 mL using DW. A test tube containing 1 mL DW 

is considered a blank. To each tube, 5 mL of reagent I was added, thoroughly mixed 

and let to stand for 10 min. After that, 0.5 mL of Reagent II was supplemented and 

incubated under room conditions for 30 minutes under dark conditions. A blue colour 

complex was formed. O.D. was taken at 660 nm, and the standard was designed. The 

protein content present in each sample was quantified from the standard graph.   
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12.1.2 Guaiacol Peroxidase (GPOX) Activity  

Guaiacol peroxidase was quantified by following the method given by Pütter, 1974  

Principle 

Guaiacol peroxidases are heme-bearing enzymes which catalyze the oxidation of 

aromatic electron donors like guaiacol at the cost of H2O2. In the presence of 

peroxidase, H2O2 is quickly converted to water and oxygen, and this oxygen, thus 

produced, reacts with guaiacol to generate a brown colour product termed oxidized 

guaiacol. 

 

Reagents 

Phosphate buffer – 0.1 M, pH 7.0  

Guaiacol solution – 20 mM  

H2O2 solution – 12.3 mM 

Procedure 

The total 3 mL of reaction mixture consisted of 0.1 M phosphate buffer, 20 mM 

guaiacol solution and 12.3 mM H2O2 and 30 µL enzyme extract in the test cuvette. 

The rate of production of oxidised guaiacol was monitored spectrophotometrically at 

436 nm.  

Calculations  

Enzymatic activity is described as the extent of the enzyme catalyzing the 

development of 1μM of Guaiacol Dehydrogenation Products (GDHP) min-1g-1 FW 

and assessed by using 25.5 mM-1 cm-1 extinction coefficient. Specific activity was 

calculated by using the following equation:  
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Speciϐic Activity (U mgିଵ protein) =
 Unit Activity (U minିଵ gିଵ FW)

Protein Content (mg gିଵ FW)
 

12.1.3 Catalase 

CAT activity was assessed by following the method depicted by Aebi, 1974. 

Principle 

CAT cause the decomposition of H2O2 into water and O2. The decrease in the 

concentration of H2O2 was monitored after incubating the given sample with a known 

amount of H2O2 spectrophotometrically at 240 nm.  

 

 

Reagents 

Phosphate buffer – 0.1 M, pH 7.0  

H2O2 solution – 150 mM 

 

Procedure 

The breakdown of H2O2 was logged as the rate of decline in absorbance of the 2 mL 

reaction mixture comprising 0.1 M phosphate buffer, 150 mM H2O2 and 30 µL 

enzyme extract in a cuvette at 240 nm spectrophotometrically.  

Calculations 

1 UA is quantified as the enzyme content needed to oxidize1 μM hydrogen peroxide 

minିଵgିଵ FW by using 36 µM-1 cm-1 extinction coefficient. Afterwards, specific 

activity was calculated.  

12.1.4 Superoxide Dismutase (SOD)  

The enzyme activity of SOD was measured in accordance with the method of Kono, 

1978. 
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Principle 

This method is founded upon the theory that superoxide radicals (O2
•−) interact with 

nitro blue tetrazolium (NBT) causing its reduction from yellow tetrazolium to blue 

coloured formazan. The presence of SOD in the reaction mixture competes with NBT 

for O2
•−. Therefore, a decrease in the formation of the coloured complex directly 

corresponds to the amount of SOD present in the reaction mixture. 

 

 

Reagents 

Sodium carbonate buffer – 50 mM, pH 10.0  

Nitroblue tetrazolium (NBT) – 96 µM  

Triton X-100 – 0.6%  

 Hydroxylamine Hydrochloride (NH2OH. HCl) – 20 mM, pH 6.0 

Procedure 

A reaction mixture comprising 1350 µL of 50 mM Na2CO3 buffer, 96 µM NBT, and 

Triton X-100 (0.6 %) was taken in a test cuvette. The addition of 20 mM NH2OH 

commenced the reaction. After the incubation of 2 minutes, 50 µL of plant extract 

was added to this reaction mixture in the cuvette and the sample's Ab. was noted at 

540 nm.   

Calculations 

1 UA is described as, under the assay conditions, the enzyme content needed to 

decrease chromogen production's absorbance by 50% at 540 nm in one minute. 

12.1.5 APX 

The APX activity was quantified by ensuing Nakano and Asada, 1981 method. 
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Principle 

The principle behind this method is that APX catalyzes the reduction of hydrogen 

peroxide by using ascorbic acid (AsA) as a substrate which leads to its oxidation to 

monodehydroascorbic acid (MDHA). Later this MDHA is mechanically unevenly 

broken to AsA and dehydroascorbate (DHA). The decrease in Ab. at 290 nm relates to 

the oxidation of AsA.  

Reagents 

Phosphate buffer – 100 mM, pH 7.0  

Ascorbate – 5 mM  

Hydrogen peroxide – 0.5 mM 

Procedure 

In total, 2 mL of the mixture, 100 mM K-buffer, ascorbate (5 mM) and hydrogen 

peroxide (0.5 mM) were taken in a test cuvette, to which 50 µL enzyme extract was 

included, and the decrease in O.D. was recorded at 290 nm for 1 minute against a 

suitable blank.  

Calculations 

1 UA was determined as the enzyme content essential to oxidize ascorbate (1µM) 

min-1 g-1 FW by using extinction coefficient = 2.8 mM-1 cm-1. Further specific activity 

was quantified by dividing the unit activity with protein content (mg g-1 FW) 

12.1.6 GR Activity 

GR activity was quantified according to Carlberg and Mannervik, 1975, method. 

Principle 

GR preserves the GSH pool in the affected plant by catalysing the NADPH-reliant 

reduction of GSSG disulphide bond. 
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Reagents 

Potassium phosphate buffer – pH 7.6  

Ethylenediaminetetraacetic acid (EDTA) – 3.0 mM  

Nicotinamide adenine dinucleotide phosphate (NADPH) – 0.1 mM  

Glutathione disulfide (GSSG) – 1mM 

Procedure 

In total, 2 mL of assay mixture consisting of K-phosphate buffer (50 mM, pH 7.6), 

EDTA (3 mM), NADPH, oxidized glutathione (1 mM) and 200 μL of enzyme extract 

in a cuvette. The change in Ab. was monitored for 1 minute at 340 nm.  

Calculations  

Enzyme activity corresponds to the enzyme needed to oxidise 1 nmol of NADPH in 

one minute, applying extinction coefficient = 6.2 mM-1 cm-1. After that specific 

activity was calculated.  

12.1.7 Dehydroascorbate Reductase (DHAR)  

DHAR activity was estimated by following Dalton et al., 1986 method. 

Principle 

In plants, ascorbic acid is oxidised to DHA employing sequential electron 

transmissions with MDHA as an intermediate free radical. Thus, by using GSH as an 

electron contributor, DHA so formed is transformed to AsA by DHAR catalyzed 

reduction process. 
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Reagents  

Phosphate buffer – 50 mM (pH 7)  

EDTA – 0.1 mM  

Glutathione (GSH) – 1.5 mM  

Dehydroascorbate – 0.2 mM  

Procedure 

In total, 2 mL of assay mixture consisting of K-phosphate buffer (50 mM, pH 7), 

EDTA (0.1 mM), 0.2 mM dehydroascorbate, reduced GSH (1.5 mM), and 50 μL of 

tissue extract was taken in a test cuvette. The change in O.D. was recorded for 1 

minute at 265 nm.  

Calculations  

The enzyme activity corresponds to the enzyme content needed to produce 1 μ mol of 

ascorbate in one minute by employing ε=14 mM-1 cm-1.  

12.1.8 PPO 

The activity of PPO was quantified by following Kumar and PA, 1983 method. 

Principle 

PPOs are omnipresent Cu-containing enzymes which utilize molecular oxygen for 

catalytic hydroxylation and dehydrogenation of o-diphenolic compounds like catechol 

and caffeic acid to their respective quinones; which leads to alkylation of nucleophilic 

groups and self-polymerization to produce dark-coloured melanin polymers. 



 

80 
 

 

 

Reagents 

Potassium phosphate buffer - 0.1 M  

Catechol - 0.1 M  

Sulphuric acid - 2.5 N 

Procedure 

In total, two mL of the reaction mixture, 0.1 M K-Phosphate buffer, 0.1 M catechol 

and 100 μL of extract were taken, and then was kept at 25°C for 2 minutes. The 

reaction was completed by adding 2.5 N sulphuric acid to this, and the change in Ab. 

was recorded at 495 nm.  

Calculations  

1 UA was expressed as the enzyme essential for the oxidation of 1μM of catechol by 

using ε=2.9 mM-1 cm-1. 

12.1.9 GST 

GST activity was quantified according to Habig et al., 1974 method. 
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Principle 

The principle behind this method is that GST activates the conjugation of L-GSH to 

1-chloro-2,4-dinitrobenzene (CDNB). This conjugate absorbs λ = 340 nm. The rate of 

enhancement in Ab. directly corresponds to the activity of the GST enzyme.  

 

 

 

Reagents 

Potassium-phosphate buffer  

GSH- 20 mM  

1-chloro-2,4-dinitrobenzene (CDNB) – 20 mM 

Procedure 

The activity of the GST enzyme was determined in 2 mL of the reaction mixture 

comprising 0.2 M K-phosphate buffer, GSH (20 mM), CDNB (20 mM) and 50 μL 

enzyme extract. The change in Ab. at 340 nm was logged spectrophotometrically.  

 

Calculations 

1 UA of GST is labelled as the amount of enzyme that activates the formation of 1 

µM of the centrifuged product of CDNB/min/g tissue at 25°C. This was calculated by 

using ε= 9.6 mM-1 cm-1. 

12.1.10 Glutathione peroxidase 

The activity of the GPOX enzyme was determined corresponding Flohé and Günzler, 

1984 method. 

Principle 

The method is established on the principle that by using GSH as a reducing substrate, 

GPOX catalyzes hydrogen peroxide reduction and converts GSH to oxidised form 

GSSG. Later in the presence of NADPH, this GSSG is reduced to GSH form again. 
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Reagents 

Potassium phosphate buffer - 50 mM, pH = 7  

Ethylenediamine tetra acetic acid (EDTA) - 0.5 mM  

GSH - 1 mM  

Sodium azide - 0.15 mM  

NADPH - 0.15 mM  

H2O2 - 0.15 mM  

 

Procedure 

In a cuvette, a total of 2 mL of the reaction mixture comprising 50 mM K-phosphate 

buffer, EDTA (0.5 mM), GSH (1 mM), 0.15 mM NADPH, 0.15 mM H2O2 and 30 µL 

enzyme was taken. The rate of change of Ab. was recorded after 1 minute at 340 nm. 

Calculations 

1 UA corresponds to the oxidation of 1 µM NADPH/min/g tissue at 25 ºC and is 

estimated by applying the ε= 6.22 mM-1 cm-1. 

12.2 Antioxidant 

Preparation of plant extract 

In a pre-chilled pestle and mortar, 1 g of fresh leaves with different treatments were 

homogenized with 3 mL Tris buffer (50 mM, pH=10). Then this crushed material was 

centrifuged in a cooling centrifuge at 13,000 rpm, 4°C for 20 min. This collected 

supernatant was then utilized for further analysis. 

12.2.1  

AsA content was quantified by Ascorbic acid (AsA) Content pursuing Roe and 

Kuether, 1943 method. 

Principle 

In this method, Ascorbic acid content was quantified through a coupling reaction 

using 2,4 dinitrophenyl hydrazine (DNPH) as a reaction dye. The presence of Cu2+ 

ions cause the oxidation of AsA to dehydro AsA. After that, DNPH reacts with the 

ketone group of dehydroascorbic acid under strong acidic conditions to form a 

yellowish orange coloured complex known as osazone.  The intensity of formation of 
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osazone is directly related to the ascorbic acid content in the analysed sample and can 

be detected spectrophotometrically at 520 nm wavelength. 

Reagents 

Trichloroacetic acid (TCA) - 50%  

2,4 dinitrophenyl hydrazine (DNPH) reagent - 2 g 2,4-DNPH; 250 mg Thiourea; 30 

mg CuSO4.5H2O in 9N H2SO4 (100 mL)  

H2SO4 - 65%  

Standard ascorbic acid - 1 mg 100 mL-1 

Procedure 

4 mL of double DW, 0.5 mL of 50 % TCA and 0.5 mL of plant extract and 100 mg 

charcoal were added together. The reaction mixture was then passed through 

Whatman filter paper 1. 0.4 mL of DNPH was added to this filtrate, and the mixture 

was incubated at 37º C for three hours, followed by chilling in an ice bath. After that, 

to this solution, 1.6 mL of 65 % H2SO4 was added and kept for 30 min. at RT. Ab. 

was recorded at 520 nm, and AsA (1mg/100 ml) was consumed as a standard.  

Calculation 

AsA (mg/g tissue)  =  
Ab of test × conc. standard × total vol.

Ab of standard × vol. of sample taken
 

 

12.2.2 Tocopherol Content  

Tocopherol content was determined by following the method of Martinek, 1964.  

Principle 

In the presence of tocopherol, ferric ions are reduced to ferrous ions. These reduced 

ions bind to 2,4,6-tripyridyl-S-triazine (TPTZ). The strength of the colour produced is 

relative to the concentration of vitamin E in the observed sample and quantified 

against blank. 
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Reagents 

2,4,6-tripyridyl-S-triazine (TPTZ) - 0.12 % in n-propanol  

Ferric chloride - 0.12 % FeCl3.6 H2O in absolute ethanol  

Standard tocopherol - 1 mg 100ml-1   

 

 

Procedure 

To 1/2 mL of plant extract, 1/2 mL of C2H5OH and the same quantity of double 

distilled water were added, followed by shaking to get divided residues of proteins. 

After that, 1/2 mL of xylene was inserted, and centrifuge tubes were stirred for 30 sec. 

vigorously. Then centrifugation was performed for 10 minutes at 3000 rpm. After 

centrifugation, 1/2 mL of xylene from the top layer was combined with 1/2 mL of 



 

85 
 

TPTZ reagent and Ab. was read at 600 nm. For tocopherol content estimation, 1 

mg/100 mL-1 tocopherol was taken as standard.  

Calculations 

Tocopherol (mg/g tissue)  =  
Ab of test × conc. standard × total vol.

Ab of standard × vol. of sample taken
 

 

12.2.3 Glutathione (GSH) Content 

The glutathione content was estimated according to the method given by Sedlak and 

Lindsay, 1968. 

Principle  

This method is dependent upon the practice of Ellman’s reagent. As per the principle, 

the presence of -SH groups lead to the reduction of 5,5’-dithio-bis-(2-nitrobenzoic 

acid) (DTNB), which thereby results in the generation of 2- nitro- 5- mercaptobenzoic 

acid (NMB). The product so formed is brilliant yellow in the shade and supportive in 

detecting the sulfhydryl group. 

Reagents 

Tris buffer – 0.2M, pH 8.2  

5,5’-dithio-bis-(2-nitrobenzoic acid) DTNB – 0.01M  

Absolute methanol 

Procedure 

For GSH content determination, 100 µL of extract was integrated with 1 mL Tris 

buffer. To this, 50 µL of DTNB and 4 mL of absolute CH3OH were inserted, and the 

reaction mixture was allowed to incubate at room temperature for 15 minutes. This 

step is pursued by centrifugation at 3000 rpm for 15 min. The O.D. of the supernatant 

was taken at 412 nm and 1mg/100 mL glutathione conc. was utilized as the standard 

for quantification. 
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Calculations 

GSH (mg/ g tissue)=
Ab of test × conc. standard × total vol.

Ab of standard × vol. of sample taken
 

12.2.4 Total Phenolic Content (TPC)  

TPC was estimated by following Singleton and Rossi, 1965 method. 

Principle 

In this method, the Folin-Ciocalteu reagent was used to quantitate the total phenolic 

content in the given sample. This reagent is developed from a blend of 

phosphotungstic acid (H3PW12O40) and phosphomolybdic acid (H3PMo12O40), which 

after oxidation of phenolic compounds reduced to the blue oxides of tungsten (W8O23) 

and molybdenum (Mo8O23), respectively. With the use of sodium carbonate, this 

reaction is carried out under alkaline conditions. This atmosphere eases the release of 
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electrons from phenols. The resulting blue colouration has absorbance maxima at 760 

nm.  

M=Mo or W 

 

 

 

 

 

 

 

Reagents 

Folin-Ciocalteu (FC) reagent  

Sodium carbonate –7.5 %  

Ethanol – 60%  

Procedure 

To determine total phenolic contents in given plant samples, 1 g of leaf tissue was 

homogenized in 5 mL of C2H5OH (60 %) and incubated (60 °C) for 30 minutes. From 

this, 0.25 mL was added to 1.25 mL of FC and after that 1 mL of 7.5 % sodium 

carbonate was added to this reaction mixture. The mixture was let to incubate for 2 h 

at RT. Intense blue colour had developed. Ab. was recorded at 765 nm 

spectrophotometrically.  

Calculations 

A graph of concentration vs absorbance was plotted with Gallic acid and the total 

phenolic content was quantified as mg GAE / g FW from the graph.   
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13. Radical Scavenging Activities  

Extract preparation  

Plant samples (20 mg) with different treatments were cleaned thoroughly and dried 

out in an oven. After that, these samples were extracted with continuous shaking in 80 

% methanol for 24 hours. Obtained extracts were then filtered with Whatman filter 

paper (No. 1). supernatant was then utilized for the estimation of radical scavenging 

activity.  

The following activities were performed in tomato leaves subjected to different 

treatments 

13.1 1,1-Diphenyl-2-picrylhydrazyl (DPPH) radical scavenging activity 

The assay was accomplished by following the method given by Blois, 1958. 

Principle 

DPPH is a stable, free, π-radical characterized by its low reactivity mainly due to 

effective screening of the hydrazyl structure in the compound. This method is based 

upon reducing DPPH in the methanol solution to DPPH-H in the presence of the H-

donating antioxidant group. After accepting hydrogen from a corresponding donor, 

colour transformation from purple to yellow occurs due to a decline in Ab. This 

decrease is directly relative to the radical scavenging activity.   
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Reagents  

1,1-Diphenyl-2-picrylhydrazyl – 0.1mM  

Methanol – 80%  

Procedure 

In total 3 mL of the reaction mixture, 100 µL of plant extract was mixed with 0.1 mM 

DPPH solution in methanol. The reaction mixture was incubated in the dark for 

twenty minutes, and absorbance was taken at 517 nm.    

Calculations  

The % age inhibition of DPPH was quantified corresponding to the equation given 

below 

% age inhibition =
Ac − As

Ac
 × 100 

Where Ac = absorbance of the control and As = absorbance of the sample 

 

13.2 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) Radical 

Scavenging Activity 

This assay was executed by following Re et al., 1999 method. 

Principle  

First, ABTS is oxidised to its stable radical cation as ABTS.+ through an oxidising 

agent known as potassium persulphate. ABTS.+  is a blue-green chromophore and 

exhibits maximum absorption at 734 nm. The level of discolouration of blue-green 

colour is measured as a rapid decrease in absorbance at 734 nm, based upon the 

duration of the reaction, innate antioxidant activity, and the concentration of the given 

sample.  
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Reagents 

 

ABTS-7 mM 

Potassium persulphate-2.45 mM 

Ethanol 

Procedure 

ABTS·+ radicals were formed by the reaction between 7 mM ABTS in water and 2.45 

mM potassium persulphate in the ratio of 1: 0.5, left in the dark at room temperature 

for 16 h before use. ABTS·+ solution was then diluted with C2H5OH to get a working 

solution with an Ab. of 0.700 at 734 nm. This solution was then added to 20 µl plant 

extract and the change in Ab. at 734 nm was recorded.  

15. Real Time Quantitative Reverse Transcription-PCR (qRT-PCR) Gene 

Expression Analysis 

15.1 Isolation of RNA 

The relative gene expression of two antioxidative enzymes i.e., SOD and Catalase 

under different treatments was carried out quantitatively in sixty days old tomato leaf 

tissue. The RNA was extracted by applying the TRIzol method. For RNA isolation, 

100 mg fresh leaf samples from treated and control plants were homogenized in a pre-

chilled mortar pestle in liquid N2 and TRIzol reagent. After incubation at 15-30 ºC for 

5 minutes, 0.2 mL of chloroform was added to this homogenate and again allowed to 

incubate for 2-3 minutes at 15-30 ºC. Later these were centrifugated at 12000 rpm for 

15 minutes at 4 ºC. Afterwords, this mixture partitioned into a lower-red phenol-

chloroform phase, an interphase and a colourless upper RNA containing an aqueous 

phase. The upper one was transmitted to a fresh tube. RNA was precipitated by 

adding 0.5 mL of isopropanol and allowed to incubate at RT for 10 minutes and 

thereafter centrifuged at 10,000 rpm for 10 minutes at 4 ºC. These precipitates form 

gel-like residue on the sides and bottoms of the tube. The supernatant was discarded, 

and the pellet thus obtained was cleansed with 1 mL of 75% C2H5OH and then 

dissolved in 50 μL of RNAase-free DEPC-treated water. Furthermore, the extracted 

RNA was assessed for quantification, integrity and purity using a nanodrop 

spectrophotometer at an absorption ratio of 230/260/280 nm.    
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15.2 cDNA Synthesis  

A commercial kit by Thermo Scientific was used to synthesize first-strand cDNA 

from 1.5 μg extracted RNA template by following the manufacturer’s instructions. 

This cDNA was used as a template for further RT-PCR experimentation.   

 

15.3 Real-Time Quantitative PCR analysis 

Two stress-associated genes, i.e., catalase-1 and Cu-Zn SOD and one housekeeping 

gene, i.e., Actin were selected, and their respective nucleotide sequence were retrieved 

from the NCBI database. Nucleotide sequence of gene-specific primers is given in 

Table 5.2. The RT-PCR reactions were carried out in a 20 μL final reaction mixture 

containing cDNA (80 ng), each gene-specific primer (400 nM) and 10 µl of 2× SYBR 

green qPCR master mix. qRT-PCR was duplicated using the Applied Biosystems 

QuantStudio 5 Real-time PCR system. The RT-PCR programme was as follows: 

Initial denaturation at 94 ºC for 5 min. then 35 cycles of denaturation at 94 ºC for 30 

sec., annealing at 61 (cat-1) and 63 ºC (Actin and Cu-Zn SOD) for 30 sec., extension 

for 72 ºC for 1 min. and final extension at 72 ºC for 5 min. and then 4 ºC hold. 

Table 5.2 Sequence of primers used for qRT-PCR analysis. 

Gene  Accession 

Number  

Primer Sequence (5'-3') Tm 

(ºC) 

GC 

% 

Annealing 

Temp. 

(ºC) 

Cat-I  

NM_001247898.1 

F TGGAAGCCAACTTGTGGTGT 60.03 50.00 61 

R AAGCGACCTTCTGACCACAG 59.97 55.00 

Cu-

Zn 

SOD 

 

NM_001311084.1 

F GGTGTTAGTGGCACCATCCT 59.67 55.00 63 

R AGCACCATGCTCCTTACCAG 59.75 55.00 

Actin NM_001330119.1 F TCCACATGCCATTCTCCGTC 60.11 55.00 63 

R GGTGGAGCGACCACCTTAAT 59.75 55.00 
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The mRNA levels were normalized with Actin (as endogenous control) as the 

reference gene. The fold change in gene expression was examined by adopting the 2-

ΔΔCT method (Livak and Schmittgen, 2001). To determine ΔCT values, CT value of 

the housekeeping gene was subtracted from the CT values of our target genes. 

Statistical Analysis 

The data are expressed as the mean of three independent experiments ± standard error. 

The one-way variance analysis (ANOVA) was performed to test the significance of 

the observed differences using IBM SPSS Statistics version 24. The differences 

between the parameters were evaluated by means of the Tukey post hoc test and p 

values ≤0.05 were considered as statistically significant. 

  



Chapter 6 

Results & Discussion 
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Chapter 6 Result and Discussion 

 

Results 

 

The present investigation was carried out to check out the seed-priming induced 

ameliorative potential of Trichoderma virens (Tv-Biocontrol agent) and Jasmonic 

acid (JA-Chemical inducer) individually and in combination against two soil-borne 

pathogens of tomato viz., Fusarium oxisporum f. sp. lycopersici (Fol) and 

Rhizoctonia solani (Rs). The data were collected at thirty- and sixty-days post-

pathogen inoculation. The observations were recorded for morphological, biochemical 

and molecular aspects.    

 

1. Samplings of Wilt-infected Tomato plants  

Samples of Fusarium wilt-infected tomato plants were collected from tomato-growing 

agricultural fields at Lovely Professional University, Phagwara, Punjab, India. The 

diseased plants were recognized by monitoring symptoms like wilting, chlorosis, 

stunting, slight vein clearing, marginal necrosis, epinasty and defoliation of leaves and 

drooping of petioles (Fig. 6.1 A & B). 

 

Fig. 6.1 Disease symptoms exhibited by tomato plants infected with Fusarium 

oxysporum f. sp. lycopersici [A] yellowing, browning, and wilting of tomato plants 

[B] Browning and discoloration of infected stem. 
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2. Isolation and Identification of Pathogens  

Morphological and Cultural Identification 

Fol 

To isolate the pathogen surface sterilized pieces of the infected stem were placed in 

PDA-containing Petri plates and allowed to incubate in a BOD incubator.  

 

 

Fig. 6.2 Depicting the Cultural and microscopic observations of Fusarium 

oxysporum f. sp. lycopersici [A] Pure culture, [B] Micro and Macro Conidia [C] 

Chlamydospores. 

The fungal mycelium established on these plates was colourless at first, subsequently 

with time turning cream or pale-yellow coloured, and it also has been observed to 

produce a pale pink colouration with a purplish tinge (Fig. 6.2 A). This fungus grows 

three kinds of asexual spores, microconidia, macroconidia and chlamydospores. 

Microconidia are single-celled, ovoid-ellipsoidal in shape and colourless. 

Macroconidia are larger and represent typical ‘Fusarium’ spores with tapering and 

curvy ends at both sides. Macroconidia are generally 2-4 septate (Fig. 6.2 B). 

Chlamydospores are rounded, thick-walled, one or two-celled spores which are either 

produced terminally or intercalary on aged mycelium or in macroconidia (Fig. 6.2 C). 

Based on these morphological and cultural characteristics, the isolated pathogen was 

recognized as Fol by following the standard manual of Synder and Hansen (1941). 

Further Pathogen was identified from IARI with ITCC No. 8111. 
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Rhizoctonia solani 

The pathogenic fungus was procured from the Division of Plant Pathology, Indian 

Agriculture Research Institute, New Delhi, with ITCC No. 1142. The fungal 

mycelium does not produce spores but is identified only by mycelial characteristics.  

 

 

Fig. 6.3 Depicting the Cultural and microscopic observations of Rhizoctonia 

solani [A] Pure Culture, [B] Right-angle branched fungal hypha.  

 

The fungal culture was initially greyish white, turning brown and black afterwards 

(Fig. 6.3 A). The hyphae produce right-angled branches, and these branches exhibit 

constriction at the point of origin (Fig. 6.3 B). Furthermore, near the originating point 

of the branch, a septum has always been reported.  In approximately sixty days old 

culture, the fungus formed microsclerotia of 0.8-1.0 mm in diameter. Based on these 

cultural characteristics, the fungal species has been identified as Rhizoctonia solani 

following Sneh et al. (Sneh et al., 1991). 
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3. Pathogenicity Test 

Fusarium oxysporum f. sp. lycopersici 

The Pathogenicity test was performed under Koch’s postulates. Thirty days old 

tomato seedlings were inoculated with Fol suspension by the standard root dip 

method. Typical wilt symptoms like chlorosis of lower tomato leaves occurred within 

4-5 days of infection. With the progression of the disease, the leaves were wilted and 

dried. Further, wilting and drooping of stem tips were also monitored after 10-15 days 

of pathogen inoculation (Fig. 6.4 A & B).  

 

 

In contrast, control plants were healthy and completely free from disease. When the 

pathogen was re-isolated from the experimental diseased plants exhibited similar 

kinds of cultural growth and conidial morphology and could reproduce the disease on 

inoculation again. These results validated the isolated pathogen as Fol. 

Fig. 6.4 Fusarium oxysporum f. sp. lycopersici inoculated plants showed 

symptoms of yellowing and wilting of leaves and stunting [A and B]  
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Rhizoctonia solani 

To validate the Koch postulates, a pathogenicity test was carried out in tomato 

seedlings. Thirty days old tomato seedlings were transplanted in R. solani pre-

inoculated soil under open field conditions. Initially, water-soaked lesions are formed 

which later transformed into brown colour and enlarged in size to become damaged 

portions (Fig. 6.5 A). The older leaves on these plants turn yellow. The stem on the 

damaged region turned dry with typical cracks on them (Fig. 6.5 B). When the 

pathogen was re-isolated from the experimental diseased plants exhibited similar 

kinds of cultural growth characteristics as explained in the case of the original 

pathogen as mentioned previously. Hence these findings validated this pathogen as 

Rhizoctonia solani 

.  

 

Fig. 6.5 R. solani inoculated plants showed symptoms of [A] Brown colored, 

water-soaked lesion near collar region, [B] dry sunken stem canker. 
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4. Evaluation of antagonistic activities of T. virens and T. viride against F. 

oxysporum f.sp. lycopersici and R. solani by dual culture assay 

Two Trichoderma spp. i.e., T. virens (Fig. 6.6 A) and T. viride (Fig. 6.6 B) were 

screened for their antagonistic activity against Fol and R. solani. Efficacy of two spp. 

of Trichoderma i.e., T. viride and T. virens against pathogens were determined by 

performing dual culture (Fig. 6.7 & 6.8) assay.  

 

 

  

 

Fig. 6.6 Pure culture of Trichoderma spp. [A] T. virens [B] T. viride 

 

Fig. 6.7 Antagonistic activity of Trichoderma spp. against Fusarium 

oxysporum f. sp. lycopersici (Fol) in dual culture assay. [A] T. viride + Fol, 

[B] Control (Fol) and [C] T. virens + Fol. 
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Fig. 6.9 Screening of Trichoderma spp. against pathogens in dual culture technique 

 

 

Fig. 6.8 Antagonistic activity of Trichoderma spp. Rhizoctonia solani (R. solani) in dual 

culture assay. [A] T. viride + R. solani, [B] Control (R. solani) and [C] T. virens + R. 

solani.   

a

c

b

a

c c

0
1
2
3
4
5
6
7
8
9

Radial growth F. oxysporium(cm) Radial growth R.solani (cm)

R
ad

ia
l G

ro
w

th
 (

cm
)

Treatments

Dual Culture Assay



 

100 
 

As compared to the control, T. virens and T. viride cause a significant mycelial 

growth reduction to the magnitude of 76.2, 39 % in the case of Fol and 78.9, 73.6 % 

in the case of Rhizoctonia solani, respectively, but statistically non-significant 

differences were observed between T. virens and T. viride (Fig. 6.9)  

 

 

5. Screening of Trichoderma spp. for the synthesis of chitinase, an 

extracellular enzyme assay 

The chitinolytic activity was assessed by determining the release of reducing 

saccharides from colloidal chitin. Two Trichoderma spp. i.e., T. viride and T. virens 

were grown on basal chitinase detection medium with colloidal chitin as a sole source 

of carbon. Out of two observed spp. of Trichoderma, T. virens exhibited 

approximately 16 percent more chitinase activity than T. viride (Fig. 6.10 & 6.11).    

 

 

 
 
 
 
 
 
 
 
 

 

 Fig. 6.10 Comparison of chitinase activity of two Trichoderma spp. with control. [A] 

Control (without Trichoderma) [B] T. virens [C] T. viride. 
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6. Effect of different concentrations of JA and T. virens on in vitro seed 

germination and seedling vigour of tomato seeds under pathogen infection  

In comparison to non-primed tomato seeds, pre-treatment with T. virens and JA had 

significant improvement in mean root-shoot length, percentage germination and 

vigour index. Under Fol-challenged tomato seedlings, the greatest improvement in 

vigour index was achieved through priming with 1μM JA and 1×107 spores/mL T. 

virens. A similar trend of improvement has been repeated by R. solani-infected 

tomato seedlings with the same concentrations of T. virens and JA (Table 6.1). 
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Fig. 6.11 Screening of Trichoderma spp. for chitinase activity on medium 

supplemented with colloidal chitin.  
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Table 6.1 Effect of different concentrations of JA and T. virens on in vitro seed 

germination and seedling vigor of tomato seeds under pathogen infection.  

 

Pathogen Priming 

agent 

Mean Root 

Length 

(cm) 

Mean 

Shoot 

Length 

(cm) 

Percentage 

Germination 

Vigour 

Index 

Fusarium 

oxysporum 

lycopersici 

Jasmonic Acid (μM) 

0 2.12a ± 

0.15 

4.17a ± 

0.10 

63.33a ± 4.41 398.35 

0.1 2.34a ± 

0.07 

5.10b ± 

0.09 

76.67ab ± 4.41 570.43 

1 3.01b± 0.13 6.03c ± 

0.12 

90.00b ± 2.89 813.6 

10 2.91b± 0.14 5.49b ± 

0.14 

85.00b ± 2.89 714 

T. virens (Spores/ mL) 

0 2.12a ± 

0.15 

4.17a ± 

0.10 

63.33a ± 4.41 398.35 

106 2.55a ± 

0.06 

5.22b ± 

0.11 

81.67b ± 1.67 634.58 

107 3.30b ± 

0.11 

6.19c ±0.12 90.00b ± 2.89 854.1 

108 3.14b ± 5.90c ± 85.00b ± 2.89 768.4 
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0.14 0.11 

Rhizoctonia 

solani 

Jasmonic Acid (μM) 

0 1.89a ± 0.13 3.99a ± 

0.10 

61.67a ± 6.67 362.62 

0.1 2.21a ± 

0.09 

5.01b± 0.09 80.00ab ± 2.89 577.6 

1 2.95b ± 

0.13 

5.79c ± 

0.15 

85.00b ± 2.89 742.9 

10 2.71b ± 

0.15 

5.52c ± 

0.14 

85.00b ± 2.89 700.0 

T. virens (Spores/ mL) 

0 1.89a ± 

0.13 

3.99a ± 

0.10 

61.67a ± 6.67 362.62 

106 2.45b ± 

0.10 

5.19b ± 

0.09 

83.33b ± 4.41 636.64 

107 3.04c ± 

0.12 

5.95c ± 

0.14 

88.33b ± 1.67 794.09 

108 3.07c ± 

0.12 

5.76c ± 

0.10 

85.00b ± 2.89 750.55 

 

7. Morphological Aspects 

After thirty days of pathogen inoculation, morphological parameters viz., shoot-root 

length, fresh-dry weight and the number of leaves were recorded in sixty days old 

tomato plants under different treatments. 
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Root-Shoot Length 

Significant variations were observed among root and shoot length in sixty days old 

treated/untreated tomato plants. When compared with the control, a remarkable 

decrease in root length was detected in tomato plants infected with Fol (45.2%) and R. 

solani (42.3%). Pre-treatment of tomato seeds with T. virens and JA - either 

individually or together, brought significant improvement in root length in infected 

plants as observed in the case of Fol-treated plants. Enhancements of 29, 37 and 53% 

were observed in the case of treatments with Fol+JA, Fol+Tv and Fol+Tv+JA, 

respectively. A similar trend of significant increase has also been perceived in the 

case of R. solani inoculated tomato plants with the treatments Rs+JA (38.7%), Rs+Tv 

(44.6%) and Rs+Tv+JA (55.9 %), respectively (Fig. 6.12 A). In continuation to root 

length observations, shoot length was also observed to decrease in Fol (21.6 %) and 

R. solani (24%) challenged tomato plants. However, the most significant 

improvement in shoot length was also observed in the treatments Fol+Tv+JA (17.6%) 

and RS+TV+JA (16.7%) (Fig. 6.12 B). 
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Fresh-Dry Weight 

Like root-shoot length, tomato plants' fresh and dry weights were also affected 

adversely due to pathogen-induced damage to them. A significant decrease in fresh 

(70.8 and 73.7 %) and dry weight (73.6 and 76.5%) was monitored in the case of 

tomato plants challenged by Fol and R. solani, respectively. In comparison to 

pathogens-stressed plants, maximum fresh weight improvement of 2.3 and 2.5-fold 

was observed in the treatments with Fol+Tv+JA and Rs+Tv+JA, respectively (Fig. 

6.13 A). A similar pattern of a significant reduction in dry weight was also observed 

in pathogen infected tomato plants. However, after the application of bio stimulators, 

a similar trend of enhancement in dry weight has also been repeated in T. virens and 

JA-primed tomato plants under different treatments Fol+Tv+JA (123%), Rs+JA 

(83.9%), Rs+Tv (139.7%) and Rs+Tv+JA (137.6%) (Fig. 6.13 B).  
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Fig. 6.12 Effect of Trichoderma virens (Tv) and Jasmonic acid (JA) on [A] Root 

length and [B] Shoot length in sixty days old tomato plants with and without 

pathogenic stress.  
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Fig. 6.13 Effect of Trichoderma virens (Tv) and Jasmonic acid (JA) on [A] Fresh and [B] 

Dry weight in sixty days old tomato plants with and without pathogenic stress.  

c
c c c

a
ab ab

b

a

ab
b b

0.0

0.1

0.2

0.3

0.4

0.5

0.6

Without Pathogen Fusarium oxysporum lycopersici(Fol) Rhizoctonia solani(Rs)

D
ry

 W
ei

gh
t 

(g
)

Treatments

B - Dry Weight 

f
f

f f

ab

abc bcd

e

a

abc

cde
de

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5

Without Pathogen Fusarium oxysporum lycopersici(Fol) Rhizoctonia solani(Rs)

F
re

sh
 W

ei
gh

t 
(g

)

Treatments

A - Fresh Weight



 

107 
 

Number of Leaves 

 

As observed in the previous growth parameters, a significant increase in the number 

of leaves was observed in JA+ Tv seed-primed tomato plants under pathogen 

inoculation. In pathogen-challenged plants, a percentage reduction of approximately 

43 and 46% was observed in the case of Fol and R. solani infected plants, 

respectively.  However, due to seed priming, a slight improvement of 25% was 

observed in the treatments with Fol+Tv and Fol+Tv+JA while a remarkable 

improvement of 37% was achieved in the treatment with Rs+Tv+ JA in the case of R. 

solani diseased tomato plants (Fig. 6.14). 
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Fig. 6.14 Effect of Trichoderma virens (Tv) and Jasmonic acid (JA) on number of 

leaves in sixty days old tomato plants with and without pathogenic stress.  
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8. Disease Incidence 

The extent of disease suppression in tomato plants through pre-treatment with T. 

virens and JA was revealed by the reduction of wilt and damping-off incidence in 

tomato plants infected with Fol and R. solani, respectively. Our results showed that 

the highest PDI of 85 % was detected in pathogens challenged plants. It has been 

further observed that priming the tomato seeds with T. virens and JA, alone or in 

combination, significantly reduces the PDI when compared to pathogen-inoculated 

plants. However, in the case of Fol, the lowest PDI (40%) was observed in the case of 

treatment with Fol+Tv+JA (Fig. 6.15A). A similar trend of reduction has been 

followed by treatment with Rs+Tv+JA with the PDI falling to 42 % (Fig. 6.15 B). 

 

 

 

a a a
a

d

cd
c

b

0
10
20
30
40
50
60
70
80
90

100

Without Pathogen Fusarium oxysporum lycopersici(Fol)

D
is

ea
se

 I
n

ci
de

nc
e 

(%
)

Treatments

A - PDI Fol



 

109 
 

 

9. Stomatal opening and closing through the Scanning Electron Microscopy 

In the present investigation lower surface of tomato leaves under different treatments 

was scanned with SEM. Under control conditions, the leaf cells have normal stomata 

with characteristics of guard cells. Pathogen-induced damage in tomato leaves leads 

to stomatal closure as depicted in (Fig 6.16 A-E). Furthermore, fusarium wilt and 

damping off diseases also resulted in stomata being remarkably shorter and narrower 

in addition to this exhibiting smaller aperture size. However, priming of tomato seeds 

with combined treatment of T. virens and JA in reduced the pathogen-induced damage 

to tomato leaves depicted in terms of partially recovered stomatal response and 

comparatively opened stomatal aperture.   

 

 

Fig. 6.15 Effect of Trichoderma virens (Tv) and Jasmonic acid (JA) on Percentage Disease 

Incidence (PDI) of [A] F. oxysporum lycopersici and [B] R. solani and in sixty days old 

tomato plants with and without pathogenic stress.  
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Fig. 6.16 Effect of T. virens (Tv) and Jasmonic acid (JA) on stomatal morphology in 

sixty days old tomato leaves stressed with F. oxysporum lycopersici (Fol) and R. solani 

(Rs) observed with the help of Scanning Electron Microscopy.  

A, B, C, D and E respectively represent the treatments viz., Control, Fol, Fol+Tv+JA, 

Rs and Rs+Tv+JA. The samples were observed and photographed with SEM at 15.0 kV. 

The epidermis along with stomata in leaves was observed at different magnifications (× 

250 - ×1800)     
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Biochemical Aspects 

Osmolytes 

Compatible osmolytes play a tremendous role in plant defence by maintaining cellular 

turgor by decreasing the water potential and acting as signalling molecules to initiate 

a cascade of defensive responses in diseased plants.  

10. Free Proline Content 

In sixty days old tomato plants when compared with uninoculated plants, a significant 

increase in the levels of free proline has been observed in the case of both wilting and 

damping off stressed tomato plants. As compared to control, maximum enhancement 

in proline content was depicted in the Fol i.e., 2.7- fold followed by R. solani treated 

plants (2.6- fold). However, pre-treatment of tomato seeds with JA and T. virens, 

either individually or in combination, significantly decreases the accumulation of free 

proline content in the case of both pathogens (Fig. 6.17 A). Our results also revealed 

that, after sixty days of pathogen inoculations in comparison to control plants a 2.3- 

and 2.6-fold increase in free proline content has been measured in Fol and R. solani 

diseased tomato plants, respectively. Additionally, pre-treatment of tomato seeds with 

T. virens or/and JA further increase the free proline content in tomato plants in the 

case of both studied pathogens except in the treatment Rs+Tv (Fig. 6.17 B).   
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Fig. 6.17 Effect of Trichoderma virens (Tv) and Jasmonic acid (JA) on Free Proline 

content in [A] 60 and [B] 90 days old tomato plants with and without pathogenic stress.
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11. Glycine Betaine Content 

After thirty days of pathogens inoculations, a marked increase of approximately 3- 

and 3.4- fold as compared to control in glycine betaine content has been observed in 

Fol and R. solani stressed tomato plants, respectively. Further, pre-treatment of 

tomato seeds with T. virens and JA non-significantly altered the accumulation of 

glycine betaine in diseased plants (Fig. 6.18 A). Likewise, compared with control 

plants, a similar trend of increase in glycine betaine content has also been followed in 

ninety days old tomato plants challenged with fusarium wilt (3.2- fold) and damping 

off (3.8-fold) diseases. In the case of Fol-stressed plants, a significant reduction in 

glycine betaine content has been observed in the treatments Fol+Tv and Fol+Tv+JA 

though they are non-significant to each other. On the other hand, in the case of R. 

solani stressed plants highest content of Glycine betaine was quantified in the 

treatment Rs+Tv+JA (Fig. 6.18 B). 
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12. Total soluble sugar (TSS) 

Our findings revealed that compared to the control in sixty days old tomato plants, the 

levels of total soluble sugar significantly reduced in the leaves of tomato plants 

infected with Fol (16 %) and R. solani (31 %). Compared to Fol inoculated plants, the 

maximum soluble sugar content was quantified in the tomato leaves in which seeds 

were primed with T. virens and JA together. Similarly, in the case of R. solani 

infected plants, the maximum total soluble sugar content was measured in the 

treatment Rs+Tv+JA (2.3- fold) when compared with the treatment Rs and its TSS 

content was statistically like the treatment Fol+Tv+JA (Fig. 6.19 A). In addition, a 

significant reduction in the magnitude of total soluble sugar content has been 

observed in Fol (52 %) and R. solani (50 %) challenged ninety days old plants 

compared to uninfected control plants. In comparison to Fol, a significant 

enhancement in total sugar content has been observed in the JA (2.3-), Tv (2.7-) and 

JA+Tv (3.3-fold) primed, 90 days old tomato plants. Correspondingly in the case of 

R. solani-infected tomato plants, a similar trend of increase in total sugar content has 

also been observed in the T. virens and JA-primed tomato plants (Fig. 6.19 B). 

Furthermore, after sixty days of pathogen inoculation, priming tomato seeds with T. 

Fig. 6.18 Effect of Trichoderma virens (Tv) and Jasmonic acid (JA) on Glycine Betaine 

content in [A] 60 and [B] 90 days old tomato plants with and without pathogenic stress.
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virens alone or combined with Jasmonic acid induced a statistically similar influence 

on TSS content in R. solani-infected tomato plants.   
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Fig. 6.19 Effect of Trichoderma virens (Tv) and Jasmonic acid (JA) on Total Sugar 

content in [A] 60 and [B] 90 days old tomato plants with and without pathogenic stress.  
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13. Total Protein Content 

In sixty days, old tomato plants, total protein contents were observed to be decreased 

significantly under Fol (56 %) and R. solani (50 %) inoculations as compared to 

control plants. In the case of Fol-challenged plants, the most significant increase (95.2 

%) has been quantified in the treatment Fol+JA+Tv compared to the non-primed 

tomato plants. Similar findings have also been monitored in the case of R. solani-

infected plants as 69.8 % improvement has been reported in the case of treatment 

Rs+JA+Tv (Fig. 6.20 A). Likewise, after sixty days of pathogen inoculation in ninety 

days old tomato plants compared to the control, a significant reduction in total protein 

content has been reported in Fol (57.6 %) and R. solani (42.3 %) diseased plants. 

Further pre-treatment of tomato seeds with T. virens and JA alone or in combination 

brought a marked increase in total protein content in both Fol and R. solani inoculated 

tomato plants. Maximum enhancement in total protein content, i.e., 107.8 % has been 

measured in the treatment Fol+Tv+JA under Fol infection. A similar trend has also 

been repeated by the treatment Rs+Tv+JA with a significant increase of 52.35 % in R. 

solani diseased plants (Fig. 6.20 B).  

 

cd
d cd

d

a

ab a

bc

a
ab ab

bc

0
1
2
3
4
5
6
7
8
9

10

Without Pathogen Fusarium oxysporum lycopersici(Fol) Rhizoctonia solani(Rs)

P
ro

te
in

 c
on

te
nt

 (
m

g/
g 

F
W

)

Treatments

A Total Protein content 60 days 



 

117 
 

 

Fig. 6.20 Effect of Trichoderma virens (Tv) and Jasmonic acid (JA) on Total 

Protein content in [A] 60 and [B] 90 days old tomato plants with and without 

pathogenic stress.  

 

Pigments Molecules 

14. Chlorophyll Content 

In comparison to control plants, a significant reduction in the content of chlorophyll a, 

b and the total have been monitored in Fol and R. solani-stressed tomato plants. In 

diseased plants an approximate decrease of 64 and 68 % in chl. a content has been 

recorded in Fol and R. solani challenged tomato leaves, respectively, compared with 

control plants. Similarly, in comparison to the control, a similar trend of decrease has 

also been repeated by Chl. b and total chl. contents in diseased plants. Moreover, pre-

treatment of tomato seeds with T. virens and JA, either individually or in combination, 

increases the values of chlorophyll content in both infected as well as non-infected 

plants. In the case of Fol-challenged tomato plants most significant increase in the 

level of chl. a, and total chl. content has been observed in the treatment Fol+Tv+JA. 

Similar findings under different treatments have also been depicted in R. solani-

challenged tomato plants in the context of Chl. b and total chlorophyll content (Table 

6.2). 
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Table 6.2 Effect of Trichoderma virens (Tv) and Jasmonic acid (JA) on Chl. a, 

Chl. b and total Chl. in 60 days old tomato plants with and without pathogenic 

stress. 

 

Chlorophyll Content 60 days 
 

Treatments 
Chlorophyll a 

(mg/g FW) 

Chlorophyll b 

(mg/g FW) 

Total Chlorophyll 

(mg/g FW) 

Chl a/Chl 

b 
 

CN 1.91f ± 0.06 0.89f ± 0.03 2.8g ± 0.07 2.16 
 

Tv 2.13g ± 0.02 1.06g ± 0.02 3.19h ± 0.03 2.02 
 

JA 1.61e ± 0.04 0.77e ± 0.01 2.39f ± 0.03 2.08 
 

Tv+JA 1.93f ± 0.02 0.88ef ± 0.03 2.8g ± 0.03 2.19 
 

Fol 0.69ab ± 0.02 0.34a ± 0 1.03ab ± 0.02 2.05 
 

Fol+JA 1.05c ± 0.02 0.57cd ± 0.01 1.62cd ± 0.02 1.83 
 

Fol+Tv 1.15c ± 0.04 0.62d ± 0.04 1.77d ± 0.08 1.86 
 

Fol+Tv+JA 1.35d ± 0.02 0.64d ± 0.02 2e ± 0.01 2.1 
 

Rs 0.61a ± 0.02 0.3a ± 0.02 0.91a ± 0.05 2.02 
 

Rs+JA 0.82b ± 0.02 0.41ab ± 0 1.23b ± 0.02 2.03 
 

Rs+Tv 1.01c ± 0.02 0.5bc ± 0.02 1.51c ± 0.01 2.01 
 

Rs+Tv+JA 1.07c ± 0.03 0.56cd ± 0 1.62cd ± 0.03 1.92 
 

 

Owing to pathogens infection, a similar pattern of decrease in chlorophyll 

contents has also been repeated in ninety days old tomato plants. In comparison to the 

control, a percentage reduction of 71 and 72 % in Chlorophyll a content has been 

measured in tomato plants challenged with the pathogenicity of Fol and R. solani, 

respectively. In the case of Fol infected plants, a maximum per cent improvement of 

123.9 and 69.2 % in the case of Chl. a and total chl. content has been depicted by the 

treatment Fol+Tv+JA. Similarly in the case of R. solani inoculation, the maximum 

improvement in chl. a (111.6 %) content has been recorded in the treatment 

Rs+Tv+JA. On the other hand, priming agents non-significantly altered the content of 

Chl. b in R. solani diseased plants (Table 6.3). 
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Table 6.3 Effect of Trichoderma virens (Tv) and Jasmonic acid (JA) on Chl. a, 

Chl. b and total Chl. in 90 days old tomato plants with and without pathogenic 

stress.  

 

Chlorophyll Content 90 days 

Treatments Chlorophyll a Chlorophyll b Total Chlorophyll 
Chl a/Chl 

b 

CN 1.95e ± 0.04 0.97ab± 0.02 2.93c ± 0.05 2.01 

Tv 2.17e ± 0.03 1.02ab± 0.01 3.19c ± 0.04 2.12 

JA 1.95e ± 0.15 1.33b± 0.39 3.28c ± 0.47 1.46 

Tv+JA 2.28e ± 0.07 0.93ab± 0.05 3.21c ± 0.11 2.45 

Fol 0.57ab ± 0.04 0.46a ± 0.09 1.02ab ± 0.08 1.25 

Fol+JA 1.11cd ± 0.07 0.56a± 0.15 1.67ab ± 0.12 1.99 

Fol+Tv 1.21cd ± 0.08 0.45a± 0.06 1.66ab± 0.13 2.72 

Fol+Tv+JA 1.27d ± 0.06 0.46a± 0.05 1.73b± 0.09 2.76 

Rs 0.54a ± 0.05 0.35a± 0.07 0.9a ± 0.07 1.54 

Rs+JA 0.64ab ± 0.05 0.39a ± 0.06 1.03ab± 0.03 1.65 

Rs+Tv 0.91bc ± 0.06 0.42a ± 0.06 1.33ab± 0.12 2.14 

Rs+Tv+JA 1.15cd ± 0.03 0.39a ± 0.05 1.55ab± 0.06 2.93 

 
15. Total Carotenoids Content 

As with the chlorophyll content, a similar trend of decrease in the total carotenoid 

content has been exhibited by the pathogens-inoculated tomato plants when compared 

with their control counterparts. In sixty days old plants concerning control plants, a 

percentage decline of 17 and 39 per cent have been reported in Fol and R. solani-

challenged plants, respectively. Furthermore, seed priming with Tv+JA improved 

carotenoid content to most significant extent (22 %) in Fol stressed plants. Similarly, 

priming of tomato seeds with T. virens alone and in combination with JA most 

significantly improved the carotenoid content in R. solani-infected tomato plants (Fig. 

6.21 A). Furthermore, pre-treatment of tomato seeds with T. virens not only enhanced 
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the total carotenoid content in diseased plants, but a remarkable increase has also been 

exhibited in the non-inoculated plants at both the observed growth stages. Likewise, 

in ninety days old plants, a significant decrease in carotenoid content of magnitude 21 

and 41 % had been reported in Fol and R. solani treated plants compared to control 

plants. However, priming of tomato seeds with Tv and Tv+JA brought the most 

significant improvement in total carotenoid content in both Fol and R. solani-

challenged tomato plants after 60 days of pathogen inoculation (Fig. 6.21 B).  

Fig. 6.21 Effect of Trichoderma virens (Tv) and Jasmonic acid (JA) on Total carotenoids 

content in [A] 60 and [B] 90 days old tomato plants with and without pathogenic stress.
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16. Total Anthocyanin Content 

Our investigation revealed that compared to the control, due to pathogen stress, the 

build-up of total anthocyanin contents has increased significantly in sixty days old 

plants. Though pre-treatment of tomato seeds with JA and Tv+JA also caused a 

significant increase in anthocyanin content in non-inoculated plants too. The 

magnitude of accumulated content was more abundant, i.e., 3.2-fold in the case of R. 

solani infected plants and less (12.43 %) in Fol inoculated ones compared with the 

control value. In the case of Fol-challenged plants a significant increase, i.e., 86 % 

has been observed in the treatment Fol+Tv+JA, while in the case of R. solani infected 

plants, no substantial change in anthocyanin content has been monitored except a 

decrease of 11.3 % has been reported in the treatment Rs+Tv (Fig. 6.22 A). A similar 

trend of enhancement in anthocyanin content has been observed in ninety days old 

tomato plants under R. solani inoculation. Pre-treatment of tomato seeds with T. 

virens and JA, either individually or in combination, does not have any significant 

influence on anthocyanin content accumulation in the case of R. solani infected 

plants, while 45.5 % enhancement has been recorded in the treatment Fol+Tv+JA in 

Fol infected plants (Fig. 6.22 B). 
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Fig. 6.22 Effect of Trichoderma virens (Tv) and Jasmonic acid (JA) on 

Anthocyanin content in [A] 60 and [B] 90 days old tomato plants with and 

without pathogenic stress.  

 
17. Gaseous Exchange  

In addition to various influences of pathogen-induced stress on plant pigments, these 

also affect the photosynthetic activity of plants concerning photosynthetic rate, 

transpiration rate, stomatal conductance and intercellular carbon contents.  

Photosynthetic Rate (PR) 

Regarding the photosynthetic rate in sixty-day-old plants, approximately 66.7 and 

64.5 % inhibition has been observed in Fol and R. solani-treated plants, respectively, 

compared with the control. However, pre-treatment with T. virens alone and JA leads 

to a substantial increase in photosynthetic rate. In the case of Fol inoculated plants, 

priming of tomato seeds with each ameliorating agent treatment exhibit significant 

improvement in photosynthetic rate. A similar trend of the significant increase in 

photosynthetic rate has also been repeated in the case of R. solani diseased plants. A 

marked rise of approximately 96.7 % has been achieved in the treatments Rs+Tv+JA 

(Fig. 6.23 A). A similar trend of decrease in PR in diseased plants has been repeated 

in ninety days old tomato plants. In the case of Fol-infected plants, pre-treatment of 

tomato seeds with bio stimulants alone or in combination significantly improves the 
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photosynthetic rate. Similarly, in the case of R. solani diseased plants, a significant 

increase in the photosynthetic rate has been observed in the treatment Rs+Tv+JA (Fig. 

6.23 B). 

 

 

bc c

abc

bc

ab abc abc
abc

a a
a

abc

0

1

2

3

4

5

6

Without Pathogen Fusarium oxysporum
lycopersici(Fol)

Rhizoctonia solani(Rs)

P
R

 (
μ

 m
ol

 C
O

2 
m

-2
s-1

)

Treatments

A Photosynthetic rate 90 days

Fig. 6.23 Effect of Trichoderma virens (Tv) and Jasmonic acid (JA) on 

Photosynthesis rate in [A] 60 and [B] 90 days old tomato plants with and without 

pathogenic stress. 
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Transpiration rate (TR) 

As depicted in the case of photosynthetic rate, the transpiration rate is also observed 

to be affected because of pathogen-stimulated damage to tomato leaves. In sixty days, 

old tomato plants, compared to control, a percentage reduction in transpiration rate of 

63.6 and 67.50 was quantified in Fol and R. solani-infected tomato leaves, 

respectively. But pre-treatment of host plants seeds with T. virens and JA alone or in 

combination leads to a significant enhancement in TR in the case of Fol stressed 

plants. Likewise, in the case of R. solani stressed plants, marked improvement in TR 

has been observed in the primed tomato plants (Fig. 6.24 A). Similarly, in 90 days old 

tomato plants, a 60.5 and 67.5 % reduction in TR has been observed in Fol and R. 

solani-challenged plants compared to the control one. In Fol infected plants, priming 

of tomato seeds with bio stimulants caused a significant enhancement in TR to a 

statistically equal extent. Likewise, compared to R. solani inoculated 90 days old 

plants a considerable improvement of 81 % in TR has been observed in the treatment 

Rs+Tv+Ja (Fig. 6.24 B).  
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Fig. 6.24 Effect of Trichoderma virens (Tv) and Jasmonic acid (JA) on 

Transpiration rate in [A] 60 and [B] 90 days old tomato plants with and without 

pathogenic stress.  

 

Intercellular Carbon (IC) 

As with the rates of transpiration and photosynthesis, intercellular carbon is 

also observed to decrease in the pathogenically challenged tomato plants. After thirty 

days of pathogen inoculation, the lowest and highest intercellular carbon was 

monitored in the pathogenically infected and non-infected plants with treatment 

Tv+JA, respectively in the case of sixty days old tomato plants. Further, in the case of 

Fol diseased plants, maximum improvement (30.8 %) in intercellular carbon was 

depicted in the Tv+JA-seed primed tomato plants. Similar trend of enhancement in IC 

has also been followed by the treatment Rs+Tv+JA in the case of R. solani infected 

plants (Fig. 6.25 A). As observed in the case of sixty days old tomato plants, a similar 

trend of decrease in the intercellular carbon has also been observed in the Fol (33.8 

%) and R. solani (36 %) diseased plants when compared with the control counterpart. 

However, in Fol-challenged plants, a significant increase in intercellular carbon has 

been monitored in the treatment Fol +JA (34.8 %) followed by Fol+Tv+JA (32.7 %). 
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Similarly, in the case of R. solani stressed plants, the maximum increase in 

intercellular carbon has been monitored in the treatment Rs+Tv+JA (Fig. 6.25 B).  

 

 

 

 

Fig. 6.25 Effect of Trichoderma virens (Tv) and Jasmonic acid (JA) on 

Intercellular carbon in [A] 60 and [B] 90 days old tomato plants with and 

without pathogenic stress.  
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Stomatal Conductance (SC) 

Stomatal conductance measures the level of stomatal opening and can be 

utilized as a marker of the water status of plants. In other words, this term is generally 

referred to as the rate of entering CO2/ exiting of water vapours through stomata. 

Compared to control, owing to the exposure of these two soil-borne pathogens, a 

significant reduction in stomatal conductance has been observed in Fol (61.3 %) and 

R. solani (73.9 %) infected sixty days old diseased plants. Our findings also 

demonstrated that the pre-treatment of tomato seeds with T. virens+JA caused the 

most significant improvement in the stomatal conductance in the case of both Fol and 

R. solani-challenged tomato plants (Fig. 6.26 A). Furthermore, in 90 days old tomato 

plants, a similar trend of decrease in stomatal conductance has also been followed by 

pathogenically challenged tomato plants compared to control plants. Similarly, seed 

priming with both the ameliorating agents together led to the most significant 

enhancement in stomatal conductance in the plants infected with their respective 

pathogens (Fig. 6.26 B). 
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Oxidative Stress Markers 

18. Lipid peroxidation 

Our results indicate that pathogens-induced cellular damage in tomato leaves led to 

lipid peroxidation during pathogenic stress. The extent of lipid peroxidation was 

determined in terms of MDA content. In sixty days old tomato plants in comparison 

to the control, MDA contents were reported to be the highest in the case of R. solani 

(2.5- fold) followed by Fol (2.3-fold), respectively. However, pre-treatment of tomato 

seeds with T. virens and JA lowers the MDA content accumulation in the case of both 

pathogens. Further, the tomato seeds priming with the combination of T. virens + JA 

resulted in a significant reduction to the magnitude of 25.3 and 28.1 % in the case of 

Fol and R. solani diseased plants, respectively in comparison to the individual 

pathogens treatments alone (Fig. 6.27 A). In addition, due to pathogen inoculation, 

MDA content was also reported to be increased in ninety days old tomato plants. As a 

significant increase of 3.5- and 3.3- fold of control has been quantified in Fol and R. 

solani diseased ninety days old tomato plants, respectively. Moreover, pre-treatment 

of tomato seeds with T. virens and JA, either individually or combined led to a further 

Fig. 6.26 Effect of Trichoderma virens (Tv) and Jasmonic acid (JA) on Stomatal 

Conductance in [A] 60 and [B] 90 days old tomato plants with and without pathogenic 

stress.  
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reduction in MDA contents in plants affected by respective pathogens. In the case of 

R. solani infected plants, the maximum decrease in the lipid peroxidation was 

reported in the treatments where seeds were primed with both the ameliorating agents 

in the treatment Rs+Tv+JA. On the other hand, priming of tomato seeds with either T. 

virens alone or in combination with JA have statistically equal influence on the extent 

of lipid peroxidation in Fol-diseased plants (Fig. 6.27 B). 

 

 
Fig. 6.27 Effect of Trichoderma virens (Tv) and Jasmonic acid (JA) on MDA 

content in [A] 60 and [B] 90 days old tomato plants with and without pathogenic 

stress.  
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19. Hydrogen Peroxide Content 

Inoculation of tomato plants with pathogens leads to the production of the 

oxidative burst in the leaves of infected plants and is detected in the form of H2O2 

content. In the sixty days old tomato plants, in comparison to the control H2O2 

contents were reported to be the highest in the case of R. solani (3.2- fold) followed 

by Fol (3- fold), respectively. Moreover, the maximum reduction in H2O2 contents 

was observed in Fol (25.9 %) and R. solani (29.7 %) diseased tomato plants where 

tomato seeds were previously primed with T. virens and JA together under the 

treatments Fol+Tv+JA and Rs+Tv+JA, respectively (Fig. 6.28 A). Likewise, as 

compared to the control a similar trend of enhancement in H2O2 contents has also 

been repeated in ninety days old tomato plants challenged with Fol (5- fold) and R. 

solani (6- fold). Though pre-treatment of tomato seeds with T. virens and JA alone or 

in combination did not bring any significant decrease in the level of H2O2 

accumulation in Fol stressed plants, a marked decrease has been observed in R. solani 

stressed plants under the treatments Rs+JA, Rs+Tv and Rs+Tv+JA (Fig. 6.28 B). 
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Antioxidative Defence System 

Non-Enzymatic Antioxidants 

The effect of pathogens induced stress in tomato plants pre-treated with T. virens and 

JA, in terms of non-enzymatic antioxidants was observed by monitoring the values of 

Ascorbic acid, Glutathione and Tocopherol content under different treatments after 30 

and 60 days of pathogens inoculation. 

20. Ascorbic Acid (AsA) 

In the case of sixty days old plants, maximum contents of ascorbic acid were reported 

in plants with treatment RS+Tv+JA (0.46 mg/ g FW). In comparison to the control, a 

significant rise of 82.5 and 104.3 % in ascorbic acid content has been reported in the 

case of Fol and R. solani inoculated tomato plants, respectively. Further, priming of 

tomato seeds with T. virens and JA either alone or in combination lead to a significant 

increase in the AsA content in diseased plants. A similar trend of AsA content 

increase has also been followed in 90- days old tomato plants and maximum content 

has been observed in the treatment Fol+Tv+JA (0.52 mg/ g FW) (Table 6.4 & 6.5).  

Fig. 6.28 Effect of Trichoderma virens (Tv) and Jasmonic acid (JA) on H2O2 content in 

[A] 60 and [B] 90 days old tomato plants with and without pathogenic stress.  
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21. Glutathione (GSH) 

Pathogens induced oxidative damage in tomato plants also led to the enhancement in 

GSH content in diseased plants after both 30 and 60 days of pathogens inoculation. 

Moreover, pre-treatment of tomato seeds with T. virens and JA alone or in 

combination further raises the GSH content in both inoculated as well as non-

inoculated tomato plants. In comparison to the control, maximum GSH content was 

observed in the treatments Fol +Tv +JA (100 %) and Rs+Tv+JA (99.4 %) in sixty 

days old tomato plants, though w.r.t GSH content, these treatments were non-

significant to each other. Similarly, in the case of ninety days old plants, compared to 

the control a significant enhancement in GSH content has been observed in the 

treatments Fol+JA, Fol+Tv and Fol+JA+Tv in the case of Fol diseased plants. Similar 

findings have also been observed in R. solani stressed tomato plants in the case of 

treatments Rs+JA, Rs+Tv and Rs +JA+Tv (Table 6.4 & 6.5).  

Table 6.4 Effect of Trichoderma virens (Tv) and Jasmonic acid (JA) on AsA, GSH 

and Tocopherol contents in sixty days old tomato plants with and without 

pathogenic stress.  

 

Treatments Ascorbic acid 

(mg/ g FW) 

Glutathione 

(mg/ g FW) 

Tocopherol 

(μg/ g FW) 

CN 0.205a ± 0.003 0.215a ± 0.004 18.45a ± 2.54 

Tv 0.21a ± 0.0018 0.23ab ± 0.0062 19.4ab ± 2.8 

JA 0.26a ± 0.017 0.25ab ± 0.0062 20.12ab ± 1.91 

Tv+JA 0.23a ± 0.013 0.266b ± 0.0051 22.32abc ± 1.2 

Fol 0.37b ± 0.015 0.377c ± 0.0090 29.7bcd ± 1.6 

Fol+JA 0.44bc ± 0.029 0.418cd ± 0.0094 35.13de ± 3.13 
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Fol+Tv 0.408bc ± 0.016 0.39cd ± 0.0112 31.13cde ± 1.9 

Fol+Tv+JA 0.425bc ± 0.013 0.429d ± 0.0129 40.3e ± 1.8 

Rs 0.42bc ± 0.018 0.379c ± 0.0065 34.62de ± 2.6 

Rs+JA 0.45bc ± 0.01 0.425d ± 0.0126 34.5de ± 1.4 

Rs+Tv 0.411bc ± 0.014 0.379c ± 0.0068 31.26cde ± 1.44 

Rs+Tv+JA 0.462c ± 0.016 0.428d ± 0.0103 40.25e ± 1.8 

 

 

22. Tocopherol Content  

In addition to AsA and GSH content, tocopherol content has also been monitored to 

increase in pathogen-challenged tomato plants post 30 and 60 days of pathogen 

infection. Furthermore, seed priming with T. virens and JA alone or together raises the 

content of tocopherol in diseased as well as non-infected plants. In comparison to the 

control, maximum tocopherol content (40.3 μg/ g FW) was monitored in the treatment 

Fol+ Tv+JA followed by Rs+Tv+JA (40.3 μ g/ g FW) in sixty days old plants, and 

both of these values are non-significant to each other. A similar trend of tocopherol 

enhancement has also been followed in 90 days old tomato plants under different 

treatments. In the case of F. oxysporum lycopersisci, priming of tomato seeds with JA 

and T. virens in combination caused a significant increase of 47. 7 % in tocopherol 

content, while a percentage increase of 39 % has been observed in the treatment 

Rs+Tv+JA compared to the treatment Rs alone (Table 6.4 & 6.5).  

 

Table 6.5 Effect of Trichoderma virens (Tv) and Jasmonic acid (JA) on AsA, GSH 

and Tocopherol contents in ninety days old tomato plants with and without 

pathogenic stress.  
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Treatments Ascorbic acid 

(mg/ g FW) 

Glutathione 

(mg/ g FW) 

Tocopherol 

(μg/ g FW) 

CN 0.19a ± 0.01 0.2a ± 0.01 17.42a ± 2.13 

Tv 0.23ab ± 0 0.21ab ± 0 19.69ab ± 0.86 

JA 0.26abc ± 0.01 0.25ab ± 0.01 21.03ab ± 1.59 

Tv+JA 0.28bc ± 0.02 0.27b ± 0.01 22.45abc ± 1.64 

Fol 0.33cd ± 0.02 0.35c ± 0.01 28.77bcd ± 1.4 

Fol+JA 0.46fg ± 0.03 0.43de ± 0.01 36.98de ± 2.85 

Fol+Tv 0.41def ± 0 0.4cde ± 0.01 32.77d ± 3.35 

Fol+Tv+JA 0.51g ± 0.01 0.44e ± 0.01 42.48e ± 1.32 

Rs 0.38de ± 0.02 0.35c ± 0.01 31.18cd ± 2.14 

Rs+JA 0.49g ± 0.01 0.44e ± 0.02 37.2de ± 1.27 

Rs+Tv 0.44efg ± 0.02 0.38cd ± 0.01 34.74de ± 1.58 

Rs+Tv+JA 0.49g ± 0.01 0.45e ± 0.01 43.34e ± 0.98 

 

Enzymatic Antioxidants 

23. Superoxide Dismutase (SOD) 

Infection of tomato plants with both pathogens leads to an increase in the activity of 

the SOD enzyme. In comparison to ninety days old plants, SOD activity was observed 

to be more in sixty days old plants under different applied treatments (Fig 6.29 A). 

Further, combined seed priming with T. virens and JA raised the activity of the SOD 

enzyme in the case of both Fol and R. solani-infected plants to the maximum level. 

As in the case of Fol inoculated plants a significant increase of 56 and 48 % has been 

reported in the treatment Fol+Tv+JA in 60- and 90-days old tomato plants, 

respectively. Similarly, in comparison to non-primed seedlings, in the case of R. 
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solani diseased plants highest activity of SOD in sixty days (57 %) and ninety days 

old (62 %) plants have been monitored under the treatment Rs+Tv+JA (Fig..6.29 A & 

B). 
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Fig. 6.29 Effect of Trichoderma virens (Tv) and Jasmonic acid (JA) on the enzymatic 

activity of SOD enzyme in [A] 60 and [B] 90 days old tomato plants with and without 

pathogenic stress.  
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24. Guaiacol peroxidase (GPOX) 

Pathogens inoculation caused a marked increase in the activity of GPOX enzyme at 

both stages of growth in contrast to the control plants. The activity of GPOX enzyme 

was observed to be slightly higher in sixty rather than ninety days old plants. In the 

case of sixty days old plants, the most increased activity was reported in the treatment 

Fol+Tv+JA followed by Fol+Tv though they are non-significantly different from each 

other. Though in non-inoculated plants, seed priming with biostimulants decreased 

this enzyme's activity. Furthermore, in the case of R. solani diseased plants, maximum 

GPOX activity (0.47 μ mol mg-1 protein min-1) has been observed in the treatment 

Rs+Tv+JA (Fig. 6.30 A). In comparison to the control, a percentage increase in 

GPOX activity of magnitude 118 and 82 % has been reported in the treatment 

Fol+Tv+JA and Rs+Tv+JA, respectively.  Likewise, in ninety days old plants, a 

significant rise of 2.9- fold of control in GPOX activity has been observed in the 

treatments Fol+Tv+JA and Rs+Tv+JA. Though priming tomato seeds with 

ameliorative agents non-significantly altered GPOX activity in ninety days old Fol 

challenged tomato plants, in ninety days old plants, a marked increase in GPOX 

activity has been monitored under the treatments Rs+JA and Rs+Tv+JA in R. solani 

infected tomato plants (Fig. 6.30 B). 
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25. Ascorbate peroxidase (APX) 

It has been observed that the activity of APX has been increased in the pathogenically 

stressed tomato plants. Among these, a maximum elevation in APX activity was 

observed in the plants seed-primed with T. virens and JA in combination in sixty days 

old plants challenged with the respective pathogens. In the cases of Fol and R. solani 

challenged sixty days old plants, an individual rise of 15.3 and 124 % have been 

monitored in the treatments Fol+Tv+JA and Rs+Tv+JA, respectively (Fig. 6.31 A). 

Moreover, in the case of ninety days old plants, priming tomato seeds with these 

biostimulants either individually or in combination does not bring any significant 

change in the APX activity in the case of Fol-stressed plants but a considerable 

increase in the case of R. solani diseased tomato plants (Fig. 6.31 B). 
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Fig. 6.30 Effect of Trichoderma virens (Tv) and Jasmonic acid (JA) on the enzymatic 

activity of GPOX enzyme in [A] 60 and [B] 90 days old tomato plants with and without 

pathogenic stress.  
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Fig. 6.31 Effect of Trichoderma virens (Tv) and Jasmonic acid (JA) on the 

enzymatic activity of APX enzyme in [A] 60 and [B] 90 days old tomato plants with 

and without pathogenic stress.  
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26. Dehydroascorbate reductase (DHAR) activity  

The pathogenic infection elevated the DHAR activity in the stressed plants after thirty 

and sixty days of post pathogens inoculation. In the case of sixty days old plants, the 

highest DHAR activity was measured in the treatment Rs+Tv+JA followed by 

treatment Fol+Tv+JA which were respectively about 168 and 194 % higher than the 

control plants (Fig. 6.32 A). A similar DHAR activity enhancement trend has been 

monitored in the pathogenically stressed ninety days old tomato plants. Pre-treatment 

of tomato seeds with T. virens and Jasmonic acid combined increased the DHAR 

activity to the highest level, which was observed to be 62 and 76 % more than Fol and 

R. solani stressed plants, respectively (Fig. 6.32 B). 
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27. Glutathione Peroxidase (GPX) 

GPX activity was monitored after thirty and sixty days of pathogens inoculation in 

tomato plants. No significant time-dependent alteration in GPX activity has been 

observed in sixty- and ninety-day-old tomato plants under control as well as stressed 

conditions. In sixty days old plants, in comparison to the control, the highest activity 

of GPX was observed in the treatment Fol+Tv+JA (3.2- fold) followed by Fol+Tv 

(3.1- fold), and statistically, the values of these treatments were non-significant to 

each other. Furthermore, in the case of R. solani diseased plants, a marked increase of 

41 % has been reported in the treatment Rs+Tv+JA (Fig. 6.33 A).  Similarly, in the 

case of ninety days old non-inoculated plants, a significant enhancement and decrease 

in the activity of GPX have been monitored in the case of treatments Tv, JA and 

Tv+JA, respectively, when compared with control plants. Furthermore, in the case of 

Fol and R. solani stressed tomato plants significant increase in the activity of GPX 
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Fig. 6.32 Effect of Trichoderma virens (Tv) and Jasmonic acid (JA) on the enzymatic 

activity of DHAR enzyme in [A] 60 and [B] 90 days old tomato plants with and without 

pathogenic stress. 

 



 

141 
 

Fig. 6.33 Effect of Trichoderma virens (Tv) and Jasmonic acid (JA) on the enzymatic 

activity of GPX enzyme in [A] 60 and [B] 90 days old tomato plants with and without 

pathogenic stress.  

has been observed in the plants, in which priming of tomato seeds was done with 

these ameliorative agents before the pathogenic inoculations except in the treatment 

Fol+JA (Fig. 6.33 B). 
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28. Glutathione Reductase (GR) 

 

   In comparison to the control plants, a significant elevation in GR activity has been 

reported in the pathogenically stressed plants. In contrast to the control, a 4.4- and 4-fold 

increase in the activity of GR enzymes has been observed in Fol and R. solani infected 

sixty days old tomato plants, respectively (Fig. 6.34 A). Similar findings have also been 

monitored in the ninety days old plants (Fig. 6.34 B). However, pre-treatment of tomato 

seeds with T. virens and JA alone or in combination did not induce any significant 

change in the activity of GR enzyme in pathogens-inoculated and non-inoculated tomato 

plants at both the observed growth stages (Fig. 6.34 A & B). 
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Fig. 6.34 Effect of Trichoderma virens (Tv) and Jasmonic acid (JA) on the enzymatic 

activity of GR enzyme in [A] 60 and [B] 90 days old tomato plants with and without 

pathogenic stress. 
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29. Glutathione-S-Transferase (GST) 

 

Quantifying GST activity by using CDNB substrate revealed that in comparison to 

control plants, pathogenically challenged plants exhibit a significant increase in GST 

activity. Furthermore, no remarkable alteration in the enzymatic activity has been 

reported in the case of sixty- and ninety-days old plants. Tomato seed priming with T. 

virens and Jasmonic acid, either alone or in combination, decreases the GST activity 

in both Fol and R. solani stressed plants at both the growth stages (Fig. 6.35 A and B). 

Maximum GST activity has been monitored in the treatments Rs (8.8- fold of control) 

and Fol (9.5- fold of control) for sixty- and ninety-days old plants, respectively.   

 

a a a a

cd
bcd

bcd bc

d
bcd

bcd
b

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90

Without Pathogen Fusarium oxysporum lycopersici(Fol) Rhizoctonia solani(Rs)

G
ST

 (
μ

m
ol

 p
ro

du
ct

 m
g−

1 
pr

ot
ei

n 
m

in
−

1 )

Treatments

(A Glutathione-S-Transferase Activity 60 days)   



 

145 
 

30. Polyphenol Oxidase (PPO) 

Owing to the pathogenic stress, an enhancement in the activity of PPO has been 

monitored in the primed as well as non-primed tomato plants. In the sixty days old 

plants, maximum PPO activity has been monitored in the Rs+Tv+JA. In comparison 

to control plants, a 140 and 104 % enhancement in the PPO activity has been detected 

in the Fol and R. solani stressed plants, respectively. Moreover, in the case of Fol-

inoculated tomato plants, seed priming with T. virens alone and in combination with 

Jasmonic acid significantly raised the enzymatic activity to an equal extent, 

statistically. Similar findings have been observed in R. solani diseased, sixty-day-old 

tomato plants. As depicted in (Fig. 6.36 A) a percentage increase of 72.5 and 89.3 % 

has been observed in the tratments Rs+Tv and Rs+TV+JA in the case of infection 

with R. solani, respectively. Similarly in the case of ninety days old plants in 

comparison to control, pathogens inoculation elevates the activity of PPO enzyme in 

the stressed plants, but the pre-treatment of infected plants with JA and JA+Tv 

 

Fig. 6.35 Effect of Trichoderma virens (Tv) and Jasmonic acid (JA) on the enzymatic 

activity of GST enzyme in [A] 60 and [B] 90 days old tomato plants with and without 

pathogenic stress. 
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exhibited the most significant influences on PPO activity in the case of both Fol and 

R. solani challenged plants (Fig. 6.36 B). 

 

 

 

Fig. 6.36 Effect of Trichoderma virens (Tv) and Jasmonic acid (JA) on the 

enzymatic activity of PPO enzyme in [A] 60 and [B] 90 days old tomato plants 

with and without pathogenic stress.  
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31. Catalase 

Our findings further revealed that the pathogenic inoculations tended to increase not 

only the content of hydrogen peroxide but also lead to the increase in the activity of 

catalase enzyme at both the growth stages. Moreover, either alone or combined 

application of T. virens and Jasmonic acid further augmented the activity of this 

enzyme in the case of both diseased as well as non-inoculated sixty days old plants 

except in the treatment Tv. Consequently, compared to sixty days old plants, the 

enzyme activity decreased in ninety days old plants. In the case of sixty days old 

plants most significant increase in the catalase activity has been observed in the 

treatment Fol+Tv+JA in the case of Fol-stressed plants (Fig. 6.37 A). Likewise, in R. 

solani-challenged plants most remarkable increase in the catalase activity has been 

monitored in the treatment Rs+Tv+JA. Similarly, in the case of ninety days old plants, 

compared to the control, the maximum catalase activity has been observed in the 

treatment Rs+Tv+JA (3.05- fold) (Fig. 6.37 B).   
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32. Free radical scavenging Activity 

 The antioxidant capabilities of tomato seedlings have been found to increase due to 

pathogen-induced damage and are exhibited in their inhibition activity to some 

radicals. The antioxidant activity of the methanolic extract of stressed and non-

stressed tomato leaves was investigated through ABTS and DPPH methods. In sixty 

days, old tomato leaves, in comparison to control, the percentage increase in DPPH 

activity was measured to be 94.4 and 115 % in the case of Fol and R. solani, 

respectively. Further, a significant reduction in the DPPH activity has been observed 

in the treatment Fol+Tv+JA in Fol stressed tomato plants (Fig. 6.38 A). On the other 

hand, in the case of R. solani diseased plants, the most significant increase in the 

DPPH activity has been monitored in the treatment Rs+JA. As with DPPH activity, 

the percentage increase in ABTS activity in the case of Fol (106.6 %) and R. solani 

(161.4 %) has also been reported when compared with control plants. Our findings 

also revealed that the most significant enhancement in ABTS activity has been 

depicted in the diseased plants where seeds were primed with jasmonic acid before 

the exposure of the respective pathogen (Fig. 6.38 B). Similarly, in 90 days old 

Fig. 6.37 Effect of Trichoderma virens (Tv) and Jasmonic acid (JA) on the enzymatic 

activity of CAT enzyme in [A] 60 and [B] 90 days old tomato plants with and without 

pathogenic stress.  
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tomato plants challenged with Fol a significant reduction in DPPH activity has been 

monitored in the treatment Fol+Tv and Fol+Tv+JA, while in the case of R. solani 

infected tomato plants priming of tomato seeds with T. virens alone brought a 

significant reduction in DPPH activity under the treatment Rs+Tv (Fig. 6.39 A). 

Likewise, to DPPH, a similar trend of enhancement has been followed by ABTS 

activity in diseased plants. Furthermore, plants (disease free or diseased) have 

depicted maximum extent of ABTS activity in which tomato seeds were pre-treated 

with JA alone (Fig. 6.39 B). 
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Fig. 6.38 Effect of Trichoderma virens (Tv) and Jasmonic acid (JA) on the free radical 

scavenging activity through [A] DPPH and [B] ABTS assay in 60 days old tomato plants 

with and without pathogenic stress.  
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Fig. 6.39 Effect of Trichoderma virens (Tv) and Jasmonic acid (JA) on the free radical 

scavenging activity through [A] DPPH and [B] ABTS assay in 90 days old tomato plants 

with and without pathogenic stress.  
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Secondary metabolites 

33. Total Flavonoid Content (TFC)   

Flavonoid contents were observed to enhance because of pathogen-induced damage to 

tomato leaves, in sixty days old tomato plants, percentage increases in total flavonoid 

content were of the magnitude of 97.7 % in the case of Fol and 98.9 % in the case of 

R. solani when compared with non-infected counterparts. Further, the most significant 

increase in the total flavonoid content to 29.7 % (Fol) and 35.8 % (R. solani) was 

monitored when tomato seedlings were primed with JA and T. virens combinedly. 

The maximum flavonoid content has been reported in the treatment Rs+Tv+JA 

followed by treatment Fol+Tv+JA (Fig. 6.40 A). 

A similar trend of increase in TFC has been monitored in ninety days old tomato 

plants after sixty days of pathogen contamination. Furthermore, the level TFC was 

reported to be more in the case of R. solani stressed plants than in comparison to Fol 

challenged one in ninety days old tomato plants. Maximum TFC was observed in the 

treatment, Rs+Tv+JA i.e., 0.63 mg/g FW followed by treatment Fol+Tv+JA which is 

measured to be 0.59 mg/g FW (Fig. 6.40 B).     
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Fig. 6.40 Effect of Trichoderma virens (Tv) and Jasmonic acid (JA) on Total 

Flavonoid content in [A] 60 and [B] 90 days old tomato plants with and without 

pathogenic stress. 

 

34. Total Phenolic Content (TPC) 

TPC was calculated using the standard curve of Gallic acid. Pathogens inoculations 

has been observed to raise the levels of TPC in diseased plants. In the case of sixty 

days old plants, in contrast to the control, a significant increase in TPC (54 and 147 

%) was perceived due to Fol and R. solani induced stresses, respectively. Moreover, 

pre-treatment of tomato seeds with JA, T. virens and JA+T. virens generated non-

significant and significant changes in TPC in Fol and R. solani diseased plants, 

respectively. Statistically, the highest content of TPC was monitored in the treatment 

Rs+Tv+JA and Rs+Tv (Fig. 6.41 A). Likewise, TPC reported after sixty days of 

pathogen inoculation exhibited a similar trend of a substantial increase in TPC in R. 

solani infected plants when compared with non-inoculated, and Fol-inoculated plants. 

Pre-treatment of tomato seeds with T. virens and JA alone or in combination did not 

insert any significant influence in TPC accumulation in both Fol and R. solani 

diseased ninety days old tomato plants (Fig. 6.41 B).  
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Fig. 6.41 Effect of Trichoderma virens (Tv) and Jasmonic acid (JA) on Total 

Phenolic content (TPC) in [A] 60 and [B] 90 days old tomato plants with and 

without pathogenic stress.  
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35. Molecular Aspects 

To ascertain the effectiveness of biological control agent and chemical inducer in the 

enhancement of transcription of defence-related genes, the expression pattern of the 

two antioxidative genes, i.e., Cu-Zn SOD and Catalase-I, was investigated using 

quantitative RT-PCR from tomato leaves after thirty days of pathogen inoculation 

(Fig. 6.42). Consequently, compared to non-inoculated control, a considerable rise in 

the catalase gene expression has been observed. As depicted in (Fig. 6.43 A) in the 

Fol-challenged plants concerning the expression of actin gene, above 3- and 7-fold 

increase in the expression of catalase gene has been monitored in the treatments Fol 

and Fol+Tv+JA, respectively. Similar findings have been observed in the R. solani-

challenged tomato plants. 

 In addition to catalase, expression of SOD gene has also been reported to be 

upregulated owing to the pathogens-induced stresses in the diseased plants. In 

reference to actin gene, a 2.5- and 6.8- fold increase in the expression of the SOD 

gene has been reported in the treatment Fol and Fol+Tv+JA, respectively, in the Fol 

challenged plants. Similarly, in the case of R. solani inoculated plants, a 2.9- and 7.3- 

fold increase in the level of expression of SOD has been reported (Fig. 6.43 B).      
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Fig. 6.42 Validation of specificity of primers used in Real Time q-RTPCR analysis. Contrast 

enhanced image of electrophoresis gel confirming amplicon size and primer specificity using 

RT-qPCR amplification product.  

The sizes for nucleotide ladder are indicated to left of bands (100 to 1500 bp). 
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Fig. 6.43 Effect of Trichoderma virens (Tv) and Jasmonic acid (JA) on Relative fold change in 

the expression value of [A] Cat-I and [B] Cu-Zn SOD in sixty days old tomato plants with and 

without pathogenic stress. 
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Discussion 

During different stages of growth and development, tomatoes are vulnerable to 

more than 200 types of diseases. Among these, soilborne pathogens represent a major 

element for longer persistence and a more comprehensive host range (Cheng et al., 

2021; Singh et al., 2017). Amongst soil-borne pathogens, Fol has been considered one 

of the major critical risks to greenhouse and field-grown tomatoes globally, 

accounting for approximately 10-80 % yield reduction worldwide (Ma et al., 2023; 

Srinivas et al., 2019). Likewise, Rhizoctonia solani-induced infection causes many 

crops and yield loss at the early and later stages of growth of this horticulturally 

important vegetable crop (Ebrahimi-Zarandi et al., 2021; Taheri et al., 2024). 

Therefore, Fol and R. solani, the most devastating pathogens of tomato, were taken in 

the present investigation, which was identified through different methods. 

Consequently, the disease-producing capability of Fol was evaluated through the 

pathogenicity test by perceiving symptoms like vein clearing, reduced rate of 

photosynthesis and transpiration, wilting, leaf epinasty, vascular browning, interveinal 

necrosis, and cell death. Several previous investigations have supported our findings 

regarding the pathogenicity test of fusarium wilt in tomato plants (Adhikari et al., 

2020; Hernández-Aparicio et al., 2021; Nirmaladeviet al., 2016). Similarly, the 

pathogenicity test in R. solani-infected tomato plants revealed rusty-brown, dry 

sunken lesions on plants near collar regions near the soil lines. Furthermore, the 

infected plants become stunted and yellow and may wilt with the degradation of 

lateral roots. Our findings agreed with several earlier reports (Abdelghany et al., 

2022; Gondal et al., 2019). 

Multiple management approaches have been employed to minimise the 

pathogens-induced damage and yield improvement in tomato crops, including the 

establishment of tolerant or resistant cultivars and the application of biological control 

agents (Meshram and Adhikari, 2024; Panth et al., 2020). Therefore, in pursuing 

sustainable agriculture, various spp. of the genus Trichoderma serves as economically 

significant biostimulants in plant growth promotion, induction of disease resistance 

and disease control. Several investigations have reported the antagonistic activities of 

Trichoderma spp. counter to several myco-pathogens of economically important crops 

through dual culture assay (Yao et al., 2023). In the present research work, screening 
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of two strains of Trichoderma, i.e., T. virens and T. viride, against Fol and R. solani 

was assessed through this technique. Maximum reduction in both pathogens' in vitro 

radial growth has been observed with T. virens, though, in the case of R. solani, both 

Trichoderma spp. exhibited statistically equal influence on radial growth inhibition. 

Developing an inhibition zone at the contiguous spot between pathogens and 

Trichoderma spp. in double culture assay might be ascribed to the synthesis and 

accumulation of mycoparasitic volatile and non-volatile metabolites along with the 

assembly of various extracellular hydrolytic enzymes by these species (Abbas et al., 

2022). Antagonistic effects of T. virens in the radial growth of R. solani in dual 

culture assay have been registered by Halifu et al. (Halifu et al., 2020). Furthermore, 

the inhibitory action of T. virens against mycopathogens has been confirmed in 

previous investigations. In addition to this, synthesis and release of CWDE along with 

antibiotics are precious weapons used by Trichoderma spp. to reduce the 

pathogenicity of fungal pathogens in the host plants, as the cell wall of fungal 

pathogens is composed of chitin and β-1,3 glucan (Ghasemi et al., 2020). The present 

investigation also explores the biocontrol potential of T. virens and T. virde through 

chitinase activity in the chitinase detection media which could be participated in the 

disintegration of the pathogen’s cell wall during antagonism. Further, these fragments 

of pathogenic cell walls serve as ligands which, by binding with suitable receptors, 

initiate the downstream signalling cascades via the induction of mitogen-activated 

protein kinase (MAPK) and G proteins (Shobade et al., 2024; Sood et al., 2020). 

Pathogen exposure disturbs the plant by interfering with plant vegetative growth 

and numerous physiological processes. For example, root rot disease of tomatoes 

triggered by R. solani infection results in a decline in total root length, a decrease in the 

number of root tips, as well as in the magnitude of root branching, which eventually 

makes plants incapable to access water from underground soil layers and consequently, 

lowers the shoot growth (Heflish et al., 2021). Similar findings were also obtained with 

Phytophthora parasitica causing infection in tomato seedlings (Larousse et al., 2017). 

Our study has also revealed the same results measured regarding root length, shoot 

length, fresh and dry weight, and the number of leaves. Furthermore, fusarium wilt 

diminishes plant growth by clogging and blocking the xylem vessels responsible for 

translocating water and essential minerals through the plants. In addition to this, 

chlorosis, stomatal closure, etc., are the reasons which might be accountable for the 
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pathogen-induced decrease in the growth of infected tomatoes (Chaturvedi et al., 2022). 

Similarly, R. solani-infected tomato plants display poor lateral growth of roots, 

indicating to less vigorous plants with decreased water and minerals uptake abilities. 

Consequently, these plants look chlorotic and stunted. Furthermore, with the subsequent 

decrease in approach to soil water and minerals, plants sooner or later wilt and die 

(Ajayi-Oyetunde and Bradley, 2018; Williamson-Benavides and Dhingra, 2021). 

Recent information has uncovered the excellent efficacy of Trichoderma as an 

incredible plant growth-promoting fungus (PGPF) (Yao et al., 2023; Zin and 

Badaluddin, 2020). A substantial number of investigations revealed 

that Trichoderma augment the total plant health by establishing a good environment and 

assembly of a considerable number of secondary metabolites utilized by stressed plants 

during different metabolic processes. Our findings are supported by several previous 

investigations, which confirmed that the roots with a more extensive surface area due to 

Trichoderma spp. inoculation assists the root system in exploring a larger region of soil 

(Andrzejak and Janowska, 2022; Contreras-Cornejo et al., 2018), Subsequently, Cai et 

al. investigated that T. harzianum produced a secondary metabolite named harzianolide, 

which significantly stimulated the growing of tomatoes in soil/ hydroponic system even 

at low conc. of 0.1 and 1 ppm (Cai et al., 2013). Furthermore, this metabolite influences 

root development by directly improving the root length and tips. This eases the plant to 

absorb more micronutrients and macronutrients available in the rhizosphere, which in 

turn provide benefits to the plant when attacked by other harmful microorganisms to 

contest for the nutrients or when these are exhausted. In addition to this, T. virens and T. 

atroviride were observed to improve the level of IAA and associated substances. As a 

crucial phytohormone, IAA plays key roles in root development, cellular enlargement 

and division regulation, gravitropism and tissue differentiation (Contreras-Cornejo et 

al., 2014; González-Pérez et al., 2018; Ljung, 2013). Moreover, siderophore production 

by Trichoderma spp. might stimulate plant growth either directly by increasing the Fe 

(III) accessibility in the rhizosphere or simultaneously reducing the proliferation of 

pathogens by withdrawing them of the source of Fe (Sood et al., 2020; Tyśkiewicz et 

al., 2022).  

Our findings further confirmed that priming tomato seeds with JA significantly 

enhanced the host growth (root-shoot length, fresh-dry weight and number of leaves in 

pathogenically challenged tomato plants. Our results agreed with the study of Ataei et 
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al. (Ataei et al., 2013). The growth-encouraging potential of the JA might be associated 

with the stimulation of variable responses in the affected plants, mainly including 

regulation of gene expression, synthesis of growth-related hormones, enhancement in 

crop production and protection against stresses (Ahmad et al., 2016; Sood, 2023). In 

addition to this antimicrobial potential of jasmonic acid against fungal phytopathogens 

has also been investigated in several previous investigations (Kȩpczyńska and 

Kȩpczyński, 2005; Macioszek et al., 2023; Singh et al., 2019; Švecová et al., 2013). 

These reports suggested that the exogenous applications of JA on the diseased plants 

not only stimulated the induced systemic resistance (ISR) in these plants but also 

radically diminished the mycelial growth and spore germination of fungal pathogens. 

Subsequently, our investigation further revealed that compared to non-primed sixty 

days old tomato plants, the combined application of T. virens and JA extensively 

lowered the percentage of disease incidence to the maximum extent in Fol infected 

plants while in the case of R. solani, treatments Rs+Tv and Rs+Tv+JA insert 

statistically equal significance on PDI in tomato plants. In other words, seed priming 

with these inducers improves plant health and vigour. Furthermore, it simultaneously 

decreases the magnitude of fusarium wilt and damping-off by directly limiting the 

invasion and proliferation of pathogens in the host plant rhizosphere. It might be 

because the application of JA increased the root colonization by T. virens in tomato 

plants, which further assists in the better survival of diseased plants in a pathogen-

contaminated environment. Our observations are coincident with others (Singh et al., 

2013; Singh et al., 2019).  

The compatible osmolytes serve as significant metabolites by maintaining 

cellular homeostasis through various mechanisms like facilitation of driving gradient for 

water absorption, regulation of cell turgor through fine osmotic tuning, the 

establishment of cellular redox status by eliminating excess ROS and providing 

protection to cellular machinery from oxidative injury and osmotic stress (Zhou et al., 

2023). Numerous stress signalling pathways, such as hormones, MAPK, and calcium-

signalling cause the excessive formation of osmolytes in stressed plants. The most 

popular osmolytes that perform a key role in a plant’s osmoregulation include proline, 

polyamines, glycine betaine and sugars (Chakraborty and Kumari, 2024; Sharma et al., 

2019).  Among these, proline serves as an important osmolyte which maintains the 

osmotic status of plants by stabilising and protecting macromolecules against the 
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damaging influences of ROS (Meena et al., 2019; Shan et al., 2015). Further several 

previous investigations have reported the fact that the exogenous application of JA 

helps in the enhancement of proline content in plants under different kinds of abiotic 

stresses (Ali et al., 2018; Farooq et al., 2016; Hosseinifard et al., 2022; Sirhindi et al., 

2016).  Inferences obtained from the present research work revealed that priming 

tomato seeds with jasmonic acid increases the proline content in ninety days old plants 

but decreases its accumulation in sixty days old plants challenged with Fol and R. 

solani. Similarly, pre-treated tomato plants under pathogen stress express a variable 

trend of proline accumulation after thirty and sixty days of pathogen inoculation. Our 

findings coincide with Scudeletti et al. (Scudeletti et al., 2021). A low level of proline 

accumulation in sixty days old plants might be linked to the low level of stress in T. 

virens and JA pre-treated plants. On the other hand, age-dependent higher accumulation 

of proline in ninety days old plants could lie in the fact that being a vital nitrogen 

source, proline accumulation increases the protein content and help the plants to recover 

from the stress and restore their growth (Karuppiah et al., 2019; Sousa et al., 2020). 

In addition to proline, glycine betaine is also an effective compatible osmolyte 

that significantly induces stress tolerance in diseased plants. Besides maintaining 

intracellular osmolarity under stressful circumstances, glycine betaine, in coordination 

with defence-related enzymes and proteins, preserves the authenticity of membranes 

opposed to the destructive influences of several stresses (Zulfiqar et al., 2022; Sakamoto 

and Murata, 2002). Although in our study, priming of tomato seeds with either JA or T. 

virens did not insert any significant influence on glycine betaine content in 

pathogenically stressed plants, several previous reports emphasize the exogenous use of 

JA and Trichoderma spp. causes to an increase in the glycine betaine content and 

ultimately assists in mitigating different kinds of stresses. For instance, owing to the 

application of JA, a 45.4 % hike in GB content has been reported in Ni-treated soybean 

seedlings (Sirhindi et al., 2016). Similarly, as Ahmad described in salt and cadmium-

stressed tomato plants, JA-induced enhancement in glycine betaine content leads to a 

remarkable improvement in plant growth (Ahmad et al., 2018).    

Soluble sugars play a dual function in plant metabolism by directly participating 

in the various metabolic activities and regulating the expression of different genes, 

especially those implicated in sucrose metabolism, associated with photosynthesis and 

osmolyte production (Amombo et al., 2023; Rosa et al., 2009). Moreover, under 
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pathogenic contamination, sugar also performs a key role in plant defence as the sugar 

content is directly linked with disease response in most plants. Therefore, the higher 

sugar level corresponds to a higher degree of disease resistance in pathogenically 

challenged plants. Our findings have also revealed that under Fol and R. solani 

infection, a significant decrease in the sugar content has been observed. Our results are 

in co-incidence with the previous studies (Manghwar et al., 2021; Qian et al., 2015). It 

might be because, via the assistance of CWDEs or toxins, these pathogens may retard 

the translation rate. On the other hand, applying biostimulants to tomato seeds increases 

the soluble sugar content in infected plants. This might be correlated to the increase in 

the biosynthesis of sugar due to better growth parameters, higher absorption of water 

and mineral nutrients, better retention of chlorophyll and other pigments, and the 

increase in photosynthesis rate. In addition, the pre-treatment of tomato seeds with 

bioagent and chemical inducer in combination has promising effects in terms of an 

enhance in the TSS content under diseased conditions. These results might indicate a 

relationship between sugar regulation and stimulation of systemic resistance due to the 

upregulation of genes that participated in the sucrose catabolism and could relate to the 

augmented transcription of defence-linked genes.  

Compared to the control, levels of total protein content significantly decreased 

in the plants diseased with pathogenic inoculations. Our findings coincide with previous 

research (Manghwar et al., 2021; Zehra et al., 2017). This significant decrease in the 

protein content might be attributed to its sequestration in light-harvesting complex 

protein or in some other events associated with the HR.  Furthermore, as a consequence 

of pathogenic challenges, an increase in the level of ROS leads to protein modification 

in several approaches. Direct transformation entails alteration in the protein activity 

through carbonylation, glutathionylation, nitrosylation and formation of disulphide 

bonds. On the other hand, indirect modulation involves coupling with the collapsed 

resultants of fatty acid peroxidation. In addition, excessive ROS-induced site-specific 

modification of amino acids, peptide chain fragmentation and altered charge increases 

the vulnerability of protein to proteolysis (Hasanuzzaman et al., 2020; Sharma, 2012).  

Moller et al. have testified that tissue injury due to oxidative stress possesses 

carbonylated proteins to a greater extent which themselves serve as a marker for the 

oxidation of proteins (Møller and Kristensen, 2004). Further, owing to the fungal 

infection depletion in the synthesis of chief nitrogenous compounds may be associated 
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with a reduction in energy demand (Simón et al., 2020). It may be hypothesized that the 

harmful toxins produced by phytopathogens might act as uncouplers in ATP production 

(Duke and Dayan, 2011). Our findings indicated that the pre-treatment of JA+T. virens 

had more pronounced increasing effects on total soluble protein content in tomato plants 

than all other treatments. In Ni-stressed Glycine max seedlings, Sirhindi et al. reported 

that the exogenous use of JA before Ni-treatment protects the seedlings by regulating 

antioxidative machinery and protecting the DNA synthesis of total proteins (Sirhindi et 

al., 2016). Similarly, Azeem publicised that exogenous application of JA mitigates the 

harmful influences of oxidative stress on plant growth and biomass production and 

protein content in Ni-affected plants by further augmenting the antioxidative plant 

defence in Zea mays (Azeem, 2018).  Moreover, Meldau et al. reported that JA and SA 

share a crucial regulator, glutaredoxin GRX480, which induces the redox regulation of 

proteins by their ability to catalyze disulfide transitions (Meldau et al., 2012). 

As depicted in our results, plants exposed to pathogens showed marked 

chlorosis due to speedy chlorophyll deprivation causing total plant growth deferral 

(Mittelberger et al., 2017). Applying biocontrol agents and chemical inducer causes 

better chlorophyll and carotenoid content retention in diseased plants. As reported in a 

previous study, Trichoderma spp. pre-treatment causes better root growth, leading to 

superior mineral nutrients and water absorption from the soil. These nutrients are 

directly involved in chlorophyll synthesis. Furthermore, its treatment significantly 

improved Mg uptake, an essential chlorophyll constituent (Halifu et al., 2019). 

Similar observations were also reported in tomatoes (Vukelić et al., 2021) and 

Chickpea (Mishra and Nautiyal, 2018). Correspondingly, enhanced chlorophyll and 

carotenoid contents in JA acid pre-treated tomato plants might be because it activates 

the antioxidative defence system, which scavenges free radicals produced by stress-

stimulated physiological damages. If not appropriately sequestered, these radicals can 

harm the chloroplasts and other cellular organelles (Bali et al., 2018). Our results 

agreed with Miclea et al. (Miclea et al., 2020). 

Because of microbial infection, the host plant synthesises several secondary 

plant products. Due to their antimicrobial activities, these compounds are considered 

crucial components in the cellular defence system against several microbial 

phytopathogens. Generally, these secondary metabolites are called phytoalexins, 

which are vital in fighting off disease-causing organisms in the infected plants (Kaur 
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et al., 2022). These defensive chemicals mainly constitute simple phenolics, 

terpenoids, alkaloids, polyacetylenes, coumarins and many more (Erb and 

Kliebenstein, 2020). In this study, it has been demonstrated that phenolic components 

have increased due to pathogen inoculation. Previous research has suggested that 

phenolic compounds remove the fungal pathogens by changing cell membrane 

permeability, altering cell wall integrity, production of free radicals, decreasing 

enzymatic activities of pathogens, inhibiting protein synthesis and inducing DNA 

damage and suppressing virulence genes in plant pathogens and creation of signalling 

composites like SA (Khameneh et al., 2021). The present investigation also reports 

that in sixty days old tomato plants, the maximum accumulation of phenolic 

compounds has been observed in the treatments Rs+Tv+JA and Rs+Tv. The results 

obtained are supported by the fact that bioagents like Trichoderma spp. stimulate the 

latent plant defence system by inducing defence-related enzymes and synthesis of 

signalling phytohormones like SA and JA in response to the pathogenic attack (Yao et 

al., 2023; Contreras-Cornejo et al., 2011). Although among ninety days old tomato 

plants, pretreatment of tomato seeds with ameliorative agents did not significantly 

affect the TPC accumulation.    

Like phenolic content in this study, it has also been deduced that biotic stress 

induced by both pathogens leads to enhanced accumulation of flavonoid content in 

tomato plants. Similar observations have also been observed in apple, lettuce, and 

Arabidopsis host plants diseased with Cedar-Apple rust, downy mildew disease and 

Plasmodiophora brassicae, respectively (Lu et al., 2017; McLay et al., 2020; Paesold 

et al., 2010). Moreover, pre-treatment of tomato seeds with T. virens and JA at both 

the growth stages further intensified the flavonoid contents in infected tomato leaves, 

except in the treatment Rs+JA in sixty days old plants, and such plants exhibited 

enhanced resistance against both soil-borne pathogens. Likewise, a sub-group of 

flavonoids, i.e., anthocyanins, are proven to be engaged in plant defence against 

fungal pathogens (Sicilia et al., 2021). The purple colour of tomato fruits due to the 

rise in anthocyanin contents corresponds to increased resistance and reduced oxidative 

damage due to Botrytis cineria (Zhang et al., 2013). Similarly, the peel of mango 

fruits exposed to sunshine acquires a red colour due to a higher accumulation of 

flavonoids and anthocyanin and exhibits more tolerance to cold injury and better 

resistance against Colletotrichum gloeosporioides infection (Sivankalyani et al., 

2016). Similar findings related to the heightened anthocyanin contents in tomato 
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leaves exposed to R. solani-induced pathogenicity have also been observed in this 

investigation when compared to the control plants. 

Antipathogenic properties of these substances are concealed in their 

antioxidative asset as an effectual sequester for ROS formed due to fungal infection. 

After synthesis, these flavonoids migrate to the infection spot, beginning HR and 

PCD. Furthermore, by regulating auxin action, they support the tightening of plant 

tissues by endorsing tissue differentiation, development of callus and tyloses and 

vascular system closure, to control the pathogen spread to healthy tissues (Beckman, 

2000; Kurepa et al., 2023). Furthermore, they cause the deactivation of the pathogen’s 

plant cell wall digesting enzymes (PCWDE) by directly binding to their chelating 

metals (Treutter, 2005). Moreover, their antifungal activities include inhibition of 

spore development, lessening of fungal mycelium, deactivation of microbial adhesion 

and membrane transporter and respiratory chain disorder (Al Aboody and 

Mickymaray, 2020; Naoumkina et al., 2010) also ward off pathogen spread to distant 

locations. Our findings have also demonstrated that JA and T. virens further enhanced 

the total flavonoid content in stressed tomato leaves. This might be because 

Trichoderma and JA induce resistance in diseased plants by upregulating the 

synthesis of secondary metabolites in them. In other words, T. virens and JA 

elicitation enhances the gene expression level of Phenylpropanoid-associated genes 

and the accumulation level of anthocyanin and flavonoid content. Our findings follow 

several previous reports (Kim et al., 2013; Mahmoud et al., 2021; Mayo-Prieto et al., 

2019; Park et al., 2013). 

Our investigation also revealed that the net photosynthetic rate of tomato 

leaves had been affected due to infection with Fol and R. solani. Lorenzini et al. also 

report a similar trend of a decrease in photosynthetic rate in tomato plants (Lorenzini 

et al., 1997). Likewise, in maize plants infected with pathogens photosynthetic 

inhibition is complemented by a sharp decline in chl. content (Pinto, 2000). Several 

investigations also report similar results in different plants infected with biotic 

stresses (Bonfig et al., 2006; Chen et al., 2015; Hu et al., 2020; Scharte et al., 2005; 

Swarbrick, 2006). After pathogen infection, generating and accumulating ROS due to 

disturbance in the ETC might be a severe cause of plant photosynthetic rate reduction 

(Guo et al., 2023; Scharte et al., 2005). However, priming tomato seeds with T. virens 

and JA specially in combination enhanced photosynthetic pigments and significantly 
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improved the photosynthetic rate. Enhancement in chlorophyll contents is attributed 

to increased enzymatic activities of genes such as proto-chlorophyllide reductase and 

α-aminolevulinic acid dehydratase associated with chlorophyll biosynthesis (Sirhindi 

et al., 2020.; Wu et al., 2018).  These priming agents also activate some biochemical 

pathways, which convert these damaging ROS into less destructive molecules (Oljira 

et al., 2020; Sherin et al., 2022).  

 Present observation has depicted that exposure to both pathogens cause a 

significant reduction in transpiration rate, intercellular carbons and intercellular 

conductance at both the observed growth stages. Likewise, several reports have 

described various mechanisms of impairment in stomatal opening during 

pathogenesis. For instance, compared to green regions, stomata of the chlorotic area 

in maize leave infected with Maize dwarf mosaic virus exhibit a reduction in stomatal 

function (Lindsey, 1975).  Respective reports proposed that the decline in chlorophyll 

contents owing to pathogen invasion is the leading cause of the decrease in stomatal 

conductance.  A study on the leaves of common beans infected with Colletotrichum 

lindemuthianum reported that pathogen-induced destruction to the photosynthetic 

complex leads to stomatal closure in respected leaves (Meyer et al., 2001).  Similarly, 

a toxin named Tenotoxin synthesized by Alternaria alternata deactivates 

chloroplastic ATPase and induces irretrievable stomatal closure (Dahse et al., 1990). 

In addition to these, many defensive compounds like nitric oxide (Mur et al., 2005.; 

Neill et al., 2002), phenolic compounds (Beguerisse-Diaz et al., 2012), salicylic acid 

(Chaerle et al., 2006), and phytohormones ABA and auxins (Grabov et al., 1998) 

accumulated as an outcome of pathogenesis cause a reduction in stomatal aperture 

size in plants. Reports on several pathosystems in the field revealed that decreased 

stomatal conductance reduces CO2 assimilation and/or photosynthetic rate. For 

instance, grapevine-virus and eucalyptus-Mycosphaerella pathosystems depict that 

pathogen-imposed lessening in photosynthesis was due to diminished activity of 

RuBisCo (Pinkard et al., 2006; Sampol et al., 2003). Moreover, the generation of ROS 

serves as a signalling molecule in the process of stomatal closure because they trigger 

Ca channels in guard cells and participate in the osmotic reaction of stomata (Liu et 

al., 2022). Further, the accumulation of ROS causes the formation and deposition of 

callose to restrict the diffusion of H2O (Sahu et al., 2022).  Similarly, many pathogens 

have been observed to unsettle the stomatal control of transpiration, ultimately 
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affecting plant water relationships. Our study also revealed a significant improvement 

in transpiration rate, intercellular conductance and intercellular carbon due to priming 

of tomato seeds with T. virens and JA might be associated with less ROS generation 

and higher accumulation of secondary metabolite as well as improvement in 

photosynthetic pigments and apparatus.  

 Scanning electron micrographs presented in our study clearly showed in 

comparison to the control, the stomatal aperture of pathogenically stressed plants was 

either entirely or partially closed. Our findings indicate that plants have developed the 

capacity to regulate their stomatal apertures not only in response to phytohormones 

like ABA and to various environmental clues like light, CO2 and humidity levels but 

also pathogens. Due to the fungal infection, these microorganisms variably disturb 

stomatal behaviours due to interplay among plant and fungal-derived compounds 

during host-pathogen interactions (Gudesblat et al., 2009; Meddya et al., 2023). 

Interestingly the recent observation suggesting the involvement of pathogen-

associated molecular patterns (PAMP) in the stimulation of stomatal closure offers 

strong evidence that stomata act efficiently as a crucial part of the innate immunity of 

diseased plants (Melotto et al., 2017). As mentioned previously, pathogens-derived 

elicitors in diseased plants lead to the production of ROS. These ROS so generated 

serve as connecting links between the elicitor's recognition and activation of MPK3 in 

the guard cell. In correspondence to this assumption, it has been observed that the 

yeast-secreted elicitors and chitosan are efficient in stimulating plant defensive 

response and elevating the free cytosolic Ca2+ in the guard cell (Klüsener et al., 2002). 

Furthermore, this enhancement depends upon the occurrence of cytosolic NAD(P)H, 

which itself functions as a substrate for the enzyme NAD(P)H oxidase associated with 

ROS generation in plants. To sum up, we can say that augmentation in the level of 

both ROS and Ca2+ relates to the ABA-mediated closing of stomata in pathogenically 

stressed plants. Our observations are coincidental with several previous reports (Liu et 

al., 2019; Sun et al., 2017; Ye et al., 2020). Furthermore, our study revealed that the 

combined application of T. virens+JA partly reverted the pathogen mediated damages 

in the stressed plants by partially assisting in opening the stomatal aperture in Fol and 

R. solani-challenged plants. This might be directly linked to the factors like improved 

chlorophyll content, increase in photosynthesis and transpiration rates, improved 

growth, absorption and assimilation of mineral nutrients, decrease in the ROS 
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production and existence of a better enzymatic and non-enzymatic antioxidative 

defence system. For instance, Toum et al. have studied that coronatine, a toxin 

produced by Pseudomonas syringae mimics the phytohormone JA isoleucine and 

stimulates stomatal opening through inhibition of ABA-induced NADPH oxidase-

dependent production of ROS (Toum et al., 2016).  

Several reports supported the fact that the encounter of susceptible plants with 

soil-borne fungal pathogens advances the production of ROS in host plants (Berrios 

and Rentsch et al., 2022; Chialva et al., 2018; Foley et al., 2016; Jayamohan et al., 

2018). Such ROS are hypothesized as the first line of the effective defence system in 

plants against most invading pathogenic organisms and may precisely serve as an 

antimicrobial agent (Li et al., 2021; Memar et al., 2018). In the present research, our 

results revealed that pathogen inoculation causes an upsurge in H2O2 content in 

diseased plants. In sixty days old tomato plants, the maximum accumulation of H2O2 

is detected in treatment Rs followed by Fol. Enhancement in H2O2 contents in the 

presence of R. solani and Fol has also been testified in other previous investigations 

(Behiry et al., 2023; Meena et al., 2016; Nikraftar et al., 2013). Production of ROS 

like H2O2 during oxidative burst has been recognized as an important event in disease 

resistance activation. The direct participation of H2O2 in pathogen killing, cell wall 

strengthening, stimulation of HR and establishment of systemic resistance signalling 

has been documented in several investigations (Dumanović, 2021; Lavanya et al., 

2022). Supplementary, in the presence of pathogens, minimal H2O2 was exhibited by 

plants in which seed priming was performed by combined treatment of T. virens and 

JA. Reduction in H2O2 levels in the treatments i.e., Fol+Tv+JA and Rs+Tv+JA might 

be linked with the enrichment in the performances of antioxidative enzymes, which 

diminish the H2O2 accumulation through oxidation or decomposition. Our findings 

agree with the previous investigation (Zehra et al., 2017). However, in the ninety days 

old plants, pre-treatment of biostimulants did not significantly alter the H2O2 

accumulation in Fol-challenged plants.   

Pathogen-induced degradation of membrane lipids leads to the production of 

free fatty acids, which themselves serve as a substrate for lipoxygenase enzyme 

(LOX), which via oxidative deterioration, causes lipid peroxidation of the cellular 

membrane. The act of membrane peroxidation ultimately generates various alkoxy 

and peroxy radicals (He and Ding, 2020). In sixty days old plants, our investigation 
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monitored the highest magnitude of MDA content in treatment Rs, followed by Fol-

treated tomato leaves. But the combined application of T. virens and JA decreases the 

MDA content accumulation to the lowest extent in the case of both pathogens under 

both observed growth stages, except in the treatment Fol+Tv in 90 days old plants. 

Prior studies have also highlighted that suppression of MDA contents in Trichoderma 

and JA pre-treated plants might be due to the activation of Halliwell-Asada pathway 

members, viz. various antioxidative defensive enzymes and synthesis of other 

protective molecules participating in ROS elimination responsible for lipid 

peroxidation. Our results are supported by several such studies (Ji et al., 2021).  

If the pathogen-induced generation of ROS in various cellular compartments is 

not detoxified, these ROS can damage and deactivate several significant 

biomolecules. The plants' antioxidative defence system detoxifies these ROS through 

enzymes or non-enzymatic antioxidants like GSH, AsA and Tocopherol (Huang et al., 

2019; Zechmann, 2020). In the Plant system, AsA performs a significant function of 

redox buffering plant cells on their own or through the AsA-GSH cycle. AsA might 

be found either in AsA or two oxidized compounds. Owing to the pathogenic attack, a 

remarkable increase in ROS and AsA has been observed in Solanum lycopersicon, 

and Brassica rapa stressed with Cucumber mosaic virus and Turnip mosaic virus 

(TuMV), respectively (Fujiwara et al., 2013; Tsuda et al., 2005). Analogous results 

have also been registered in our investigation. For example, the highest level of AsA 

content has been monitored in the treatment Rs+Tv+JA for sixty days old plants. 

Similarly, in the ninety days old plants, tomato seeds priming with ameliorative 

agents increased the AsA content in the inoculated and non-inoculated plants. These 

results suggest that disease resistance inducers in the presence of pathogens further 

intensify the AsA accumulation to initiate defence responses in stressed plants 

(Boubakri et al., 2016; Ding et al., 2022). In addition, some experiments evidenced 

that pre-treatment of AsA directly affects the pathogenic growth, as observed in of 

rice infected with Magnaporthe oryzae and Arabidopsis plants infected with 

Alternaria brassicicola (Botanga et al., 2012; Egan et al., 2007). 

Our results further demonstrated that GSH contents have drastically and 

significantly increased in biotically stressed tomato leaves. It plays a dual role in 

minimizing pathogen-induced damage in plants; first by keeping the ROS levels 

under control and second by inducing the defensive pathways against pathogens in 

plants by mediating signal transduction among ROS, JA, SA and ethylene (Künstler et 
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al., 2019, 2020). Our findings agree with other investigations (Simon et al., 2013; 

Vanacker et al., 2000; Zechmann and Müller, 2008). In sixty days old plants, our 

investigation depicted that the highest accumulated level of GSH was monitored in 

those plants pre-treated with T. virens along with JA followed by pathogen 

contamination except in the treatment Rs+JA which exhibited equal significance to 

Rs+Tv+JA and Fol+Tv+JA. A similar enhancement trend in GSH content has also 

been perceived in ninety days old tomato plants. Being a signalling molecule, JA can 

boost the antioxidant machinery of biotically stressed plants by enhancing the genes 

transcription that participate in the creation and accumulation of antioxidant 

molecules in plants (Bali et al., 2020). Similarly, increased GSH content following 

priming of tomato seeds with T. virens individually or in combination with JA could 

have strengthened the antioxidant defence mechanisms against the free radicals 

produced because of pathogen-induced damages in diseased plants (Soliman., 2020; 

Zehra, 2017).  

Tocopherol shows a significant task in cell communication by sending signals 

from the chloroplast to the nucleus to respond against various stresses (Nowicka et al., 

2021). Changes in the levels of tocopherol are generally linked with the altered 

expression of genes associated with degradation-recycling pathways. Therefore, a 

general assumption is made regarding tocopherol accumulation, i.e., its enhancement 

ensures better stress tolerance and vice-versa. Our findings are also per this 

hypothesis; compared to the control, tocopherol contents have increased in 

pathogenically stressed plants under both the observed growth stages. The stress 

ameliorative potential of tocopherol might be due to its ability to preserve the 

integrity and fluidity of the membrane through neutralising lipid peroxy radicals and 

effective quenching of ROS (Sahu et al., 2022). Our results also demonstrate that 

tocopherol accumulation was further prompted by persuaders of disease resistance, 

which might be linked to signalling tectics that alter cell function. Several 

investigations support the fact that the presence of JA and MeJA enhanced the 

accumulation of tocopherol because of their ability to up-regulate the genes associated 

with tocopherol-biosynthetic pathways involving HPPD and HPT genes (Antognoni, 

2009; Caretto et al., 2010; Gala et al., 2005). 

Free radicals are short-lived and highly reactive due to unpaired electrons in 

their valence shell. These radicals, once generated due to various metabolic processes, 

elicit oxidative damage to essential biomolecules. The different metabolic processes 
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in plants are sensitive to biotic/ abiotic stresses, and it has been observed that under 

these circumstances, an approximate increase of 3-10-fold in free radical creation has 

been described in various studies (Kasote et al., 2015; Rai and Kaushik, 2023). 

Further, they interact with and are subsequently neutralized by the antioxidants, which 

donate electrons to them before or after the onset of damage initiation (Lalhminghlui 

and Jagetia, 2018). The present research monitored radical scavenging activity 

through DPPH and ABTS assays. In our investigation, in comparison to the control, 

free radical scavenging activity was increased in pathogen-stressed plants, which 

might be due to enhancement in the antioxidative defence system in these plants 

measured in terms of AsA, GSH and secondary metabolites like phenols and 

flavonoids, carotenoids etc. along with antioxidative enzymes. Similar findings have 

also been reported in Botrytis cineria stressed lettuce plants (Iwaniuk and Lozowicka, 

2022). A relative increase in the free radical scavenging activities in both assays in JA 

pre-treated tomato seeds followed by pathogen inoculation might be due to the better 

strengthening of the antioxidative defence system due to the upregulation of 

associated genes as well as weakening in the pathogenicity of disease-causing 

organisms (Baek et al., 2021). 

Besides non-enzymatic antioxidants, antioxidative enzymes also play a 

defensive response against differential oxidative stresses in plants. Iqbal et al. 

suggested that in plant leaves, the activities of defence-associated genes are directly 

correlated to the resistive attitude of the plant to the various kinds of biotic stresses 

(Iqbal et al., 2021). Subsequently, at the cellular level, numerous plant protein 

families are known to relate to the disposition of ROS under pathogenic infection. 

Among these SOD, APX, catalase, and peroxidases are most efficient in effectively 

regulating these ROS (Hasanuzzaman et al., 2020; Huang et al., 2019; Sharma et al., 

2012). Our findings also demonstrated a significant enhancement in the actions of 

antioxidative enzymes detected in both Fol and R. solani-stressed plants. Our results 

are supported by several pieces of research which reported that an upsurge in 

enzymatic antioxidants had been observed in F. oxysporum lycopersici (Hashem et 

al., 2021; Zehra et al., 2023) and R. solani (Afzal et al., 2022; Manganiello et al., 

2018) stressed tomato plants. The augmentation in antioxidant enzyme function is 

facilitated to alleviate the oxidative damage and detoxify the Fol and R. solani-

triggered ROS.  
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SODs are ubiquitous metalloenzymes that catalyze the dismutation of O2•− 

radicals to O2 and H2O2. Enhancement in SOD activity is often associated with 

improved plant lenience against various oxidative stresses (Tyagi et al., 2019). 

Subsequently, the upsurge in SOD action in tomatoes has been reported under 

Ralstonia solanacearum (Li et al., 2008), Fusarium oxysporum lycopersici (Zehra et 

al., 2017), Rhizoctonia solani (Manganiello et al., 2018) etc. Like SOD, catalase 

prevents cellular oxidative damage by facilitating the decomposition of hydrogen 

peroxide into oxygen and water (Ransy et al., 2020). Thereby catalase assists in 

maintaining an optimum level of hydrogen peroxide in the cell, which is essential for 

signal transduction cascade. The subsequent importance of this enzyme can be 

evaluated from its direct or indirect contribution to many plant diseases. 

Augmentation in the activity of catalase has been reported in Fusarium stressed melon 

(Sadeghpour et al., 2022), tomato (Abbasi et al., 2019) and pea (Perincherry et al., 

2021) plants. Likewise, a similar increase in catalase activity has also been reported in 

Rhizoctonia-challenged cotton (Kumar et al., 2009) and tomato (Al-Surhanee et al., 

2021) plants. Guaiacol peroxidases (GPOX) are heme-bearing proteins which oxidize 

aromatic electron donors at the cost of hydrogen peroxide. Besides being widely 

acknowledged as a stress enzyme, GPOX is linked with numerous important plant 

biosynthetic processes. Compared to non-inoculated plants increase in the GPOX 

activity in diseased plants might be correlated with the higher rate of lipid 

peroxidation and H2O2 production in these plants. Several previous kinds of research 

support that the aid of H2O2 cell wall-linked peroxidase (POD) mediates the cross-

linking between cell wall polymers. Consequently, this cross-linking reduces growth 

due to cell wall stiffening in stressed plants (Erofeeva, 2015; Meena and Samal, 

2019). 

Additionally, the AsA-GSH cycle operational in cell mitochondria, chloroplast 

and cytosol constitute the chief H2O2 detoxification system in oxidatively stressed 

plants. This cycle in plants comprises four enzymes and two antioxidants (Mishra et 

al., 2023; Pandey et al., 2015). APX detoxifies H2O2 by catalyzing the peroxidation of 

AsA to MDHA radical. MDHA so formed either changed to AsA again by MDHAR 

or non-enzymatic disproportionate to DHA and AsA. The next phase in the cycle 

entailed DHAR-catalyzed change i.e., DHA to AsA utilizing GSH. If not reduced by 

DHAR, DHA go through irretrievable hydrolysis to 2, 3-diketogulonic acid. 

Therefore, DHAR mediates in the revival of AsA and performs a significant role in 
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sustaining AsA reservoir (Greco et al., 2013). Similar to AsA, the renewal of GSH is 

also essential for the smooth going of this cycle. Subsequently, GSH is known to be 

revived from the GSSG by the action of NADPH-dependent GR (Gill et al., 2013; 

Vašková et al., 2023). Due to its ubiquitous existence in plant cell AsA-GSH cycle 

protects the plants from the damaging influences of ROS produced due to several 

biotic and abiotic stresses. Our findings demonstrate a significant alteration in the 

activity of the AsA-GSH pathway’s enzyme due to the pathogen-induced production 

of ROS in diseased plants. Like our observations, pathogen mediated modifications in 

the level of activity of antioxidative enzymes have been reported in several types of 

research. For instance, in Hordeum vulgare leaves, fungal infection with Blumeria 

graminis resulted in a markable decrease in the activity of APX and GR enzymes in 

the resistant cultivar but no considerable alteration in the susceptible one. However, 

MDHAR and DHAR do not exhibit substantial changes in their respective activities 

under pathogen inoculation (Vanacker et al., 1998). Similarly, Kuzniak et al. have 

conveyed that in L. esculentum, fungal infection with Botrytis cinerea variably affects 

the expression of AsA-GSH gene families (Kuźniak and Skłodowska, 2005). 

Likewise, in Sesamum orientale plants, fungal inoculation with Alternaria 

sesami expressed an enhancement in APX, MDHAR and GR activity which is 

subsequently followed by a steady reduction in the related activities (Shereefa and 

Kumaraswamy, 2016). On the other hand, the decrease in MDHAR activity of T. 

aestivum corresponds to better resistance against Puccinia striiformis in these plants 

(Feng et al., 2014).  

Our results further displayed the increase in the activity of GST enzyme in Fol 

and R. solani-challenged plants. GST and GSH played a pivotal role in effectively 

eliminating ROS and lipid peroxide in the infected tissue and consequently restraining 

the extreme spread of HR-linked apoptosis. In pathogenic fungi-infected plants, an 

important characteristic of GSH metabolism is the detoxification of mycotoxins by 

the host plant’ GST. Interestingly, Triticum aestivum infected with barley powdery 

mildew caused by Blumeria graminis f.sp. hordei established a local and induced 

resistance counter to a subsequent infection with Blumeria graminis f. sp. tritici 

caused wheat powdery mildew. The establishment of this resistance might be 

associated with a 20- fold raise in the transcript quantity of the GST gene in Blumeria 

graminis hordei infected wheat leaves (Dudler et al., 1991). Similarly, upregulation of 

GST I gene has been reported in wheat plants due to infection Puccinia recondita 
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(Mauch and Dudler, 1993). Likewise, in Colletotrichum destructivum and C. 

orbiculare infected Nicotiana benthamiana, the expression of two GSTs encoding 

genes were upregulated significantly. Furthermore, silencing of these genes led to 67 

per cent more fungal colonization and approximately 130 % more lesions 

development when compared with controlled plants (Dean et al., 2005). 

Like GST, plants’ GPX prevents PCD due to oxidative damage induced by 

stressful circumstances. The GPX protein family comprises various isozymes situated 

in distinct subcellular components and display expression patterns as per the type of 

tissue and growth phase of the plant (Bela et al., 2022; Gao et al., 2014). GPX show a 

crucial task in the AsA-GSH cycle by reducing the accumulation of H2O2 and 

phospholipid hydroperoxide at the cost of GSH (by oxidising GSH to the disulfide 

form GSSG) by utilizing thioredoxin (Trx) as an electron donor (Zhang et al., 2019). 

In contrast to animal GPX which relies on the oxidation of GSH due to three 

conserved non-selenium Cys residues at the active site, plant GPX oxidises Trx to 

reduce H2O2. Besides ROS detoxification, GPX protects redox homeostasis by 

preserving adequate thiol/ disulfide equilibrium and protein functions (Iqbal et al., 

2006). Previous research supported the GPX catalysed oxidation of Cys-containing 

proteins implicated in cellular signalling like phosphatases, kinases and various 

transcription factors and eventually regulate the different important metabolic 

pathways in plants (Bela et al., 2015; Marinho et al., 2014). Moreover, the active 

participation of ER-located GPXL3 in oxidative protein folding, formation of 

disulfide bridge and/ or regeneration of the contestant enzymes, in addition to the 

effective disposal of ROS, has been a concern in previous reports (Attacha et al., 

2017; Meyer et al., 2021). Therefore, as a summation, a boost in the action of GPX in 

Fol and R. solani-infected tomato plants might be connected to its numerous roles in 

stress tolerance as well as in development in pathogenically challenged plants.  

Our interpretations from the present investigation have uncovered that the 

priming of tomato seeds with T. virens increases the activity of antioxidative enzymes 

compared to both pathogens inoculated and non-inoculated 60- and 90-days old 

tomato plants. Multiple preceding reports emphasize the lifestyle of T. virens as an 

important symbiotic endophyte in diverse host plants (Gan et al., 2022; Inayati et al., 

2020; Morán-Diez et al., 2015; Nogueira-Lopez et al., 2018; Romão-Dumaresq et al., 

2016). Besides maintaining the oxidative homeostasis of the host plant, an 

antioxidative defence mechanism is also essential to preserve the plant-microbe 
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symbiotic communications (Marschall and Tudzynski, 2016). This research work has 

studied T. virens-mediated elevation in the activity of ROS detoxification enzymes. 

The results obtained from this research work revealed the ability of T. virens primed 

tomato seedlings against oxidative damage might be accompanied by positive 

regulation of genes associated with the reduction of AsA and GSH as well as an 

increase in the activity of related enzymes required for the preservation of redox stage 

of GSH and AsA pool to reduced state. Consequently, these findings strongly support 

the fact that pre-treatment of T. virens altogether enhances the efficiency of the plant 

to scavenge and dispose of damaging quantities of ROS, O2•− and H2O2 (Mastouri et 

al., 2012). Likewise, through their findings, Gan et.al. revealed that pre-treatment of 

T. virens, intensified the activity of several genes viz., SOD, CAT, APX, POD, PAL 

and PPO implicated in plant growth promotion and disease resistance in Agrostis 

stolonifera against Clarireedia homoeocarpa infection (Gan et al., 2022). It has been 

beforehand stated that Trichoderma spp. stimulate systemic alterations in the gene 

expression because of a complex signal transduction cascade along with MeJA. 

Furthermore, MeJA itself persuade the expression of antioxidative enzymes encoding 

genes. In Arabidopsis thaliana, the presence of CGTCA-motif- ME-JA responsive 

element in the promotor of the majority of enzymatic antioxidative genes indicates 

that Me-JA plays a signalling role in the upregulation in the expression of these genes 

(Mastouri et al., 2012; Rouster et al., 1997).  

In addition to T. virens, elevation in the activities of antioxidative enzymes has 

also been established in the JA-pre-treated tomato plants studied in the present 

research work.  Our findings agree with some previous research work. For instance, in 

wheat plants infected with Fusarium culmorum, pre-treatment of Me-JA induced the 

activity of SOD, PPO, LOX, POX, and PAL antioxidative enzymes and raised TPC 

and callose content levels in stressed plants. MeJA reduced lipid peroxidation and 

H2O2 in all studied wheat cultivars (Motallebi et al., 2017). Similarly, in their 

investigation, Jin et.al. reported that post-harvest treatment of peach fruits with 1 

µmol L−1 MeJA vapours alleviated the fungi induced diseases by upregulating the 

activity of defensive enzymes such as β 1,3 Glucanase, PAL, POD, SOD, CAT, APX 

etc. (Jin et al., 2009). These results strongly support the fact that, after pathogens 

exposure, JA-dependent defence signalling might increase the resistance against the 

pathogens by stimulating the activities of enzymatic and non-enzymatic antioxidants 

and phenolic compounds. Our data significantly revealed that T. virens-JA ISR is 



 

177 
 

based directly upon activating the host plant’s basal resistance mechanisms via 

augmented stimulation of a multifaceted antioxidative defensive network under 

pathogen exposure. Furthermore, several-fold increases in the action of defence-

linked enzymes have been recorded in plants pre-treated with Trichoderma spp. and 

JA in combination, contrasted to plants treated with either of these two ameliorative 

agents independently (Singh et al., 2019). In other words, in Tv+JA primed tomato 

plants, enhanced accumulation of antioxidants and defence-associated mediator 

molecules/ antioxidative enzymes leads to better survival and disease suppression in 

Fol and R. solani diseased plants. Our findings agree with other researchers (Singh et 

al., 2019; Zehra et al., 2017, 2023).   

In addition to the determination of the enzymatic activity of different 

antioxidative enzymes, the present investigation also focussed on the expression 

pattern of SOD and CAT genes in sixty days old tomato plants inoculated with Fol 

and R. solani. consequently, the inferences obtained from the existing study exposed 

that the combined application of T. virens and JA as priming agent has a significant 

influence in the upregulation of the expression of both these antioxidative genes. 

Through their investigation, Perl et al. reported that overexpression of the tomato Cu-

Zn SOD gene in potato plants expresses enhanced tolerance to oxidative stress in 

transgenic plants (Perl et al., 1993). Subsequently, the efficiency of SOD genes in 

enhancing tomato tolerance to various biotic and abiotic stresses has been evaluated 

through recent investigations (Aydin et al., 2014; Li, 2009; Soydam Aydin et al., 

2013; Sreedevi et al., 2013). In tomatoes, Feng et al. reported the presence of nine 

SOD genes which were unevenly distributed on twelve chromosomes. Of these, four 

were Cu/Zn SOD, and three and one were Fe SOD and Mn SOD, respectively (Feng et 

al., 2016). Similarly, the expression of CAT also exhibits a similar pattern of 

upregulation in pathogenically challenged plants. For instance, in bacterial spot 

disease-infected tomato plants, a positive regulation of the expression of antioxidative 

genes viz., CAT, APX and GR ensure better survival of stressed plants under 

Xanthomonas perforans infection (Srinivasa et al., 2022). Due to the successful 

pathogenic invasion, pathogen-eliciting triggers by binding with suitable receptors 

lead to the altered Ca2+ content in the infected plant. Subsequently, Ca2+ is perceived 

by calmodulin, calmodulin-like proteins, as well as calmodulin-dependent protein 

kinases, which in turn cause the production of ROS and RNS. This change in cellular 

redox status initiates a signal transduction cascade which activates the variable 
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transcription factor and ultimately alters the expression of target genes (Frederickson 

Matika and Loake, 2014).  

In a study, tomato seed priming with T. erinaceum leads to positive regulation 

of SOD gene expression in Fol-challenged tomato plants (Aamir et al., 2019). Similar 

findings have also been depicted in T. velutinum pretreated bean seed under the 

pathogenicity of R. solani (Mayo et al., 2016). In addition, previous research also 

documented the upregulation of the enzymatic antioxidative gene expression level 

against stresses due to treatment with Trichoderma spp. (Brotman et al., 2013; Inayat 

et al., 2022; Zhang et al., 2016). Furthermore, being an important chemical inducer JA 

serves as a signalling molecule. It is liable to the stimulation of ROS (secondary 

messengers) mediated signalling that could alter the expression of defence-related 

genes and might be the reason for better tolerance against pathogen-induced stress in 

diseased plants. Due to pathogenic attacks, multiple invader-derived or damage-

associated plant-originated signals, which may be either chemical or physical, have 

been reported in local responses. These signals are later identified by PRR situated on 

the cell membrane. Consequent to this recognition event, the de novo formation of JA 

and JA-Ile (JA-Isoleucine) is initiated. The cytoplasmic enzyme JASMONATE 

RESISTANT 1 (JAR1) is known to be responsible for the conjugation of JA with 

Isoleucine to convert it into a biologically active form, i.e., JA-Ile (Sood, 2023; 

Staswick and Tiryaki, 2004). Several reports emphasize that for JA signalling, serves 

as the natural and direct ligand in the plant system (Yan et al., 2016). Numerous 

findings support the ameliorative potential of JA as a signalling component in the 

upregulation of expression of genes involved in antioxidative defence response in 

stressed plants (Bali et al., 2020; Zhu et al., 2015; Zhu and Tian, 2012). In the current 

research work under pathogenic stress, the enhance in the expression level of CAT and 

SOD genes due to combined pre-treatment with T. virens and JA might be correlated 

with the enhancement in the transcription level of these genes and also co-related with 

the increase in SOD and Catalase enzymatic activities; both these increases agreed 

with the trend of the activity of the associated enzymes.  

In brief, the present research work describes the overall approaches included 

in the T. virens and JA-mediated disease control in soil-borne pathogens-tomato 

pathosystem. The combined application of this BCA and chemical inducer showed 

well-coordinated mechanisms during pathogen invasion, expression of defence-linked 
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molecules, enzymes etc., which ultimately leads to reduced pathogenic establishment 

and proliferation rate, disease development and enhanced plant growth and 

development under a biotically stressed environment.   



Chapter 7 

Summary & 
Conclusion 
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Chapter 7 Summary and Conclusions 

Plants often face various stresses that disrupt their metabolism, inhibiting 

growth and reducing crop yield. During different growth stages, crops are attacked by 

fungi, bacteria, and nematodes. To survive, plants use mechanisms like acclimation 

and adaptation to maintain homeostasis. After pathogens invade, the metabolism of 

both the pathogen and the plant become interconnected, causing nutrient loss for the 

plant and benefiting the pathogen. This leads to downregulation of important 

metabolic pathways and upregulation of defence mechanisms in the plant. The extent 

of disease symptoms depends on how much the plant's physiology is altered. Defence 

is crucial for plant growth and involves quick pathogen recognition and the 

production of defence molecules. Tomato, the second most valuable horticultural 

crop, is widely consumed in various forms and is rich in minerals, vitamins, fibres, 

and proteins. Lycopene in tomatoes has health benefits as an antioxidant. Tomatoes 

are also a model plant for studying resistance mechanisms against pathogens. 

However, cultivated tomatoes have low genetic diversity and are susceptible to over 

200 diseases, especially soil-borne pathogens like Fol and R. solani, which are 

difficult to manage due to their persistence in soil. These pathogens cause severe 

symptoms such as wilting, necrosis, and cell death. The current approach to disease-

free agriculture heavily relies on chemical fungicides, which pose environmental and 

health risks. Biocontrol agents (BCA) are a better alternative as they target specific 

pathogens and have fewer negative effects on the ecosystem. BCAs also help plants 

allocate more resources towards growth. However, their use is limited due to a lack of 

technology transfer and economic recognition, especially in developing countries. 

Seed priming is a sustainable technique to enhance seed value, seedling strength, 

productivity, and resistance to stresses while reducing harmful chemical use. Our 

study shows that treating tomato seedlings with Trichoderma virens and Jasmonic 

acid before pathogen exposure improves growth and induces disease resistance 

mechanisms, such as the synthesis of secondary metabolites and osmolytes, enhanced 

photosynthesis, and activation of the antioxidative defence system. 
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Inferences drawn from the experimental findings of the whole study could be 

summarised through the following points 

 The pathogens, i.e., Fol and R. solani were identified through morphological 

and cultural characteristics. Three kinds of asexual spores- microconidia, 

macroconidia and chlamydospores, are formed in the case of Fol, while R. 

solani was identified by the existence of perpendicular hyphal branches of 

mycelium. 

 Pathogenicity test has been validated through the development of wilt 

symptoms like yellowing and wilting of leaves and stunting in Fol inoculated 

plants and occurrence of a brown-coloured, water-soaked lesion near collar 

region and dry sunken stem canker in R. solani infected tomato plants. 

 Out of T. viride and T. virens, the latter shows better antagonistic activity 

against the tested pathogen as determined through dual culture and chitinase 

assay. 

 Priming tomato seeds with T. virens and JA leads to improved vegetative 

growth and decreased disease incidence in Fol and R. solani-infected tomato 

plants. 

 Pathogen-inoculated plants showed a significant decrease in Chlorophyll, 

carotenoids, photosynthesis rate and gaseous exchange parameters. Pre-

treatment of tomato seeds with ameliorative agents, especially in combination, 

has a marked influence on the enhancement of pigments and a marginal 

impact on gaseous exchange parameters. 

 SEM studies revealed that, compared to the control, the stomatal aperture of 

pathogenically stressed plants was either entirely or partially closed. However, 

priming tomato seeds with combined treatment of T. virens and JA in 

combination reduced the pathogen-induced damage to tomato leaves depicted 

in terms of partially recovered stomatal response and comparatively open 

stomatal aperture. 

 The total protein and sugar content in tomato plants decreased after pathogenic 

infections. This reduction in protein and sugar content can be recovered 

through tomato seed priming with T. virens and JA. 
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 Pathogen inoculation leads to an increase in the content of compatible 

osmolytes, i.e., proline and glycine betaine. The application of seed-priming 

agents has variable influences on the proline and glycine betaine accumulation 

in diseased plants. 

 A significant increase in the phenol, flavonoids and anthocyanin content has 

been observed in Fol, and R. solani challenged tomato plants. The application 

of BCA further enhances the range of these phenolic compounds in stressed 

plants.  

 Exposure of tomato seedlings to fungal pathogens intensifies the ROS (MDA 

and H2O2) levels in diseased plants. However, pre-treatment of tomato seeds 

with T. virens and JA, either individually or combined, leads to further 

reduced ROS contents in plants affected by respective pathogens. 

 In response to oxidative destruction perpetrated by these pathogens, plants' 

oxidative defence systems began through increased synthesis and 

accumulation of non-enzymatic antioxidants like ascorbic acid, glutathione 

and tocopherol. Combined treatment with priming agents further raises the 

magnitude of these antioxidants in pathogenically challenged plants. 

 Owing to the pathogen infection, there was an increase in the activity of 

antioxidative enzymes, viz., SOD, CAT, GPOX, PPO, DHAR, APX, GR, 

GST and GPX. Like non-enzymatic antioxidants, combined treatment with T. 

virens and JA increases the activity of these enzymes in both Fol and R. 

solani-challenged plants. 

 Compared to control, free radical scavenging activity monitored through 

DPPH and ABTS assay was increased in pathogen-stressed, primed tomato 

plants due to the establishment of a better antioxidative defence system. 

 qRT-PCR studies revealed the upregulation of the expression of Cu-Zn SOD 

and Cat-I genes in stressed tomato plants due to combined pre-treatment with 

T. virens and JA. 

Therefore, from the above analysis, we can conclude that in the present study, 

higher induction of ameliorative compounds in the plants pre-treated with T. virens as 

BCA in combination with JA as chemical inducer can be correlated to an improved 

defence response activated against damping off and fusarium wilt infection in tomato 

plants. Furthermore, priming of tomato seeds with these ameliorative agents leads to a 
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marked improvement not only in morphological parameters but also leads to 

biochemical changes through various mechanisms of disease suppression like 

reduction of growth and proliferation of pathogens, induction of SAR and ISR in the 

diseased plants through the synthesis and accumulation of secondary metabolites and 

osmolytes, improvement in pigments, photosynthesis rate and gaseous exchange as 

well as induction of antioxidative defence system in the stressed plants. Therefore, 

seed-priming with these agents, especially in combination, can be recommended as a 

cost-effective, environment and farmer-friendly approach to raising the productivity 

of this essential horticultural crop on a commercial scale. 

 



Bibliography 



 

184 
 

Bibliography 

Seleim, M. A., Abo-Elyousr, K. A. M., Mohamed, A. A. A., and Al-Marzoky, H. A. 

(2014). Peroxidase and polyphenoloxidase activities as biochemical markers for 

biocontrol efficacy in the control of tomato bacterial wilt. J. Plant Physiol. 

Pathol, 2(1), 2. https://doi.org/10.4172/2329-955X.1000117 

Aamir, M., Kashyap, S. P., Zehra, A., Dubey, M. K., Singh, V. K., Ansari, W. A., 

Upadhyay, R. S., and Singh, S. (2019). Trichoderma erinaceum Bio-Priming 

Modulates the WRKYs Defense Programming in Tomato Against the Fusarium 

oxysporum f. sp. lycopersici (Fol) Challenged Condition. Frontiers in Plant Science, 

10, 911. https://doi.org/10.3389/FPLS.2019.00911 

Abbas, A., Mubeen, M., Zheng, H., Sohail, M. A., Shakeel, Q., Solanki, M. K., ... and 

Zhou, L. (2022). Trichoderma spp. genes involved in the biocontrol activity against 

Rhizoctonia solani. Frontiers in Microbiology, 13, 884469. 

Abbasi, S., Safaie, N., Sadeghi, A., and Shamsbakhsh, M. (2019). Streptomyces Strains 

Induce Resistance to Fusarium oxysporum f. Sp. lycopersici Race 3 in Tomato 

through Different Molecular Mechanisms. Frontiers in Microbiology, 10, 1505. 

https://doi.org/10.3389/FMICB.2019.01505 

Abbey, J. A., Percival, D., Abbey, L., Asiedu, S. K., Prithiviraj, B., and Schilder, A. 

(2019). Biofungicides as alternative to synthetic fungicide control of grey mould 

(Botrytis cinerea)–prospects and challenges. Biocontrol science and 

technology, 29(3), 207-228. 

Abdelghany, M. M. A., Kurikawa, M., Watanabe, M., Matsui, H., Yamamoto, M., 

Ichinose, Y., Toyoda, K., Kouzai, Y., and Noutoshi, Y. (2022). Surveillance of 

Pathogenicity of Rhizoctonia solani Japanese Isolates with Varied Anastomosis 

Groups and Subgroups on Arabidopsis thaliana. Life, 12(1), 76. 

https://doi.org/10.3390/LIFE12010076/S1 

Abdelkhalek, A., Al-Askar, A. A., Arishi, A. A., and Behiry, S. I. (2022). Trichoderma 

hamatum Strain Th23 Promotes Tomato Growth and Induces Systemic Resistance 

against Tobacco Mosaic Virus. Journal of Fungi 2022, 8(3), 228. 

https://doi.org/10.3390/JOF8030228. 



 

185 
 

Abdul‐Baki, A. A., and Anderson, J. D. (1973). Vigor determination in soybean seed by 

multiple criteria 1. Crop science, 13(6), 630-633. 

Abdullah, A. S., Moffat, C. S., Lopez-Ruiz, F. J., Gibberd, M. R., Hamblin, J., and 

Zerihun, A. (2017). Host–multi-pathogen warfare: Pathogen interactions in co-

infected plants. Frontiers in Plant Science, 8, 1806. 

https://doi.org/10.3389/FPLS.2017.01806 

Adhikari, T. B., Gao, A., Ingram, T., and Louws, F. J. (2020). Pathogenomics 

Characterization of an Emerging Fungal Pathogen, Fusarium oxysporum f. sp. 

lycopersici in Greenhouse Tomato Production Systems. Frontiers in Microbiology, 

11, 1995. https://doi.org/10.3389/FMICB.2020.01995. 

Aebi, H. E. (1974). Catalase. Methods of Enzymatic Analysis. 673–684. 

https://doi.org/10.1016/B978-0-12-091302-2.50032-3. 

Afzal, N., Mehdi, F., Sahar, S., Galani, S., Shahzad, S., and Azhar, A. (2022). Plant 

extracts induced systemic resistance in Solanum lycopersicum (tomato) seedlings 

against Rhizoctonia solani: modulation of antioxidant enzymes and pr-proteins 

expression. Pakistan Journal of Botany, 54(2), 701–709. 

https://doi.org/10.30848/PJB2022-2(14) 

Agrawal, T., and Kotasthane, A. S. (2012). Chitinolytic assay of indigenous Trichoderma 

isolates collected from different geographical locations of Chhattisgarh in Central 

India. SpringerPlus, 1(1), 1–10. https://doi.org/10.1186/2193-1801-1-73 

Agrios, G. (2004). Plant pathology: Fifth edition. Plant Pathology: Fifth Edition, 

9780080473789, 1–922. https://doi.org/10.1016/C2009-0-02037-6. 

Ahluwalia, V., Kumar, J., Rana, V. S., Sati, O. P., and Walia, S. (2015). Comparative 

evaluation of two Trichoderma harzianum strains for major secondary metabolite 

production and antifungal activity. Natural Product Research, 29(10), 914–920. 

https://doi.org/10.1080/14786419.2014.958739. 

Ahmad, P., Abass Ahanger, M., Nasser Alyemeni, M., Wijaya, L., Alam, P., and Ashraf, 

M. (2018). Mitigation of sodium chloride toxicity in Solanum lycopersicum L. by 

supplementation of jasmonic acid and nitric oxide. Journal of plant 

interactions, 13(1), 64-72. 



 

186 
 

Ahmad, P., Rasool, S., Gul, A., Sheikh, S. A., Akram, N. A., Ashraf, M., ... and Gucel, S. 

(2016). Jasmonates: multifunctional roles in stress tolerance. Frontiers in plant 

science, 7, 813. 

Ajayi-Oyetunde, O. O., and Bradley, C. A. (2018). Rhizoctonia solani: taxonomy, 

population biology and management of Rhizoctonia seedling disease of soybean. 

Plant Pathology, 67(1), 3–17. https://doi.org/10.1111/PPA.12733. 

Al Aboody, M. S., and Mickymaray, S. (2020). Anti-fungal efficacy and mechanisms of 

flavonoids. Antibiotics, 9(2), 45. 

Alabouvette, C., Olivain, C., Migheli, Q., and Steinberg, C. (2009). Microbiological 

control of soil‐borne phytopathogenic fungi with special emphasis on wilt‐inducing 

Fusarium oxysporum. New Phytol, 184(3), 529–544. https://doi.org/10.1111/j.1469-

8137.2009.03014.x 

Ali, E., Hussain, N., Shamsi, I. H., Jabeen, Z., Siddiqui, M. H., and Jiang, L. X. (2018). 

Role of jasmonic acid in improving tolerance of rapeseed (Brassica napus L.) to Cd 

toxicity. Journal of Zhejiang University. Science. B, 19(2), 130. 

https://doi.org/10.1631/JZUS.B1700191 

Alia, Mohanty, P., and Matysik, J. (2001). Effect of proline on the production of singlet 

oxygen. Amino Acids, 21(2), 195–200. https://doi.org/10.1007/S007260170026 

Al-Khayri, J. M., Rashmi, R., Toppo, V., Chole, P. B., Banadka, A., Sudheer, W. N., ... and 

Rezk, A. A. S. (2023). Plant secondary metabolites: The weapons for biotic stress 

management. Metabolites, 13(6), 716. 

Al-Surhanee, A. A., Afzal, M., Bouqellah, N. A., Ouf, S. A., Muhammad, S., Jan, M., 

Kaleem, S., Hashem, M., Alamri, S., Abdel Latef, A. A. H., Ali, O. M., and Soliman, 

M. H. (2021). The antifungal activity of Ag/CHI NPs against Rhizoctonia solani 

linked with tomato plant health. Plants, 10(11), 2283. 

https://doi.org/10.3390/PLANTS10112283/S1 

Ameye, M., Audenaert, K., de Zutter, N., Steppe, K., van Meulebroek, L., Vanhaecke, L., 

de Vleesschauwer, D., Haesaert, G., and Smagghe, G. (2015). Priming of wheat with 

the green leaf volatile Z-3-hexenyl acetate enhances defense against Fusarium 



 

187 
 

graminearum but boosts deoxynivalenol production. Plant Physiology, 167(4), 1671–

1684. https://doi.org/10.1104/PP.15.00107 

Amombo, E., Ashilenje, D. S., Hirich, A., Kouisni, L., Oukarroum, A., Ghoulam, C., ... and 

Nilahyane, A. (2023). Insights on the SWEET Gene Role in Soluble Sugar 

Accumulation via the CO2 Fixation Pathway in Forage Maize Under Salt 

Stress. Journal of Plant Growth Regulation, 1-16. 

Andrzejak, R., and Janowska, B. (2022). Trichoderma spp. improves flowering, quality, and 

nutritional status of ornamental plants. International Journal of Molecular 

Sciences, 23(24), 15662. 

Antognoni, F., Faudale, M., Poli, F., and Biondi, S. (2009). Methyl jasmonate differentially 

affects tocopherol content and tyrosine amino transferase activity in cultured cells of 

Amaranthus caudatus and Chenopodium quinoa. Plant Biology, 11(2), 161–169. 

https://doi.org/10.1111/J.1438-8677.2008.00110.X 

Aquilano, K., Baldelli, S., and Ciriolo, M. R. (2014). Glutathione: new roles in redox 

signaling for an old antioxidant. Frontiers in pharmacology, 5, 196. 

Araji, S., Grammer, T. A., Gertzen, R., Anderson, S. D., Mikulic-Petkovsek, M., Veberic, 

R., Phu, M. L., Solar, A., Leslie, C. A., Dandekar, A. M., and Escobar, M. A. (2014). 

Novel roles for the polyphenol oxidase enzyme in secondary metabolism and the 

regulation of cell death in walnut. Plant Physiology, 164(3), 1191–1203. 

https://doi.org/10.1104/PP.113.228593 

Aranda-Rivera, A. K., Cruz-Gregorio, A., Arancibia-Hernández, Y. L., Hernández-Cruz, E. 

Y., and Pedraza-Chaverri, J. (2022). RONS and oxidative stress: An overview of 

basic concepts. Oxygen, 2(4), 437-478. 

Arballo, J., Amengual, J., and Erdman, J. W. (2021). Lycopene: A Critical Review of 

Digestion, Absorption, Metabolism, and Excretion. Antioxidants, 10(3), 342. 

https://doi.org/10.3390/ANTIOX10030342. 

Arie, T. (2019). Fusarium diseases of cultivated plants, control, diagnosis, and molecular 

and genetic studies. Journal of Pesticide Science, 44(4), 275. 

https://doi.org/10.1584/JPESTICS.J19-03 



 

188 
 

Arie, T., Takahashi, H., Kodama, M., and Teraoka, T. (2007). Tomato as a model plant for 

plant-pathogen interactions. Plant Biotechnology, 24(1), 135–147. 

https://doi.org/10.5511/PLANTBIOTECHNOLOGY.24.135 

Arthikala, M. K., Montiel, J., Sánchez-López, R., Nava, N., Cárdenas, L., and Quinto, C. 

(2017). Respiratory burst oxidase homolog gene a is crucial for Rhizobium infection 

and nodule maturation and function in common bean. Frontiers in Plant Science, 8, 

2003. https://doi.org/10.3389/FPLS.2017.02003 

Asada, K. (1999). The water-water cycle in chloroplasts: Scavenging of Active Oxygens 

and Dissipation of Excess Photons. Annu. Rev. Plant Physiol. Plant Mol. Biol, 50, 

601–640. 

Asha, B. B., Nayaka, S. C., Udaya Shankar, A. C., Srinivas, C., and Niranjana, S. R. 

(2011). Selection of effective bio-antagonistic bacteria for biological control of 

tomato wilt caused by Fusarium oxysporum f. Sp. lycopersici. The bioscan, 6(2), 

239–244.  

Ashwathi, S., Ushamalini, C., Parthasarathy, S., and Nakkeeran, S. (2017). Morphological 

and molecular characterization of Fusarium spp. associated with Vascular Wilt of 

Coriander in India. Journal of Pharmacognosy and Phytochemistry, 6(5), 1055–1059.  

Ataei, N., Moradi, H., and Akbarpour, V. (2013). Growth Parameters and Photosynthetic 

Pigments of Marigold under Stress Induced by Jasmonic Acid. Notulae Scientia 

Biologicae, 5(4), 513–517. https://doi.org/10.15835/NSB549128 

Attacha, S., Solbach, D., Bela, K., Moseler, A., Wagner, S., Schwarzländer, M., Aller, I., 

Müller, S. J., and Meyer, A. J. (2017). Glutathione peroxidase-like enzymes cover 

five distinct cell compartments and membrane surfaces in Arabidopsis thaliana. 

Plant, Cell and Environment, 40(8), 1281–1295. https://doi.org/10.1111/PCE.12919 

Aydin, S., Büyük, I., and Aras, E. S. (2014). Expression of SOD gene and evaluating its 

role in stress tolerance in NaCl and PEG stressed Lycopersicum esculentum. Turkish 

Journal of Botany, 38(1), 89–98. https://doi.org/10.3906/bot-1305-1 

Azeem, U. (2018). Ameliorating Nickel Stress by Jasmonic Acid Treatment in Zea mays L. 

Russian Agricultural Sciences 2018, 44(3), 209–215. 

https://doi.org/10.3103/S1068367418030035 



 

189 
 

Baek, M. W., Choi, H. R., Solomon, T., Jeong, C. S., Lee, O. H., and Tilahun, S. (2021). 

Preharvest methyl jasmonate treatment increased the antioxidant activity and 

glucosinolate contents of hydroponically grown pak choi. Antioxidants, 10(1), 131. 

Bali, S., Kaur, P., Jamwal, V. L., Gandhi, S. G., Sharma, A., Ohri, P., Bhardwaj, R., Ali, 

M. A., and Ahmad, P. (2020). Seed Priming with Jasmonic Acid Counteracts Root 

Knot Nematode Infection in Tomato by Modulating the Activity and Expression of 

Antioxidative Enzymes. Biomolecules, 10(1), 98. 

https://doi.org/10.3390/BIOM10010098 

Bali, S., Kaur, P., Sharma, A., Ohri, P., Bhardwaj, R., Alyemeni, M. N., Wijaya, L., and 

Ahmad, P. (2018). Jasmonic acid-induced tolerance to root-knot nematodes in tomato 

plants through altered photosynthetic and antioxidative defense mechanisms. 

Protoplasma, 255(2), 471–484. https://doi.org/10.1007/S00709-017-1160-6 

Bargaz, A., Lyamlouli, K., Chtouki, M., Zeroual, Y., and Dhiba, D. (2018). Soil Microbial 

Resources for Improving Fertilizers Efficiency in an Integrated Plant Nutrient 

Management System. Frontiers in Microbiology, 9, 1606. 

https://doi.org/10.3389/FMICB.2018.01606/FULL 

Bates, L. S., Waldren, R. P., and Teare, I. D. (1973). Rapid determination of free proline 

for water-stress studies. Plant and Soil, 39(1), 205–207. 

https://doi.org/10.1007/BF00018060 

Beckman, C. H. (2000). Phenolic-storing cells: Keys to programmed cell death and 

periderm formation in wilt disease resistance and in general defence responses in 

plants? Physiological and Molecular Plant Pathology, 57(3), 101–110. 

https://doi.org/10.1006/PMPP.2000.0287 

Beguerisse-Diaz, M., Hernández-Gómez, M. C., Lizzul, A. M., Barahona, M., and 

Desikan, R. (2012). Compound stress response in stomatal closure: A mathematical 

model of ABA and ethylene interaction in guard cells. BMC Systems Biology, 6(1), 1–

15. https://doi.org/10.1186/1752-0509-6-146/FIGURES/7 

Behiry, S., Soliman, S. A., Massoud, M. A., Abdelbary, M., Kordy, A. M., Abdelkhalek, A., 

and Heflish, A. (2023). Trichoderma pubescens elicit induced systemic resistance in 

tomato challenged by Rhizoctonia solani. Journal of Fungi, 9(2), 167. 



 

190 
 

Bela, K., Horváth, E., Gallé, Á., Szabados, L., Tari, I., and Csiszár, J. (2015). Plant 

glutathione peroxidases: Emerging role of the antioxidant enzymes in plant 

development and stress responses. Journal of Plant Physiology, 176, 192–201. 

https://doi.org/10.1016/J.JPLPH.2014.12.014 

Bela, K., Riyazuddin, R., and Csiszár, J. (2022). Plant glutathione peroxidases: non-heme 

peroxidases with large functional flexibility as a core component of ROS-processing 

mechanisms and signalling. Antioxidants, 11(8), 1624. 

Berrios, L., and Rentsch, J. D. (2022). Linking Reactive Oxygen Species (ROS) to Abiotic 

and Biotic Feedbacks in Plant Microbiomes: The Dose Makes the Poison. 

International Journal of Molecular Sciences, 23(8), 4402. 

https://doi.org/10.3390/IJMS23084402 

Bestwick, C. S., Brown, I. R., and Mansfield, J. W. (1998). Localized Changes in 

Peroxidase Activity Accompany Hydrogen Peroxide Generation during the 

Development of a Nonhost Hypersensitive Reaction in Lettuce. Plant Physiology, 

118(3), 1067-1078. https://doi.org/10.1104/PP.118.3.1067 

Bhale, U. N., and Rajkonda, J. N. (2012). Enzymatic activity of Trichoderma 

species. Novus Natural Science Research, 1(4), 1-8. 

Bienert, G. P., Møller, A. L. B., Kristiansen, K. A., Schulz, A., Møller, I. M., Schjoerring, 

J. K., and Jahn, T. P. (2007). Specific Aquaporins Facilitate the Diffusion of 

Hydrogen Peroxide across Membranes *. Journal of Biological Chemistry, 282(2), 

1183–1192. https://doi.org/10.1074/JBC.M603761200 

Bin-Jumah, M. N., Nadeem, M. S., Gilani, S. J., Mubeen, B., Ullah, I., Alzarea, S. I., 

Ghoneim, M. M., Alshehri, S., Al-Abbasi, F. A., and Kazmi, I. (2022). Lycopene: A 

Natural Arsenal in the War against Oxidative Stress and Cardiovascular Diseases. 

Antioxidants, 11(2), 232. https://doi.org/10.3390/ANTIOX11020232 

Bisht, N., Mishra, S. K., and Chauhan, P. S. (2020). Bacillus amyloliquefaciens inoculation 

alters physiology of rice (Oryza sativa L. var. IR-36) through modulating 

carbohydrate metabolism to mitigate stress induced by nutrient starvation. 

International Journal of Biological Macromolecules, 143, 937–951. 

https://doi.org/10.1016/J.IJBIOMAC.2019.09.154 



 

191 
 

Blois, M. S. (1958). Antioxidant Determinations by the Use of a Stable Free Radical. 

Nature, 181(4617), 1199–1200. https://doi.org/10.1038/1811199A0 

Bonfig, K. B., Schreiber, U., Gabler, A., Roitsch, T., and Berger, S. (2006). Infection with 

virulent and avirulent P. syringae strains differentially affects photosynthesis and sink 

metabolism in Arabidopsis leaves. Planta, 225(1), 1–12. 

https://doi.org/10.1007/S00425-006-0303-3  

Botanga, C. J., Bethke, G., Chen, Z., Gallie, D. R., Fiehn, O., and Glazebrook, J. (2012). 

Metabolite profiling of Arabidopsis inoculated with Alternaria brassicicola reveals 

that ascorbate reduces disease severity. Molecular Plant-Microbe Interactions: 

MPMI, 25(12), 1628–1638. https://doi.org/10.1094/MPMI-07-12-0179-R 

Boubakri, H. (2018). The role of ascorbic acid in plant-pathogen interactions. Ascorbic 

Acid in Plant Growth, Development and Stress Tolerance, 255–271. 

https://doi.org/10.1007/978-3-319-74057-7_10 

Boubakri, H., Gargouri, M., Mliki, A., Brini, F., Chong, J., and Jbara, M. (2016). Vitamins 

for enhancing “plant resistance. Planta, 244(3), 529–543. 

https://doi.org/10.1007/S00425-016-2552-0” 

Branthôme, F. X. Worldwide (Total Fresh) Tomato Production Exceeds 187 million 

Tonnes in 2020. Tomato news, 28. 

Brian, P. W., and Mcgowan, J. G. (1945). Viridin: a Highly Fungistatic Substance 

Produced by Trichoderma viride. Nature, 156(3953), 144–145. 

https://doi.org/10.1038/156144a0 

Brotman, Y., Landau, U., Cuadros-Inostroza, Á., Takayuki, T., Fernie, A. R., Chet, I., 

Viterbo, A., and Willmitzer, L. (2013). Trichoderma-Plant Root Colonization: 

Escaping Early Plant Defense Responses and Activation of the Antioxidant 

Machinery for Saline Stress Tolerance. PLOS Pathogens, 9(3), e1003221. 

https://doi.org/10.1371/JOURNAL.PPAT.1003221 

Bryant, J. P., Chapin, F. S., and Klein, D. R. (1983). Carbon/Nutrient Balance of Boreal 

Plants in Relation to Vertebrate Herbivory. Oikos, 40(3), 357-368. 

https://doi.org/10.2307/3544308 



 

192 
 

Cai, F., Yu, G., Wang, P., Wei, Z., Fu, L., Shen, Q., and Chen, W. (2013). Harzianolide, a 

novel plant growth regulator and systemic resistance elicitor from Trichoderma 

harzianum. Plant Physiology and Biochemistry, 73, 106–113. 

https://doi.org/10.1016/J.PLAPHY.2013.08.011 

Caicedo, A. L., and Schaal, B. A. (2004). Population structure and phylogeography of 

Solanum pimpinellifolium inferred from a nuclear gene. Molecular Ecology, 13(7), 

1871–1882. https://doi.org/10.1111/J.1365-294X.2004.02191.X 

Canonne, J., Froidure-Nicolas, S., and Rivas, S. (2011). Phospholipases in action during 

plant defense signaling. Plant Signaling and Behavior, 6(1), 13-18. 

https://doi.org/10.4161/PSB.6.1.14037 

Cardoza, R. E., Hermosa, R., Vizcaino, J. A., Sanz, L., Monte, E., and Gutierrez, S. (2005). 

Secondary metabolites produced by Trichoderma and their importance in the 

biocontrol process. Microorganisms for Industrial Enzymes and Biocontrol, 1–22.  

Caretto, S., Nisi, R., Paradiso, A., and de Gara, L. (2010). Tocopherol production in plant 

cell cultures. Molecular Nutrition and Food Research, 54(5), 726–730. 

https://doi.org/10.1002/MNFR.200900397 

Carlberg, I. N. C. E. R., and Mannervik, B. E. N. G. T. (1975). Purification and 

characterization of the flavoenzyme glutathione reductase from rat liver. Journal of 

biological chemistry, 250(14), 5475-5480. https://doi.org/10.1016/S0021-

9258(19)41206-4. 

Caverzan, A., Passaia, G., Rosa, S. B., Ribeiro, C. W., Lazzarotto, F., and Margis-Pinheiro, 

M. (2012). Plant responses to stresses: Role of ascorbate peroxidase in the antioxidant 

protection. Genetics and Molecular Biology, 35(4 Suppl), 1011. 

https://doi.org/10.1590/S1415-47572012000600016 

Chaerle, L., Pineda, M., Romero-Aranda, R., Van Der Straeten, D., and Baron, M. (2006). 

Robotized thermal and chlorophyll fluorescence imaging of pepper mild mottle virus 

infection in Nicotiana benthamiana. Plant and Cell Physiology, 47(9), 1323-1336 

Chakraborty, P., and Kumari, A. (2024). Role of compatible osmolytes in plant stress 

tolerance under the influence of phytohormones and mineral elements. In Improving 

Stress Resilience in Plants (pp. 165-201). Academic Press. 



 

193 
 

Chaturvedi, H., Singh, B., Jajoo, A., and Prakash, A. (2022). Shielding of Photosynthetic 

Apparatus by Consortia of Bacterial Endophytes in Tomato Plants Suffering from 

Fusarium Wilt. Frontiers in Agronomy, 4, 33. 

https://doi.org/10.3389/FAGRO.2022.831731 

Chaudhary, P., Sharma, A., Singh, B., and Nagpal, A. K. (2018). Bioactivities of 

phytochemicals present in tomato. Journal of Food Science and Technology, 55(8), 

2833-2849. https://doi.org/10.1007/S13197-018-3221-Z 

Chauhan, P., Sharma, N., Tapwal, A., Kumar, A., Verma, G. S., Meena, M., ... and Swapnil, 

P. (2023). Soil microbiome: diversity, benefits and interactions with 

plants. Sustainability, 15(19), 14643. 

Chen, L., Zhang, L., Xiang, S., Chen, Y., Zhang, H., and Yu, D. (2021). The transcription 

factor WRKY75 positively regulates jasmonate-mediated plant defense to 

necrotrophic fungal pathogens. Journal of Experimental Botany, 72(4), 1473–1489. 

https://doi.org/10.1093/JXB/ERAA529 

Chen, T. H. H., and Murata, N. (2008). Glycinebetaine: an effective protectant against 

abiotic stress in plants. Trends in Plant Science, 13(9), 499–505. 

https://doi.org/10.1016/j.tplants.2008.06.007 

Chen, T. H. H., and Murata, N. (2011). Glycinebetaine protects plants against abiotic 

stress: mechanisms and biotechnological applications. Plant, Cell and Environment, 

34(1), 1–20. https://doi.org/10.1111/J.1365-3040.2010.02232.X 

Chen, Y. E., Cui, J. M., Su, Y. Q., Yuan, S., Yuan, M., and Zhang, H. Y. (2015). Influence 

of stripe rust infection on the photosynthetic characteristics and antioxidant system of 

susceptible and resistant wheat cultivars at the adult plant stage. Frontiers in Plant 

Science, 6, 779. https://doi.org/10.3389/FPLS.2015.00779/FULL 

Cheng, H., Zhang, D., Ren, L., Song, Z., Li, Q., Wu, J., Fang, W., Huang, B., Yan, D., Li, 

Y., Wang, Q., and Cao, A. (2021). Bio-activation of soil with beneficial microbes 

after soil fumigation reduces soil-borne pathogens and increases tomato yield. 

Environmental Pollution, 283, 117160. 

https://doi.org/10.1016/J.ENVPOL.2021.117160 



 

194 
 

Chialva, M., Salvioli di Fossalunga, A., Daghino, S., Ghignone, S., Bagnaresi, P., 

Chiapello, M., Novero, M., Spadaro, D., Perotto, S., and Bonfante, P. (2018). Native 

soils with their microbiotas elicit a state of alert in tomato plants. New Phytologist, 

220(4), 1296–1308. https://doi.org/10.1111/NPH.15014 

Choudhury, F. K., Rivero, R. M., Blumwald, E., and Mittler, R. (2017). Reactive oxygen 

species, abiotic stress and stress combination. The Plant Journal, 90(5), 856–867. 

https://doi.org/10.1111/TPJ.13299 

Clocchiatti, A., Hannula, S. E., Rizaludin, M. S., Hundscheid, M. P. J., Klein Gunnewiek, 

P. J. A., Schilder, M. T., Postma, J., and de Boer, W. (2021). Impact of cellulose-rich 

organic soil amendments on growth dynamics and pathogenicity of Rhizoctonia 

solani. Microorganisms, 9(6), 1285. 

https://doi.org/10.3390/MICROORGANISMS9061285/S1 

Contour-Ansel, D., Torres-Franklin, M. L., Cruz De Carvalho, M. H., D’Arcy-Lameta, A., 

and Zuily-Fodil, Y. (2006). Glutathione Reductase in Leaves of Cowpea: Cloning of 

Two cDNAs, Expression and Enzymatic Activity under Progressive Drought Stress, 

Desiccation and Abscisic Acid Treatment. Annals of Botany, 98(6), 1279–1287. 

https://doi.org/10.1093/AOB/MCL217 

Contreras-Cornejo, H. A., Macías-Rodríguez, L., Alfaro-Cuevas, R., and López-Bucio, J. 

(2014). Trichoderma spp. improve growth of Arabidopsis seedlings under salt stress 

through enhanced root development, osmolyte production, and Na+ elimination 

through root exudates. Molecular Plant-Microbe Interactions, 27(6), 503-514. 

Contreras-Cornejo, H. A., Macías-Rodríguez, L., Beltrán-Peña, E., Herrera-Estrella, A., 

and López-Bucio, J. (2011). Trichoderma-induced plant immunity likely involves 

both hormonal- and camalexin dependent mechanisms in Arabidopsis thaliana and 

confers resistance against necrotrophic fungus Botrytis cinerea. Plant Signaling and 

Behavior, 6(10), 1554–1563. https://doi.org/10.4161/PSB.6.10.17443 

Contreras-Cornejo, H. A., Macías-Rodríguez, L., Cortés-Penagos, C., and López-Bucio, J. 

(2009). Trichoderma virens, a plant beneficial fungus, enhances biomass production 

and promotes lateral root growth through an auxin-dependent mechanism in 

Arabidopsis. Plant Physiology, 149(3), 1579–1592. 

https://doi.org/10.1104/PP.108.130369 



 

195 
 

Contreras-Cornejo, H. A., Macías-Rodríguez, L., del-Val, E., and Larsen, J. (2018). The 

root endophytic fungus Trichoderma atroviride induces foliar herbivory resistance in 

maize plants. Applied Soil Ecology, 124, 45–53. 

https://doi.org/10.1016/J.APSOIL.2017.10.004 

Contreras-Cornejo, H. A., Macías-Rodríguez, L., López-Bucio, J. S., and López-Bucio, J. 

(2014). Enhanced plant immunity using Trichoderma. In Biotechnology and biology 

of Trichoderma (pp. 495-504). Elsevier. https://doi.org/10.1016/B978-0-444-59576-

8.00036-9 

Cornelis, P., and Dingemans, J. (2013). Pseudomonas aeruginosa adapts its iron uptake 

strategies in function of the type of infections. Frontiers in Cellular and Infection 

Microbiology, 3, 75. https://doi.org/10.3389/FCIMB.2013.00075 

Cramer, G. R., Urano, K., Delrot, S., Pezzotti, M., and Shinozaki, K. (2011). Effects of 

abiotic stress on plants: A systems biology perspective. BMC Plant Biology, 11. 

https://doi.org/10.1186/1471-2229-11-163 

Cruz-Magalhães, V., Nieto-Jacobo, M. F., van Zijll De Jong, E., Rostás, M., Padilla-

Arizmendi, F., Kandula, D., Kandula, J., Hampton, J., Herrera-Estrella, A., Steyaert, 

J. M., Stewart, A., Loguercio, L. L., and Mendoza-Mendoza, A. (2019). The NADPH 

oxidases Nox1 and Nox2 differentially regulate volatile organic compounds, 

fungistatic activity, plant growth promotion and nutrient assimilation in Trichoderma 

atroviride. Frontiers in Microbiology, 9, 3271. 

https://doi.org/10.3389/FMICB.2018.03271 

Dabravolski, S. A., and Isayenkov, S. V. (2023). The role of the γ-aminobutyric acid 

(GABA) in plant salt stress tolerance. Horticulturae, 9(2), 230. 

Dahse, I., Willmer, C. M., and Meidner, H. (1990). Tentoxin suppresses stomatal opening 

by inhibiting photophosphorylation. Journal of experimental botany, 41(9), 1109-

1113. 

Dalton, D. A., Russell, S. A., Hanus, F. J., Pascoe, G. A., and Evans, H. J. (1986). 

Enzymatic reactions of ascorbate and glutathione that prevent peroxide damage in 

soybean root nodules. Proceedings of the National Academy of Sciences of the United 

States of America, 83(11), 3811–3815. https://doi.org/10.1073/PNAS.83.11.3811 



 

196 
 

Das, T., Hajong, M., Majumdar, D., Tombisana Devi, R. K., and Rajesh, T. (2016). 

Climate change impacts on plant diseases. SAARC Journal of Agriculture, 14(2), 200–

209. https://doi.org/10.3329/SJA.V14I2.31259 

Dat, J., Vandenabeele, S., Vranová, E., van Montagu, M., Inzé, D., and van Breusegem, F. 

(2000). Dual action of the active oxygen species during plant stress responses. 

Cellular and Molecular Life Sciences, 57(5), 779–795. 

https://doi.org/10.1007/S000180050041 

de Coninck, B., Timmermans, P., Vos, C., Cammue, B. P. A., and Kazan, K. (2015). What 

lies beneath: belowground defense strategies in plants. Trends in Plant Science, 20(2), 

91–101. https://doi.org/10.1016/J.TPLANTS.2014.09.007 

de Vos, M., van Oosten, V. R., van Poecke, R. M. P., van Pelt, J. A., Pozo, M. J., Mueller, 

M. J., Buchala, A. J., Métraux, J. P., van Loon, L. C., Dicke, M., and Pieterse, C. M. 

J. (2005). Signal signature and transcriptome changes of Arabidopsis during pathogen 

and insect attack. Molecular Plant-Microbe Interactions, 18(9), 923–937. 

https://doi.org/10.1094/MPMI-18-0923 

Dean, J. D., Goodwin, P. H., and Hsiang, T. (2005). Induction of glutathione S-transferase 

genes of Nicotiana benthamiana following infection by Colletotrichum destructivum 

and C. orbiculare and involvement of one in resistance. Journal of Experimental 

Botany, 56(416), 1525–1533. https://doi.org/10.1093/JXB/ERI145 

Dehghanian, Z., Habibi, K., Dehghanian, M., Aliyar, S., Lajayer, B. A., Astatkie, T., ... and 

Keswani, C. (2022). Reinforcing the bulwark: unravelling the efficient applications of 

plant phenolics and tannins against environmental stresses. Heliyon, 8(3). 

del Río, L. A. (2015). ROS and RNS in plant physiology: An overview. Journal of 

Experimental Botany, 66(10), 2827–2837. https://doi.org/10.1093/JXB/ERV099 

Desmond, O. J., Edgar, C. I., Manners, J. M., Maclean, D. J., Schenk, P. M., and Kazan, K. 

(2006). Methyl jasmonate induced gene expression in wheat delays symptom 

development by the crown rot pathogen Fusarium pseudograminearum. Physiological 

and Molecular Plant Pathology, 67(3–5), 171–179. 

https://doi.org/10.1016/J.PMPP.2005.12.007 



 

197 
 

Dickinson, J. M., Hanson, J. R., Hitchcock, P. B., and Claydon, N. (1989). Structure and 

biosynthesis of harzianopyridone, an antifungal metabolite of Trichoderma 

harzianum. Journal of the Chemical Society, Perkin Transactions 1, 11, 1885–1887. 

https://doi.org/10.1039/P19890001885 

Dinesh, R., and Prateeksha, M. (2015). A review on interactions of Trichoderma with Plant 

and Pathogens. Research Journal of Agriculture and Forestry Sciences, 3(2), 20–23.  

Ding, L. N., Li, Y. T., Wu, Y. Z., Li, T., Geng, R., Cao, J., ... and Tan, X. L. (2022). Plant 

disease resistance-related signaling pathways: recent progress and future 

prospects. International Journal of Molecular Sciences, 23(24), 16200. 

Dirks-Hofmeister, M. E., Kolkenbrock, S., and Moerschbacher, B. M. (2013). Parameters 

That Enhance the Bacterial Expression of Active Plant Polyphenol Oxidases. PLoS 

ONE, 8(10) e77291. https://doi.org/10.1371/JOURNAL.PONE.0077291 

Divakara, S. T., Santosh, P., Aiyaz, M., Venkata Ramana, M., Hariprasad, P., Nayaka, S. 

C., and Niranjana, S. R. (2014). Molecular identification and characterization of 

Fusarium spp. associated with sorghum seeds. Journal of the Science of Food and 

Agriculture, 94(6), 1132–1139. https://doi.org/10.1002/JSFA.6380 

Divekar, P. A., Narayana, S., Divekar, B. A., Kumar, R., Gadratagi, B. G., Ray, A., ... and 

Behera, T. K. (2022). Plant secondary metabolites as defense tools against herbivores 

for sustainable crop protection. International journal of molecular sciences, 23(5), 

2690. 

Dixon, D. P., and Edwards, R. (2009). Selective binding of glutathione conjugates of fatty 

acid derivatives by plant glutathione transferases. Journal of Biological Chemistry, 

284(32), 21249–21256. https://doi.org/10.1074/jbc.M109.020107 

Dixon, R. A., Harrison, M. J., and Lamb, C. J. (2003). Early events in the activation of 

plant defense responses. Annu. Rev. Phytopathol, 32, 479–501. 

https://doi.org/10.1146/ANNUREV.PY.32.090194.002403 

Djonović, S., Pozo, M. J., Dangott, L. J., Howell, C. R., and Kenerley, C. M. (2006). Sm1, 

a proteinaceous elicitor secreted by the biocontrol fungus Trichoderma virens induces 

plant defense responses and systemic resistance. Molecular Plant-Microbe 

Interactions, 19(8), 838–853. https://doi.org/10.1094/MPMI-19-0838 



 

198 
 

Dudler, R., Hertig, C., Rebmann, G., Bull, J., and Mauch, F. (1991). A pathogen-induced 

wheat gene encodes a protein homologous to glutathione-S-transferases. Molecular 

Plant-Microbe Interactions: MPMI, 4(1), 14–18. https://doi.org/10.1094/MPMI-4-014 

Duke, S. O., and Dayan, F. E. (2011). Modes of Action of Microbially-Produced 

Phytotoxins. Toxins, 3(8), 1038–1064. https://doi.org/10.3390/TOXINS3081038 

Dumanović, J., Nepovimova, E., Natić, M., Kuča, K., and Jaćević, V. (2021). The 

Significance of Reactive Oxygen Species and Antioxidant Defense System in Plants: 

A Concise Overview. Frontiers in Plant Science, 11, 552969. 

https://doi.org/10.3389/FPLS.2020.552969 

Dumont, S., and Rivoal, J. (2019). Consequences of oxidative stress on plant glycolytic 

and respiratory metabolism. Frontiers in Plant Science, 10, 166. 

https://doi.org/10.3389/FPLS.2019.00166/BIBTEX 

Dutta, P., Mahanta, M., Singh, S. B., Thakuria, D., Deb, L., Kumari, A., ... and Pandey, A. 

K. (2023). Molecular interaction between plants and Trichoderma species against 

soil-borne plant pathogens. Frontiers in Plant Science, 14, 1145715. 

Ebrahimi-Zarandi, M., Bonjar, G. H. S., Riseh, R. S., El-Shetehy, M., Saadoun, I., and 

Barka, E. A. (2021). Exploring Two Streptomyces Species to Control Rhizoctonia 

solani in Tomato. Agronomy, 11(7), 1384. 

https://doi.org/10.3390/AGRONOMY11071384 

Edel-Hermann, V., and Lecomte, C. (2019). Current status of Fusarium oxysporum formae 

speciales and races. Phytopathology, 109(4), 512–530. 

https://doi.org/10.1094/PHYTO-08-18-0320-RVW 

Edreva, A., Velikova, V., Tsonev, T., Dagnon, S., Gürel, A., Aktaş, L., and Gesheva, E. 

(2008). Stress-protective role of secondary metabolites: diversity of functions and 

mechanisms. General Applied Plant Physiology, 34, 67–78. 

Edwards, E. A., Rawsthorne, S., and Mullineaux, P. M. (1990). Subcellular distribution of 

multiple forms of glutathione reductase in leaves of pea (Pisum sativum L.). Planta, 

180(2), 278–284. https://doi.org/10.1007/BF00194008 



 

199 
 

Egamberdieva, D., Wirth, S. J., Alqarawi, A. A., Abd-Allah, E. F., and Hashem, A. (2017). 

Phytohormones and Beneficial Microbes: Essential Components for Plants to Balance 

Stress and Fitness. Frontiers in Microbiology, 8, 2104. 

https://doi.org/10.3389/FMICB.2017.02104 

Egan, M. J., Wang, Z. Y., Jones, M. A., Smirnoff, N., and Talbot, N. J. (2007). Generation 

of reactive oxygen species by fungal NADPH oxidases is required for rice blast 

disease. Proceedings of the National Academy of Sciences of the United States of 

America, 104(28), 11772–11777. https://doi.org/10.1073/PNAS.0700574104 

Ells James E. (1963). The influence of treating tomato seed with nutrient solutions on 

emergence rate and seedling growth. Proc. Amer. Soc. Hort. Sci., 83, 684–687.  

Elstner, E. F. (1982). Oxygen Activation and Oxygen Toxicity. Annual Review of Plant 

Biology, 33, 73–96. https://doi.org/10.1146/ANNUREV.PP.33.060182.000445 

Erb, M., and Kliebenstein, D. J. (2020). Plant Secondary Metabolites as Defenses, 

Regulators, and Primary Metabolites: The Blurred Functional Trichotomy. Plant 

Physiology, 184(1), 39. https://doi.org/10.1104/PP.20.00433 

Erofeeva, E. A. (2015). Dependence of Guaiacol Peroxidase Activity and Lipid 

Peroxidation Rate in Drooping Birch (Betula pendula Roth) and Tillet (Tilia cordata 

Mill) Leaf on Motor Traffic Pollution Intensity. Dose-Response, 13(2), 

1559325815588510. https://doi.org/10.1177/1559325815588510 

Fang, S. T., Wang, Y. J., Ma, X. Y., Yin, X. L., and Ji, N. Y. (2019). Two new 

sesquiterpenoids from the marine-sediment-derived fungus Trichoderma harzianum 

P1-4. Natural Product Research, 33(21), 3127–3133. 

https://doi.org/10.1080/14786419.2018.1522314 

Farooq, M. A., Gill, R. A., Islam, F., Ali, B., Liu, H., Xu, J., He, S., and Zhou, W. (2016). 

Methyl jasmonate regulates antioxidant defense and suppresses arsenic uptake in 

Brassica napus L. Frontiers in Plant Science, 7, 468. 

https://doi.org/10.3389/FPLS.2016.00468 

Feng, H., Wang, X., Zhang, Q., Fu, Y., Feng, C., Wang, B., Huang, L., and Kang, Z. 

(2014). Monodehydroascorbate reductase gene, regulated by the wheat PN-2013 

miRNA, contributes to adult wheat plant resistance to stripe rust through ROS 



 

200 
 

metabolism. Biochimica et Biophysica Acta (BBA) - Gene Regulatory Mechanisms, 

1839(1), 1–12. https://doi.org/10.1016/J.BBAGRM.2013.11.001 

Feng, K., Yu, J., Cheng, Y., Ruan, M., Wang, R., Ye, Q., Zhou, G., Li, Z., Yao, Z., Yang, 

Y., Zheng, Q., and Wan, H. (2016). The SOD Gene Family in Tomato: Identification, 

Phylogenetic Relationships, and Expression Patterns. Frontiers in Plant Science, 7, 

1279. https://doi.org/10.3389/FPLS.2016.01279 

Fenibo, E. O., Ijoma, G. N., and Matambo, T. (2021). Biopesticides in Sustainable 

Agriculture: A Critical Sustainable Development Driver Governed by Green 

Chemistry Principles. Frontiers in Sustainable Food Systems, 5, 619058. 

https://doi.org/10.3389/FSUFS.2021.619058/BIBTEX 

Flohé, L., and Günzler, W. A. (1984). Assays of glutathione peroxidase. Methods in 

Enzymology, 105(C), 114–120. https://doi.org/10.1016/S0076-6879(84)05015-1 

Flores, A., Chet, I., and Herrera-Estrella, A. (1997). Improved biocontrol activity of 

Trichoderma harzianum by over-expression of the proteinase-encoding gene prb1. 

Current Genetics, 31(1), 30–37. https://doi.org/10.1007/S002940050173 

Foley, R. C., Kidd, B. N., Hane, J. K., Anderson, J. P., and Singh, K. B. (2016). Reactive 

oxygen species play a role in the infection of the necrotrophic fungi, Rhizoctonia 

solani in Wheat. PLoS ONE, 11(3), e0152548. 

https://doi.org/10.1371/JOURNAL.PONE.0152548 

Fones, H. N., Bebber, D. P., Chaloner, T. M., Kay, W. T., Steinberg, G., and Gurr, S. J. 

(2020). Threats to global food security from emerging fungal and oomycete crop 

pathogens. Nature Food, 1(6), 332–342. https://doi.org/10.1038/s43016-020-0075-0 

Foyer, C. H., and Kunert, K. (2024). The ascorbate–glutathione cycle coming of 

age. Journal of Experimental Botany, 75(9), 2682-2699. 

Foyer, C. H., and Shigeoka, S. (2011). Understanding oxidative stress and antioxidant 

functions to enhance photosynthesis. Plant Physiology, 155(1), 93–100. 

https://doi.org/10.1104/PP.110.166181 

Foyer, C. H., Lopez-Delgado, H., Dat, J. F., and Scott, I. M. (1997). Hydrogen peroxide- 

and glutathione-associated mechanisms of acclimatory stress tolerance and signalling. 



 

201 
 

Physiologia Plantarum, 100(2), 241–254. https://doi.org/10.1111/J.1399-

3054.1997.TB04780.X 

Fragoso, V., Rothe, E., Baldwin, I. T., and Kim, S. G. (2014). Root jasmonic acid synthesis 

and perception regulate folivore-induced shoot metabolites and increase Nicotiana 

attenuata resistance. New Phytologist, 202(4), 1335–1345. 

https://doi.org/10.1111/NPH.12747 

Frederickson Matika, D. E., and Loake, G. J. (2014). Redox Regulation in Plant Immune 

Function. Antioxidants and Redox Signaling, 21(9), 1373-1388. 

https://doi.org/10.1089/ARS.2013.5679 

Fridman, E., Carrari, F., Liu, Y. S., Fernie, A. R., and Zamir, D. (2004). Zooming in on a 

quantitative trait for tomato yield using interspecific introgressions. Science (New 

York, N.Y.), 305(5691), 1786–1789. https://doi.org/10.1126/SCIENCE.1101666 

Fujiwara, A., Shimura, H., Masuta, C., Sano, S., and Inukai, T. (2013). Exogenous ascorbic 

acid derivatives and dehydroascorbic acid are effective antiviral agents against Turnip 

mosaic virus in Brassica rapa. Journal of General Plant Pathology 2013 79:3, 79(3), 

198–204. https://doi.org/10.1007/S10327-013-0439-5 

Fukai, T., and Ushio-Fukai, M. (2011). Superoxide Dismutases: Role in Redox Signaling, 

Vascular Function, and Diseases. Antioxidants and Redox Signaling, 15(6), 1583-

1606. https://doi.org/10.1089/ARS.2011.3999 

Gala, R., Mita, G., and Caretto, S. (2005). Improving alpha-tocopherol production in plant 

cell cultures. Journal of Plant Physiology, 162(7), 782–784. 

https://doi.org/10.1016/J.JPLPH.2005.04.010 

Gan, L., Yin, Y., Niu, Q., Yan, X., and Yin, S. (2022). New Insights into the Mechanism of 

Trichoderma virens-Induced Developmental Effects on Agrostis stolonifera Disease 

Resistance against Dollar Spot Infection. Journal of Fungi, 8(11), 1186. 

https://doi.org/10.3390/JOF8111186/S1 

Gao, F., Chen, J., Ma, T., Li, H., Wang, N., Li, Z., Zhang, Z., and Zhou, Y. (2014). The 

Glutathione Peroxidase Gene Family in Thellungiella salsuginea: Genome-Wide 

Identification, Classification, and Gene and Protein Expression Analysis under Stress 



 

202 
 

Conditions. International Journal of Molecular Sciences, 15(2), 3319–3335. 

https://doi.org/10.3390/IJMS15023319 

Gao, J., Chen, B., Lin, H., Liu, Y., Wei, Y., Chen, F., and Li, W. (2020). Identification and 

characterization of the glutathione S-Transferase (GST) family in radish reveals a 

likely role in anthocyanin biosynthesis and heavy metal stress tolerance. Gene, 743, 

144484. 

Garo, E., Starks, C. M., Jensen, P. R., Fenical, W., Lobkovsky, E., and Clardy, J. (2003). 

Trichodermamides A and B, cytotoxic modified dipeptides from the marine-derived 

fungus Trichoderma virens. Journal of Natural Products, 66(3), 423–426. 

https://doi.org/10.1021/NP0204390/SUPPL_FILE/NP0204390_S.PDF 

Garrett, S. (1956). Biology of root-infecting fungi. Soil Science, 82(1), 97. 

Gatahi, D. M. (2020). Challenges and Opportunities in Tomato Production Chain and 

Sustainable Standards Introduction. International Journal of Horticultural Science 

and Technology, 7(3), 235–262. https://doi.org/10.22059/ijhst.2020.300818.361 

Gerszberg, A., Hnatuszko-Konka, K., Kowalczyk, T., and Kononowicz, A. K. (2015). 

Tomato (Solanum lycopersicum L.) in the service of biotechnology. Plant Cell, Tissue 

and Organ Culture, 120(3), 881–902. https://doi.org/10.1007/S11240-014-0664-

4/TABLES/2. 

Gfeller, A., Liechti, R., and Farmer, E. E. (2010). Arabidopsis jasmonate signaling 

pathway. Science Signaling, 3(109). https://doi.org/10.1126/SCISIGNAL.3109CM4 

Ghasemi, S., Safaie, N., Shahbazi, S., Shams-Bakhsh, M., and Askari, H. (2020). The Role 

of Cell Wall Degrading Enzymes in Antagonistic Traits of Trichoderma virens 

Against Rhizoctonia solani.  Iranian Journal of Biotechnology, 18(4), e2333. 

https://doi.org/10.30498/IJB.2020.2333 

Ghisalberti, E. L., and Rowland, C. Y. (1993). Antifungal metabolites from Trichoderma 

harzianum. Journal of Natural Products, 56(10), 1799–1804. 

https://doi.org/10.1021/NP50100A020 

Ghosh, U. K., Islam, M. N., Siddiqui, M. N., and Khan, M. A. R. (2021). Understanding 

the roles of osmolytes for acclimatizing plants to changing environment: a review of 



 

203 
 

potential mechanism. Plant Signaling and Behavior, 16(8). 

https://doi.org/10.1080/15592324.2021.1913306 

Gill, S. S., and Tuteja, N. (2010). Reactive oxygen species and antioxidant machinery in 

abiotic stress tolerance in crop plants. Plant Physiology and Biochemistry, 48(12), 

909–930. https://doi.org/10.1016/J.PLAPHY.2010.08.016 

Gill, S. S., Anjum, N. A., Hasanuzzaman, M., Gill, R., Trivedi, D. K., Ahmad, I., Pereira, 

E., and Tuteja, N. (2013). Glutathione and glutathione reductase: A boon in disguise 

for plant abiotic stress defense operations. Plant Physiology and Biochemistry, 70, 

204–212. https://doi.org/10.1016/J.PLAPHY.2013.05.032 

Giri, J. (2011). Glycinebetaine and abiotic stress tolerance in plants. Plant Signaling and 

Behavior, 6(11), 1746–1751. https://doi.org/10.4161/PSB.6.11.17801 

Glazebrook, J. (2005). Contrasting mechanisms of defense against biotrophic and 

necrotrophic pathogens. Annual Review of Phytopathology, 43, 205–227. 

https://doi.org/10.1146/ANNUREV.PHYTO.43.040204.135923 

Goldman, M. H. S., and Goldman, G. H. (1998). Trichoderma harzianum transformant has 

high extracellular alkaline proteinase expression during specific mycoparasitic 

interactions. Genetics and Molecular Biology, 21(3), 329–333. 

https://doi.org/10.1590/S1415-47571998000300007 

Gomes, M. P., Kitamura, R. S. A., Marques, R. Z., Barbato, M. L., and Zámocký, M. 

(2022). The role of H2O2-scavenging enzymes (ascorbate peroxidase and catalase) in 

the tolerance of Lemna minor to antibiotics: implications for 

phytoremediation. Antioxidants, 11(1), 151. 

Gondal, A. S., Rauf, A., and Naz, F. (2019). Anastomosis Groups of Rhizoctonia solani 

associated with tomato foot rot in Pothohar Region of Pakistan. Scientific Reports, 

9(1), 1–12. https://doi.org/10.1038/s41598-019-40043-5 

González-Pérez, E., Ortega-Amaro, M. A., Salazar-Badillo, F. B., Bautista, E., 

Douterlungne, D., and Jiménez-Bremont, J. F. (2018). The Arabidopsis-Trichoderma 

interaction reveals that the fungal growth medium is an important factor in plant 

growth induction. Scientific reports, 8(1), 1-14. 



 

204 
 

Grabov, A., and Blatt, M. R. (1998). Co-ordination of signalling elements in guard cell ion 

channel control. Journal of Experimental Botany, 49, 351-360. 

Gallie, D. R. (2013). The role of L-ascorbic acid recycling in responding to environmental 

stress and in promoting plant growth. Journal of experimental botany, 64(2), 433-443. 

https://doi.org/10.1093/JXB/ERS330 

Grieve, C. M., and Grattan, S. R. (1983). Rapid assay for determination of water soluble 

quaternary ammonium compounds. Plant and Soil, 70(2), 303–307. 

https://doi.org/10.1007/BF02374789. 

Gudesblat, G. E., Torres, P. S., and Vojnov, A. A. (2009). Stomata and pathogens: Warfare 

at the gates. Plant Signaling and Behavior, 4(12), 1114-1116. 

https://doi.org/10.4161/PSB.4.12.10062 

Gull, A., Lone, A. A., Ul, N., and Wani, I. (2019). Biotic and Abiotic Stresses in Plants. 

Abiotic and Biotic Stress in Plants, 7, 1-9 . 

https://doi.org/10.5772/INTECHOPEN.85832 

Guo, L., Yang, L., Liang, C., Wang, J., Liu, L., and Huang, J. (2016). The G-protein 

subunits FGA2 and FGB1 play distinct roles in development and pathogenicity in the 

banana fungal pathogen Fusarium oxysporum f. sp. cubense. Physiological and 

Molecular Plant Pathology, 93, 29–38. https://doi.org/10.1016/J.PMPP.2015.12.003 

Guo, W., Xing, Y., Luo, X., Li, F., Ren, M., and Liang, Y. (2023). Reactive oxygen species: 

a crosslink between plant and human eukaryotic cell systems. International Journal of 

Molecular Sciences, 24(17), 13052. 

Gupta, K. J., Mur, L. A. J., and Brotman, Y. (2014). Trichoderma asperelloides suppresses 

nitric oxide generation elicited by Fusarium oxysporum in Arabidopsis roots. 

Molecular Plant-Microbe Interactions : MPMI, 27(4), 307–314. 

https://doi.org/10.1094/MPMI-06-13-0160-R 

Guzmán-Guzmán, P., Alemán-Duarte, M. I., Delaye, L., Herrera-Estrella, A., and Olmedo-

Monfil, V. (2017). Identification of effector-like proteins in Trichoderma spp. and 

role of a hydrophobin in the plant-fungus interaction and mycoparasitism. BMC 

Genetics, 18(1), 1–20. https://doi.org/10.1186/S12863-017-0481-Y/FIGURES/6 



 

205 
 

Guzmán-Guzmán, P., Kumar, A., de Los Santos-Villalobos, S., Parra-Cota, F. I., Orozco-

Mosqueda, M. D. C., Fadiji, A. E., ... and Santoyo, G. (2023). Trichoderma species: 

Our best fungal allies in the biocontrol of plant diseases—A review. Plants, 12(3), 

432. 

Guzmán-Guzmán, P., Porras-Troncoso, M. D., Olmedo-Monfil, V., and Herrera-Estrella, 

A. (2019). Trichoderma Species: Versatile Plant Symbionts. Phytopathology, 109(1), 

6–16. https://doi.org/10.1094/PHYTO-07-18-0218-RVW 

Habig, W. H., Pabst, M. J., and Jakoby, W. B. (1974). Glutathione S-Transferases The first 

Enzymatic Step in Mercapturic Acid Formation. The Journal of Biological Chemistry, 

249(22), 7130–7139. https://doi.org/10.1016/S0021-9258(19)42083-8 

 Halifu, S., Deng, X., Song, X., and Song, R. (2019). Effects of two Trichoderma strains on 

plant growth, rhizosphere soil nutrients, and fungal community of Pinus sylvestris var. 

mongolica annual seedlings. Forests, 10(9), 758. 

Halifu, S., Deng, X., Song, X., Song, R., and Liang, X. (2020). Inhibitory Mechanism of 

Trichoderma virens ZT05 on Rhizoctonia solani. Plants 2020, 9(7), 912. 

https://doi.org/10.3390/PLANTS9070912 

Halliwell, B. (2006). Reactive species and antioxidants. Redox biology is a fundamental 

theme of aerobic life. Plant Physiology, 141(2), 312–322. 

https://doi.org/10.1104/PP.106.077073 

Halliwell, B., and Gutteridge, J. M. C. (1984). Oxygen toxicity, oxygen radicals, transition 

metals and disease. Biochemical Journal, 219(1), 1-14. 

https://doi.org/10.1042/BJ2190001 

Halliwell, B., and Gutteridge, J. M. C. (2015). Free Radicals in Biology and Medicine. 

Oxford university press, USA. 

Hansberg, W. (2022). Monofunctional heme-catalases. Antioxidants, 11(11), 2173. 

Hänsch, R., and Mendel, R. R. (2009). Physiological functions of mineral micronutrients 

(Cu, Zn, Mn, Fe, Ni, Mo, B, Cl). Current Opinion in Plant Biology, 12(3), 259–266. 

https://doi.org/10.1016/J.PBI.2009.05.006 



 

206 
 

Haouas, D., Halima-Kamel, M. ben, and Hamouda, M. H. ben. (2008). Insecticidal 

Activity of Flower and Leaf Extracts from Chrysanthemum Species Against 

Tribolium confusum. Tunisian Journal of Plant Protection, 3(2), 87–93.  

Harman, G. E., Hayes, C. K., Lorito, M., Broadway, R. M., di Pietro, A., Peterbauer, C., 

and Tronsmo, A. (1993). Chitinolytic Enzymes of Trichoderma harzianum: 

Purification of Chitobiosidase and Endochitinase. Phytopathology, 83(3), 318. 

https://doi.org/10.1094/PHYTO-83-313 

Harman, G. E., Howell, C. R., Viterbo, A., Chet, I., and Lorito, M. (2004). Trichoderma 

species - Opportunistic, avirulent plant symbionts. Nature Reviews Microbiology, 

2(1), 43–56. https://doi.org/10.1038/NRMICRO797 

Harwoko, H., Daletos, G., Stuhldreier, F., Lee, J., Wesselborg, S., Feldbrügge, M., ... and 

Proksch, P. (2021). Dithiodiketopiperazine derivatives from endophytic fungi 

Trichoderma harzianum and Epicoccum nigrum. Natural product research, 35(2), 

257-265.  

Hasanuzzaman, M., Bhuyan, M. B., Anee, T. I., Parvin, K., Nahar, K., Mahmud, J. A., and 

Fujita, M. (2019). Regulation of ascorbate-glutathione pathway in mitigating 

oxidative damage in plants under abiotic stress. Antioxidants, 8(9), 384. 

Hasanuzzaman, M., Bhuyan, M. B., Parvin, K., Bhuiyan, T. F., Anee, T. I., Nahar, K., ... 

and Fujita, M. (2020). Regulation of ROS metabolism in plants under environmental 

stress: A review of recent experimental evidence. International Journal of Molecular 

Sciences, 21(22), 8695. 

Hasanuzzaman, M., Bhuyan, M. H. M. B., Zulfiqar, F., Raza, A., Mohsin, S. M., al 

Mahmud, J., Fujita, M., and Fotopoulos, V. (2020). Reactive Oxygen Species and 

Antioxidant Defense in Plants under Abiotic Stress: Revisiting the Crucial Role of a 

Universal Defense Regulator. Antioxidants, 9(8), 1–52. 

https://doi.org/10.3390/ANTIOX9080681 

Hasanuzzaman, M., Nahar, K., Anee, T. I., and Fujita, M. (2017). Glutathione in plants: 

biosynthesis and physiological role in environmental stress tolerance. Physiology and 

Molecular Biology of Plants, 23(2), 249-268. https://doi.org/10.1007/S12298-017-

0422-2 



 

207 
 

Hashem, A., Akhter, A., Alqarawi, A. A., Singh, G., Almutairi, K. F., and Abd_Allah, E. 

F. (2021). Mycorrhizal fungi induced activation of tomato defense system mitigates 

Fusarium wilt stress. Saudi Journal of Biological Sciences, 28(10), 5442. 

https://doi.org/10.1016/J.SJBS.2021.07.025 

He, D. C., He, M. H., Amalin, D. M., Liu, W., Alvindia, D. G., and Zhan, J. (2021). 

Biological Control of Plant Diseases: An Evolutionary and Eco-Economic 

Consideration. Pathogens, 10(10). https://doi.org/10.3390/PATHOGENS10101311 

He, M., and Ding, N. Z. (2020). Plant Unsaturated Fatty Acids: Multiple Roles in Stress 

Response. Frontiers in Plant Science, 11, 562785. 

https://doi.org/10.3389/FPLS.2020.562785 

Heath, R. L., and Packer, L. (1968). Photoperoxidation in isolated chloroplasts: I. Kinetics 

and stoichiometry of fatty acid peroxidation. Archives of Biochemistry and 

Biophysics, 125(1), 189–198. https://doi.org/10.1016/0003-9861(68)90654-1 

Heflish, A. A., Abdelkhalek, A., Al-Askar, A. A., and Behiry, S. I. (2021). Protective and 

curative effects of Trichoderma asperelloides Ta41 on tomato root rot caused by 

Rhizoctonia solani rs33. Agronomy, 11(6), 1162. 

https://doi.org/10.3390/AGRONOMY11061162 

Hermosa, R., Viterbo, A., Chet, I., and Monte, E. (2012). Plant-beneficial effects of 

Trichoderma and of its genes. Microbiology (Reading, England), 158(Pt 1), 17–25. 

https://doi.org/10.1099/MIC.0.052274-0 

Hernández-Aparicio, F., Lisón, P., Rodrigo, I., Bellés, J. M., and López-Gresa, M. P. 

(2021). Signaling in the tomato immunity against Fusarium 

oxysporum. Molecules, 26(7), 1818. 

Hong, Y., Boiti, A., Vallone, D., and Foulkes, N. S. (2024). Reactive oxygen species 

signaling and oxidative stress: transcriptional regulation and 

evolution. Antioxidants, 13(3), 312. 

Hönig, M., Roeber, V. M., Schmülling, T., and Cortleven, A. (2023). Chemical priming of 

plant defense responses to pathogen attacks. Frontiers in Plant Science, 14, 1146577. 



 

208 
 

Hosseinifard, M., Stefaniak, S., Ghorbani Javid, M., Soltani, E., Wojtyla, Ł., and 

Garnczarska, M. (2022). Contribution of exogenous proline to abiotic stresses 

tolerance in plants: a review. International Journal of Molecular Sciences, 23(9), 

5186. 

Howell, C. R. (2003). Mechanisms employed by Trichoderma species in the biological 

control of plant diseases: The history and evolution of current concepts. Plant 

Disease, 87(1), 4–10. https://doi.org/10.1094/PDIS.2003.87.1.4 

Howell, C. R. (2019). Selective isolation from soil and separation in vitro of P and Q 

strains of Trichoderma virens with differential media. Mycologia, 91(6), 930–934. 

https://doi.org/10.1080/00275514.1999.12061103 

Howell, C. R., Hanson, L. E., Stipanovic, R. D., and Puckhaber, L. S. (2000). Induction of 

terpenoid synthesis in cotton roots and control of Rhizoctonia solani by seed treatment 

with Trichoderma virens. Phytopathology, 90(3), 248–252. 

https://doi.org/10.1094/PHYTO.2000.90.3.248 

Hu, J., Huang, J., Xu, H., Wang, Y., Li, C., Wen, P., You, X., Zhang, X., Pan, G., Li, Q., 

Zhang, H., He, J., Wu, H., Jiang, L., Wang, H., Liu, Y., and Wan, J. (2020). Rice 

stripe virus suppresses jasmonic acid-mediated resistance by hijacking brassinosteroid 

signaling pathway in rice. PLOS Pathogens, 16(8), e1008801. 

https://doi.org/10.1371/JOURNAL.PPAT.1008801 

Hu, M., Li, Q. L., Yang, Y. bin, Liu, K., Miao, C. P., Zhao, L. X., and Ding, Z. T. (2016). 

Koninginins R-S from the endophytic fungus Trichoderma koningiopsis. Natural 

Product Research, 31(7), 835–839. https://doi.org/10.1080/14786419.2016.1250086 

Hu, Y., Zhong, S., Zhang, M., Liang, Y., Gong, G., Chang, X., Tan, F., Yang, H., Qiu, X., 

Luo, L., and Luo, P. (2020). Potential Role of Photosynthesis in the Regulation of 

Reactive Oxygen Species and Defence Responses to Blumeria graminis f. sp. tritici in 

Wheat. International Journal of Molecular Sciences, 21(16), 5767. 

https://doi.org/10.3390/ijms21165767 

Huang, H., Ullah, F., Zhou, D. X., Yi, M., and Zhao, Y. (2019). Mechanisms of ROS 

regulation of plant development and stress responses. Frontiers in Plant Science, 10, 

800. https://doi.org/10.3389/FPLS.2019.00800/BIBTEX 



 

209 
 

Huang, J., Hirji, R., Adam, L., Rozwadowski, K. L., Hammerlindl, J. K., Keller, W. A., 

and Selvaraj, G. (2000). Genetic engineering of glycinebetaine production toward 

enhancing stress tolerance in plants: metabolic limitations. Plant Physiology, 122(3), 

747–756. https://doi.org/10.1104/PP.122.3.747 

Huang, Y., Mijiti, G., Wang, Z., Yu, W., Fan, H., Zhang, R., and Liu, Z. (2015). 

Functional analysis of the class II hydrophobin gene HFB2-6 from the biocontrol 

agent Trichoderma asperellum ACCC30536. Microbiological Research, 171, 8–20. 

https://doi.org/10.1016/J.MICRES.2014.12.004 

Imlay, J. A. (2003). Pathways of oxidative damage. Annual Reviews in 

Microbiology, 57(1), 395-418.  

Inayat, R., Khurshid, A., Boamah, S., Zhang, S., and Xu, B. (2022). Mortality, Enzymatic 

Antioxidant Activity and Gene Expression of Cabbage Aphid (Brevicoryne brassicae 

L.) in Response to Trichoderma longibrachiatum T6. Frontiers in Physiology, 13, 

901115. https://doi.org/10.3389/FPHYS.2022.901115/FULL 

Inayati, A., Sulistyowati, L., Aini, L. Q., and Yusnawan, E. (2020). Trichoderma virens-

Tv4 enhances growth promoter and plant defense-related enzymes of mungbean 

(Vigna radiata) against soil-borne pathogen Rhizoctonia solani. Biodiversitas Journal 

of Biological Diversity, 21(6). 

Iqbal, A., Yabuta, Y., Takeda, T., Nakano, Y., and Shigeoka, S. (2006). Hydroperoxide 

reduction by thioredoxin-specific glutathione peroxidase isoenzymes of Arabidopsis 

thaliana. The FEBS Journal, 273(24), 5589–5597. https://doi.org/10.1111/J.1742-

4658.2006.05548.X 

Iqbal, Z., Iqbal, M. S., Hashem, A., Abd_Allah, E. F., and Ansari, M. I. (2021). Plant 

Defense Responses to Biotic Stress and Its Interplay with Fluctuating Dark/Light 

Conditions. “Frontiers in Plant Science, 12, 631810. 

https://doi.org/10.3389/FPLS.2021.631810 

Isah, T. (2019). Stress and defense responses in plant secondary metabolites 

production. Biological research, 52, 39. 

Ishida, H., Nishimori, Y., Sugisawa, M., Makino, A., and Mae, T. (1997). The large 

subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase is fragmented into 37-



 

210 
 

kDa and 16-kDa polypeptides by active oxygen in the lysates of chloroplasts from 

primary leaves of wheat. Plant and Cell Physiology, 38(4), 471–479. 

https://doi.org/10.1093/OXFORDJOURNALS.PCP.A029191 

Islam, T., Manna, M., and Reddy, M. K. (2015). Glutathione Peroxidase of Pennisetum 

glaucum (PgGPx) Is a Functional Cd2+ Dependent Peroxiredoxin that Enhances 

Tolerance against Salinity and Drought Stress. PLOS ONE, 10(11), e0143344. 

https://doi.org/10.1371/JOURNAL.PONE.0143344 

Iwaniuk, P., and Lozowicka, B. (2022). Biochemical compounds and stress markers in 

lettuce upon exposure to pathogenic Botrytis cinerea and fungicides inhibiting 

oxidative phosphorylation. Planta, 255(3), 61. https://doi.org/10.1007/S00425-022-

03838 

Jagodzik, P., Tajdel-Zielinska, M., Ciesla, A., Marczak, M., and Ludwikow, A. (2018). 

Mitogen-Activated Protein Kinase Cascades in Plant Hormone Signaling. Frontiers in 

Plant Science, 9, 1387. https://doi.org/10.3389/FPLS.2018.01387 

Jain, A., Singh, S., Kumar Sarma, B., and Bahadur Singh, H. (2012). Microbial 

consortium-mediated reprogramming of defence network in pea to enhance tolerance 

against Sclerotinia sclerotiorum. Journal of Applied Microbiology, 112(3), 537–550. 

https://doi.org/10.1111/J.1365-2672.2011.05220.X 

Jaiti, F., Verdeil, J. L., and El Hadrami, I. (2009). Effect of jasmonic acid on the induction 

of polyphenoloxidase and peroxidase activities in relation to date palm resistance 

against Fusarium oxysporum f. sp. albedinis. Physiological and Molecular Plant 

Pathology, 74(1), 84-90. 

Jardim-Messeder, D., Caverzan, A., Bastos, G. A., Galhego, V., Souza-Vieira, Y. D., 

Lazzarotto, F., ... and Sachetto-Martins, G. (2022). Genome-wide, evolutionary, and 

functional analyses of ascorbate peroxidase (APX) family in Poaceae 

species. Genetics and molecular biology, 46(1 Suppl 1), e20220153. 

Jayamohan, N. S., Patil, S. V., and Kumudini, B. S. (2018). Reactive oxygen species 

(ROS) and antioxidative enzyme status in Solanum lycopersicum on priming with 

fluorescent Pseudomonas spp. against Fusarium oxysporum. Biologia, 73(11), 1073–

1082. https://doi.org/10.2478/S11756-018-0125-3 



 

211 
 

Jensen, B., Knudsen, I. M. B., Madsen, M., and Jensen, D. F. (2004). Biopriming of 

Infected Carrot Seed with an Antagonist, Clonostachys rosea, Selected for Control of 

Seedborne Alternaria spp. Phytopathology, 94(6), 551–560. 

https://doi.org/10.1094/PHYTO.2004.94.6.551 

Ji, S., Liu, Z., and Wang, Y. (2021). Trichoderma-Induced Ethylene Responsive Factor 

MsERF105 Mediates Defense Responses in Malus sieversii. Frontiers in Plant 

Science, 12. https://doi.org/10.3389/FPLS.2021.708010 

Jimenez-Garcia, S. N., Vazquez-Cruz, M. A., Guevara-Gonzalez, R. G., Torres-Pacheco, 

I., Cruz-Hernandez, A., and Feregrino-Perez, A. A. (2013). Current approaches for 

enhanced expression of secondary metabolites as bioactive compounds in plants for 

agronomic and human health purposes - A review. Polish Journal of Food and 

Nutrition Sciences, 63(2), 67–78. https://doi.org/10.2478/V10222-012-0072-6 

Jin, P., Zheng, Y., Tang, S., Rui, H., and Wang, C. Y. (2009). Enhancing disease resistance 

in peach fruit with methyl jasmonate. Journal of the Science of Food and Agriculture, 

89(5), 802–808. https://doi.org/10.1002/JSFA.3516 

Joshi, R. (2018). A review of Fusarium oxysporum on its plant interaction and industrial 

use. Journal of Medicinal Plants Studies, 6(3), 112–115. 

Joy IV, R. W., Sugiyama, M., Fukuda, H., and Komamine, A. (1995). Cloning and 

Characterization of Polyphenol Oxidase cDNAs of Phytolacca americana. Plant 

Physiology, 107(4), 1083–1089. https://doi.org/10.1104/PP.107.4.1083 

Juan, C. A., Pérez de la Lastra, J. M., Plou, F. J., and Pérez-Lebeña, E. (2021). The 

chemistry of reactive oxygen species (ROS) revisited: outlining their role in 

biological macromolecules (DNA, lipids and proteins) and induced 

pathologies. International journal of molecular sciences, 22(9), 4642. 

Junaid, M. D., and Gokce, A. F. (2024). Global agricultural losses and their causes. Bulletin 

of Biological and Allied Sciences Research, 2024(1), 66-66. 

Jung, J., Kim, S. K., Kim, J. Y., Jeong, M. J., and Ryu, C. M. (2018). Beyond chemical 

triggers: Evidence for sound-evoked physiological reactions in plants. Frontiers in 

Plant Science, 9, 25. https://doi.org/10.3389/FPLS.2018.00025 



 

212 
 

Kaiser, W. M. (1979). Reversible inhibition of the calvin cycle and activation of oxidative 

pentose phosphate cycle in isolated intact chloroplasts by hydrogen peroxide. Planta 

1979 145:4, 145(4), 377–382. https://doi.org/10.1007/BF00388364 

Kalagatur, N. K., Kamasani, J. R., and Mudili, V. (2018). Assessment of detoxification 

efficacy of irradiation on zearalenone mycotoxin in various fruit juices by response 

surface methodology and elucidation of its in-vitro toxicity. Frontiers in 

Microbiology, 9, 2937. https://doi.org/10.3389/FMICB.2018.02937/BIBTEX 

Kalagatur, N. K., Karthick, K., Allen, J. A., Ghosh, O. S. N., Chandranayaka, S., Gupta, V. 

K., Krishna, K., and Mudili, V. (2017). Application of activated carbon derived from 

seed shells of Jatropha curcas for decontamination of zearalenone mycotoxin. 

Frontiers in Pharmacology, 8, 760. https://doi.org/10.3389/FPHAR.2017.00760 

Kalagatur, N. K., Mudili, V., Siddaiah, C., Gupta, V. K., Natarajan, G., Sreepathi, M. H., 

Vardhan, B. H., and Putcha, V. L. R. (2015). Antagonistic activity of Ocimum 

sanctum L. essential oil on growth and zearalenone production by Fusarium 

graminearum in maize grains. Frontiers in Microbiology, 6, 892. 

https://doi.org/10.3389/FMICB.2015.00892/BIBTEX 

Kampatsikas, I., Bijelic, A., Pretzler, M., and Rompel, A. (2017). Three recombinantly 

expressed apple tyrosinases suggest the amino acids responsible for mono- versus 

diphenolase activity in plant polyphenol oxidases. Scientific Reports, 7(1), 8860. 

https://doi.org/10.1038/s41598-017-08097-5 

Karuppiah, V., Sun, J., Li, T., Vallikkannu, M., and Chen, J. (2019). Co-cultivation of 

Trichoderma asperellum GDFS1009 and Bacillus amyloliquefaciens 1841 Causes 

Differential Gene Expression and Improvement in the Wheat Growth and Biocontrol 

Activity. Frontiers in Microbiology, 10, 1068. 

https://doi.org/10.3389/FMICB.2019.01068 

Kasai, H. (1997). Analysis of a form of oxidative DNA damage, 8-hydroxy-2′-

deoxyguanosine, as a marker of cellular oxidative stress during carcinogenesis. 

Mutation Research/Reviews in Mutation Research, 387(3), 147–163. 

https://doi.org/10.1016/S1383-5742(97)00035-5 



 

213 
 

Kasote, D. M., Katyare, S. S., Hegde, M. V., and Bae, H. (2015). Significance of 

Antioxidant Potential of Plants and its Relevance to Therapeutic Applications. 

International Journal of Biological Sciences, 11(8), 982. 

https://doi.org/10.7150/IJBS.12096 

Kaur, S., Samota, M. K., Choudhary, M., Choudhary, M., Pandey, A. K., Sharma, A., and 

Thakur, J. (2022). How do plants defend themselves against pathogens-Biochemical 

mechanisms and genetic interventions. Physiology and Molecular Biology of Plants, 

28(2), 485–504. https://doi.org/10.1007/S12298-022-01146-Y/FIGURES/4 

Kelkel, M., Schumacher, M., Dicato, M., and Diederich, M. (2011). Antioxidant and anti-

proliferative properties of lycopene. Free Radical Research, 45(8), 925–940. 

https://doi.org/10.3109/10715762.2011.564168 

Kȩpczyńska, E., and Kȩpczyński, J. (2005). Inhibitory effect of methyl jasmonate on 

development of phytopathogen Alternaria alternata (Fr.) Keissl. and its reversal by 

ethephon and ACC. Acta Physiologiae Plantarum, 27(4), 491–496. 

https://doi.org/10.1007/S11738-005-0054-Y/METRICS 

Kępczyńska, E., and Król, P. (2012). The phytohormone methyl jasmonate as an activator 

of induced resistance against the necrotroph Alternaria porri f. sp. solani in tomato 

plants. Journal of Plant Interactions, 7(4), 307-315. 

Kesawat, M. S., Satheesh, N., Kherawat, B. S., Kumar, A., Kim, H. U., Chung, S. M., and 

Kumar, M. (2023). Regulation of reactive oxygen species during salt stress in plants 

and their crosstalk with other signaling molecules—Current perspectives and future 

directions. Plants, 12(4), 864. 

Kessler, S. C., Zhang, X., McDonald, M. C., M Gilchrist, C. L., Lin, Z., Rightmyer, A., 

Solomon, P. S., Gillian Turgeon, B., and Chooi, Y.-H. (2020). Victorin, the host-

selective cyclic peptide toxin from the oat pathogen Cochliobolus victoriae, is 

ribosomally encoded. National Acad Sciences. 

https://doi.org/10.1073/pnas.2010573117/-/DCSupplemental 

Khalid, M., Saeed-ur-Rahman, Bilal, M., and HUANG, D. feng. (2019). Role of flavonoids 

in plant interactions with the environment and against human pathogens — A review. 



 

214 
 

Journal of Integrative Agriculture, 18(1), 211–230. https://doi.org/10.1016/S2095-

3119(19)62555-4 

Khameneh, B., Eskin, N. A. M., Iranshahy, M., and Fazly Bazzaz, B. S. (2021). 

Phytochemicals: A Promising Weapon in the Arsenal against Antibiotic-Resistant 

Bacteria. Antibiotics, 10(9), 1044. https://doi.org/10.3390/ANTIBIOTICS10091044 

Khan, H., Farid Khan, M., Umer Jan, S., Mukhtiar, M., Ullah, N., and Anwar, N. (2012). 

Role of Glutathione in protection against mercury induced poisoning. Pak. J. Pharm. 

Sci, 25(2), 395–400. 

Khorobrykh, S., Havurinne, V., Mattila, H., and Tyystjärvi, E. (2020). Oxygen and ROS in 

Photosynthesis. Plants, 9(1), 91. https://doi.org/10.3390/PLANTS9010091 

Khosravi, V., Naeimi, S., Padasht-Dehkaei, F., Rostami, M., and Ceresini, P. C. (2011). 

First report of naturally occurring Thanatephorus cucumeris (Anamorph: Rhizoctonia 

solani AG-1 IA) on paddy-rice fields from Iran. Iranian Journal of Plant 

Pathology, 47(1). 

Kim, D. J., Baek, J. M., Uribe, P., Kenerley, C. M., and Cook, D. R. (2002). Cloning and 

characterization of multiple glycosyl hydrolase genes from Trichoderma virens. 

Current Genetics, 40(6), 374–384. https://doi.org/10.1007/S00294-001-0267-6 

Kim, M. S., DO HYUN, J. O., and YEON, W. R. (1999). Effect of fungal elicitor and 

heavy metals on the production of flavonol glycosides in cell cultures of Ginkgo 

biloba. Journal of microbiology and biotechnology, 9(5), 661-667. 

Kim, Y. B., Kim, J. K., Uddin, M. R., Xu, H., Park, W. T., Tuan, P. A., Li, X., Chung, E., 

Lee, J. H., and Park, S. U. (2013). Metabolomics Analysis and Biosynthesis of 

Rosmarinic Acid in Agastache rugosa Kuntze Treated with Methyl Jasmonate. PLoS 

ONE, 8(5), e64199. https://doi.org/10.1371/JOURNAL.PONE.0064199 

Kiran Kumar, K., Sridhar, J., Kanagaraj Murali-Baskaran, R., Senthil-Nathan, S., Kaushal, 

P., Dara, S. K., and Arthurs, S. (2018). Microbial biopesticides for insect pest 

management in India: Current status and future prospects. Journal of invertebrate 

pathology, 165, 74–81. https://doi.org/10.1016/j.jip.2018.10.008 



 

215 
 

Klumpp, S., and Krieglstein, J. (2002). Phosphorylation and dephosphorylation of histidine 

residues in proteins. European Journal of Biochemistry, 269(4), 1067–1071. 

https://doi.org/10.1046/J.1432-1033.2002.02755.X 

Klüsener, B., Young, J. J., Murata, Y., Allen, G. J., Mori, I. C., Hugouvieux, V., and 

Schroeder, J. I. (2002). Convergence of Calcium Signaling Pathways of Pathogenic 

Elicitors and Abscisic Acid in Arabidopsis Guard Cells. Plant Physiology, 130(4), 

2152-2163. https://doi.org/10.1104/PP.012187 

San Koh, C., Didierjean, C., Navrot, N., Panjikar, S., Mulliert, G., Rouhier, N., ... and 

Corbier, C. (2007). Crystal structures of a poplar thioredoxin peroxidase that exhibits 

the structure of glutathione peroxidases: insights into redox-driven conformational 

changes. Journal of molecular biology, 370(3), 512-

529.https://doi.org/10.1016/J.JMB.2007.04.031 

Köhl, J., Kolnaar, R., and Ravensberg, W. J. (2019). Mode of action of microbial 

biological control agents against plant diseases: Relevance beyond efficacy. Frontiers 

in Plant Science, 10, 845. https://doi.org/10.3389/FPLS.2019.00845 

Kono, Y. (1978). Generation of superoxide radical during autoxidation of hydroxylamine 

and an assay for superoxide dismutase. Archives of Biochemistry and Biophysics, 

186(1), 189–195. https://doi.org/10.1016/0003-9861(78)90479-4 

Krieger-Liszkay, A. (2005). Singlet oxygen production in photosynthesis. Journal of 

Experimental Botany, 56(411), 337–346. https://doi.org/10.1093/JXB/ERH237 

Krieger-Liszkay, A., Fufezan, C., and Trebst, A. (2008). Singlet oxygen production in 

photosystem II and related protection mechanism. Photosynthesis Research, 98(1–3), 

551–564. https://doi.org/10.1007/S11120-008-9349-3/TABLES/1 

Kumar, A., Prasad, A., Sedlářová, M., Ksas, B., Havaux, M., and Pospíšil, P. (2020). 

Interplay between antioxidants in response to photooxidative stress in 

Arabidopsis. Free Radical Biology and Medicine, 160, 894-907. 

Kumar, K. B., and Khan, P. A. (1982). Peroxidase and polyphenol oxidase in excised ragi 

(Eleusine corocana cv PR 202) leaves during senescence. Indian Journal of 

Experimental Biology, 20(5), 412-416. 



 

216 
 

Kumar, K. N., Venkataramana, M., Allen, J. A., Chandranayaka, S., Murali, H. S., and 

Batra, H. V. (2016). Role of Curcuma longa L. essential oil in controlling the growth 

and zearalenone production of Fusarium graminearum. LWT - Food Science and 

Technology, 69, 522–528. https://doi.org/10.1016/J.LWT.2016.02.005 

Kumar, V., Parkhi, V., Kenerley, C. M., and Rathore, K. S. (2009). Defense-related gene 

expression and enzyme activities in transgenic cotton plants expressing an 

endochitinase gene from Trichoderma virens in response to interaction with 

Rhizoctonia solani. Planta, 230(2), 277–291. https://doi.org/10.1007/S00425-009-

0937-Z 

Künstler, A., Kátay, G., Gullner, G., and Király, L. (2020). Artificial elevation of 

glutathione contents in salicylic acid-deficient tobacco (Nicotiana tabacum cv. Xanthi 

NahG) reduces susceptibility to the powdery mildew pathogen Euoidium longipes. 

Plant Biology (Stuttgart, Germany), 22(1), 70–80. https://doi.org/10.1111/PLB.13030 

Künstler, A., Király, L., Kátay, G., Enyedi, A. J., and Gullner, G. (2019). Glutathione Can 

Compensate for Salicylic Acid Deficiency in Tobacco to Maintain Resistance to 

Tobacco Mosaic Virus. Frontiers in Plant Science, 10, 1115. 

https://doi.org/10.3389/FPLS.2019.01115 

Kurepa, J., Shull, T. E., and Smalle, J. A. (2023). Friends in arms: flavonoids and the 

auxin/cytokinin balance in terrestrialization. Plants, 12(3), 517. 

Kurutas, E. B. (2016). The importance of antioxidants which play the role in cellular 

response against oxidative/nitrosative stress: current state. Nutrition Journal, 15(1), 1-

22. https://doi.org/10.1186/S12937-016-0186-5 

Kuźniak, E., and Skłodowska, M. (2005). Compartment-specific role of the ascorbate–

glutathione cycle in the response of tomato leaf cells to Botrytis cinerea infection. 

Journal of Experimental Botany, 56(413), 921–933. 

https://doi.org/10.1093/JXB/ERI086 

Lahlali, R., Ezrari, S., Radouane, N., Kenfaoui, J., Esmaeel, Q., el Hamss, H., Belabess, Z., 

and Barka, E. A. (2022). Biological Control of Plant Pathogens: A Global 

Perspective. Microorganisms, 10(3), 596. 

https://doi.org/10.3390/MICROORGANISMS10030596 



 

217 
 

Lahlali, R., Mohammed, T., Laasli, S. E., Gachara, G., Ezzouggari, R., Belabess, Z., ... and 

Barka, E. A. (2024). Effects of climate change on plant pathogens and host-pathogen 

interactions. Crop and Environment. 

Lalhminghlui, K., and Jagetia, G. C. (2018). Evaluation of the free-radical scavenging and 

antioxidant activities of Chilauni, Schima wallichii Korth in vitro. Future Science OA, 

4(2). https://doi.org/10.4155/FSOA-2017-0086 

Lalotra, S., Hemantaranjan, A., Yashu, B. R., Srivastava, R., and Kumar, S. (2020). 

Jasmonates: An Emerging Approach in Biotic and Abiotic Stress Tolerance. Plant 

Science - Structure, Anatomy and Physiology in Plants Cultured in Vivo and in Vitro. 

https://doi.org/10.5772/INTECHOPEN.84608 

Lamalakshmi Devi, E., Kumar, S., Basanta Singh, T., Sharma, S. K., Beemrote, A., Devi, 

C. P., Chongtham, S. K., Singh, C. H., Yumlembam, R. A., Haribhushan, A., Prakash, 

N., and Wani, S. H. (2017). Adaptation strategies and defence mechanisms of plants 

during environmental stress. Medicinal Plants and Environmental Challenges, 359–

413. https://doi.org/10.1007/978-3-319-68717-9_20 

Larousse, M., Rancurel, C., Syska, C., Palero, F., Etienne, C., Industri, B., Nesme, X., 

Bardin, M., and Galiana, E. (2017). Tomato root microbiota and Phytophthora 

parasitica-associated disease. Microbiome, 5(1), 1–11. 

https://doi.org/10.1186/S40168-017-0273-7/FIGURES/6 

Lascano, H. R., Casano, L. M., Melchiorre, M. N., and Trippi, V. S. (2001). Biochemical 

and Molecular Characterisation of Wheat Chloroplastic Glutathione Reductase. 

Biologia Plantarum, 44(4), 509–516. https://doi.org/10.1023/A:1013726200294 

Lavanya, S. N., Niranjan-Raj, S., Jadimurthy, R., Sudarsan, S., Srivastava, R., 

Tarasatyavati, C., Rajashekara, H., Gupta, V. K., and Nayaka, S. C. (2022). Immunity 

elicitors for induced resistance against the downy mildew pathogen in pearl millet. 

Scientific Reports, 12(1). https://doi.org/10.1038/S41598-022-07839-4 

le Martret, B., Poage, M., Shiel, K., Nugent, G. D., and Dix, P. J. (2011). Tobacco 

chloroplast transformants expressing genes encoding dehydroascorbate reductase, 

glutathione reductase, and glutathione-S-transferase, exhibit altered anti-oxidant 



 

218 
 

metabolism and improved abiotic stress tolerance. Plant Biotechnology Journal, 9(6), 

661–673. https://doi.org/10.1111/J.1467-7652.2011.00611.X 

Leegood, R. C., and Walker, D. A. (1982). Regulation of fructose-1,6-bisphosphatase 

activity in leaves. Planta 1982, 156(5), 449–456. https://doi.org/10.1007/BF00393316 

Less, H., Angelovici, R., Tzin, V., and Galili, G. (2011). Coordinated gene networks 

regulating Arabidopsis plant metabolism in response to various stresses and 

nutritional cues. Plant Cell, 23(4), 1264–1271. 

https://doi.org/10.1105/TPC.110.082867 

Li, H., Zhou, X., Huang, Y., Liao, B., Cheng, L., and Ren, B. (2021). Reactive Oxygen 

Species in Pathogen Clearance: The Killing Mechanisms, the Adaption Response, and 

the Side Effects. Frontiers in Microbiology, 11, 622534. 

https://doi.org/10.3389/FMICB.2020.622534 

Li, L., and Steffens, J. C. (2002). Overexpression of polyphenol oxidase in transgenic 

tomato plants results in enhanced bacterial disease resistance. Planta, 215(2), 239–

247. https://doi.org/10.1007/S00425-002-0750-4 

Li, S. (2023). Novel insight into functions of ascorbate peroxidase in higher plants: More 

than a simple antioxidant enzyme. Redox Biology, 64, 102789. 

Li, S. M., Hua, G. G., Liu, H. X., and Guo, J. H. (2008). Analysis of defence enzymes 

induced by antagonistic bacterium Bacillus subtilis strain AR12 towards Ralstonia 

solanacearum in tomato. Annals of Microbiology, 58(4), 573–578. 

https://doi.org/10.1007/BF03175560/METRICS 

Li, X. H., Zhang, P., Wang, M. X., Zhou, F., Malik, F. A., Yang, H. J., Bhaskar, R., Hu, J. 

B., Sun, C. G., and Miao, Y. G. (2011). Expression of Trichoderma viride 

endoglucanase III in the larvae of silkworm, Bombyx mori L. and characteristic 

analysis of the recombinant protein. Molecular Biology Reports, 38(6), 3897–3902. 

https://doi.org/10.1007/S11033-010-0505-4 

Li, Y. (2009). Physiological Responses of Tomato Seedlings (Lycopersicon Esculentum) to 

Salt Stress. Modern Applied Science, 3(3), 171-176. 

https://doi.org/10.5539/MAS.V3N3P171 



 

219 
 

Liang, X. R., Ma, X. Y., and Ji, N. Y. (2020). Trichosordarin A, a norditerpene glycoside 

from the marine-derived fungus Trichoderma harzianum R5. Natural Product 

Research, 34(14), 2037-2042. 

Liang, X. R., Miao, F. P., Song, Y. P., Guo, Z. Y., and Ji, N. Y. (2016). Trichocitrin, a new 

fusicoccane diterpene from the marine brown alga-endophytic fungus Trichoderma 

citrinoviride cf-27. Natural Product Research, 30(14), 1605-1610. 

Lichtenthaler, H. K. (1987). Chlorophylls and Carotenoids: Pigments of Photosynthetic 

Biomembranes. Methods in Enzymology, 148(C), 350–382. 

https://doi.org/10.1016/0076-6879(87)48036-1 

Lin, T., Zhu, G., Zhang, J., Xu, X., Yu, Q., Zheng, Z., Zhang, Z., Lun, Y., Li, S., Wang, 

X., Huang, Z., Li, J., Zhang, C., Wang, T., Zhang, Y., Wang, A., Zhang, Y., Lin, K., 

Li, C., … Huang, S. (2014). Genomic analyses provide insights into the history of 

tomato breeding. Nature Genetics, 46(11), 1220–1226. 

https://doi.org/10.1038/NG.3117 

Lindsey, D. W., and Gudauskas, R. T (1975). Effects of Maize Dwarf Mosaic Virus on 

Water Relations of Corn. Phytopathology, 65(4), 434. 

https://doi.org/10.1094/PHYTO-65-434 

Liu, C., Ruan, Y., Lin, Z., Wei, R., Peng, Q., Guan, C., and Ishii, H. (2008). Antagonism 

between acibenzolar-S-methyl-induced systemic acquired resistance and jasmonic 

acid-induced systemic acquired susceptibility to Colletotrichum orbiculare infection 

in cucumber. Physiological and Molecular Plant Pathology, 72(4–6), 141–145. 

https://doi.org/10.1016/J.PMPP.2008.08.001 

Liu, H., Song, S., Zhang, H., Li, Y., Niu, L., Zhang, J., and Wang, W. (2022). Signaling 

transduction of ABA, ROS, and Ca2+ in plant stomatal closure in response to 

drought. International Journal of Molecular Sciences, 23(23), 14824. 

Liu, W., and Park, S. W. (2021). 12-oxo-Phytodienoic Acid: A Fuse and/or Switch of Plant 

Growth and Defense Responses? Frontiers in Plant Science, 12, 724079. 

doi.org/10.3389/FPLS.2021.724079 

Liu, Y., Maierhofer, T., Rybak, K., Sklenar, J., Breakspear, A., Johnston, M. G., 

Fliegmann, J., Huang, S., Roelfsema, M. R. G., Felix, G., Faulkner, C., Menke, F. L. 



 

220 
 

H., Geiger, D., Hedrich, R., and Robatzek, S. (2019). Anion channel SLAH3 is a 

regulatory target of chitin receptor-associated kinase PBL27 in microbial stomatal 

closure. ELife, 8, e44474. https://doi.org/10.7554/ELIFE.44474 

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data using 

real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods (San 

Diego, Calif.), 25(4), 402–408. https://doi.org/10.1006/METH.2001.1262 

Ljung, K. (2013). Auxin metabolism and homeostasis during plant development. 

Development, 140 (5), 943–950. https://doi.org/10.1242/DEV.086363 

Loewen, P. C., Klotz, M. G., and Hassett, D. J. (2000). Catalase—an “old” enzyme that 

continues to surprise us. ASM news, 66(2), 76-82.  

Lorenzini, G., Guidi, L., Nali, C., Ciompi, S., and Soldatini, G. F. (1997). Photosynthetic 

response of tomato plants to vascular wilt diseases. Plant Science, 124(2), 143–152. 

https://doi.org/10.1016/S0168-9452(97)04600-1 

Lorito, M., Harman, G. E., Hayes, C. K., Broadway, R. M., Tronsmo, A., Woo, S. L., and 

di Pietro, A. (1993). Chitinolytic Enzymes Produced by Trichoderma harzianum: 

Antifungal Activity of Purified Endochitinase and Chitobiosidase. Phytopathology, 

83(3), 302-307. https://doi.org/10.1094/PHYTO-83-302 

Lorito, M., Woo, S. L., Harman, G. E., and Monte, E. (2010). Translational research on 

Trichoderma: From ’omics to the field. Annual Review of Phytopathology, 48, 395–

417. doi.org/10.1146/ANNUREV-PHYTO-073009-114314 

Lowry, O. H., Rosebrough, N. J., Farr, A. L., and Randall, R. J. (1951). Protein 

measurement with the Folin phenol reagent. The Journal of Biological Chemistry, 

193(1), 265–275. doi.org/10.1016/S0021-9258(19)52451-6 

Lu, Y., Chen, Q., Bu, Y., Luo, R., Hao, S., Zhang, J., Tian, J., and Yao, Y. (2017). 

Flavonoid accumulation plays an important role in the rust resistance of Malus plant 

leaves. Frontiers in Plant Science, 8, 1286. https://doi.org/10.3389/FPLS.2017.01286 

Lu, Z. X., Gaudet, D., Puchalski, B., Despins, T., Frick, M., and Laroche, A. (2005). 

Inducers of resistance reduce common bunt infection in wheat seedlings while 



 

221 
 

differentially regulating defence-gene expression. Physiological and Molecular Plant 

Pathology, 67(3-5), 138-148.  

Luo, S., Ishida, H., Makino, A., and Mae, T. (2002). Fe2+-catalyzed Site-specific Cleavage 

of the Large Subunit of Ribulose 1,5-Bisphosphate Carboxylase Close to the Active 

Site. Journal of Biological Chemistry, 277(14), 12382–12387. 

https://doi.org/10.1074/JBC.M111072200 

Lutts, S., Benincasa, P., Wojtyla, L., Kubala, S., Pace, R., Lechowska, K., ... and 

Garnczarska, M. (2016). Seed priming: new comprehensive approaches for an old 

empirical technique. New challenges in seed biology-basic and translational research 

driving seed technology, 46(10.5772), 64420. 

Ma, M., Taylor, P. W., Chen, D., Vaghefi, N., and He, J. Z. (2023). Major soilborne 

pathogens of field processing tomatoes and management 

strategies. Microorganisms, 11(2), 263. 

Ma, X., and Bai, L. (2021). Elevated CO2 and reactive oxygen species in stomatal 

closure. Plants, 10(2), 410. 

Macioszek, V. K., Jęcz, T., Ciereszko, I., and Kononowicz, A. K. (2023). Jasmonic acid as 

a mediator in plant response to necrotrophic fungi. Cells, 12(7), 1027. 

Maclachlan, S., and Zalik, S. (1963). Plastid structure, chlorophyll concentration, and free 

amino acid composition of a chlorophyll mutant of barley. Canadian Journal of 

Botany, 41(7), 1053-1062. 

Mahalingam, R. (2015). Consideration of combined stress: a crucial paradigm for 

improving multiple stress tolerance in plants. Combined stresses in plants: 

Physiological, molecular, and biochemical aspects, 1-25. https://doi.org/10.1007/978-

3-319-07899-1 

Mahanil, S., Attajarusit, J., Stout, M. J., and Thipyapong, P. (2008). Overexpression of 

tomato polyphenol oxidase increases resistance to common cutworm. Plant Science, 

174(4), 456–466. https://doi.org/10.1016/J.PLANTSCI.2008.01.006 



 

222 
 

Mahmoud, G. A. E., Abdel-Sater, M. A., Al-Amery, E., and Hussein, N. A. (2021). 

Controlling Alternaria cerealis MT808477 tomato Phytopathogen by Trichoderma 

harzianum and tracking the plant physiological changes. Plants, 10(9), 1846.  

Manavella, P. A., Dezar, C. A., Bonaventure, G., Baldwin, I. T., and Chan, R. L. (2008). 

HAHB4, a sunflower HD-Zip protein, integrates signals from the jasmonic acid and 

ethylene pathways during wounding and biotic stress responses. The Plant Journal, 

56(3), 376–388. https://doi.org/10.1111/J.1365-313X.2008.03604.X 

Mancinelli, A. L. (1984). Photoregulation of Anthocyanin Synthesis VIII. Effect of Light 

Pretreatments. Plant Physiology, 75(2), 447–453. https://doi.org/10.1104/PP.75.2.447  

Mandal, M., Sarkar, M., Khan, A., Biswas, M., Masi, A., Rakwal, R., ... and Sarkar, A. 

(2022). Reactive Oxygen Species (ROS) and Reactive Nitrogen Species (RNS) in 

plants–maintenance of structural individuality and functional blend. Advances in 

Redox Research, 5, 100039. 

Manganiello, G., Sacco, A., Ercolano, M. R., Vinale, F., Lanzuise, S., Pascale, A., 

Napolitano, M., Lombardi, N., Lorito, M., and Woo, S. L. (2018). Modulation of 

tomato response to Rhizoctonia solani by Trichoderma harzianum and its secondary 

metabolite harzianic acid. Frontiers in Microbiology, 9, 1966. 

https://doi.org/10.3389/FMICB.2018.01966 

Manghwar, H., Hussain, A., Ali, Q., Saleem, M. H., Abualreesh, M. H., Alatawi, A., Ali, 

S., and Munis, M. F. H. (2021). Disease Severity, Resistance Analysis, and 

Expression Profiling of Pathogenesis-Related Protein Genes after the Inoculation of 

Fusarium equiseti in Wheat. Agronomy 2021, 11(11), 2124. 

https://doi.org/10.3390/AGRONOMY11112124 

Manzar, N., Kashyap, A. S., Goutam, R. S., Rajawat, M. V. S., Sharma, P. K., Sharma, S. 

K., and Singh, H. V. (2022). Trichoderma: advent of versatile biocontrol agent, its 

secrets and insights into mechanism of biocontrol potential. Sustainability, 14(19), 

12786. 

Marinho, H. S., Real, C., Cyrne, L., Soares, H., and Antunes, F. (2014). Hydrogen 

peroxide sensing, signalling and regulation of transcription factors. Redox Biology, 

2(1), 535–562. doi.org/10.1016/J.REDOX.2014.02.006 



 

223 
 

Marschall, R., and Tudzynski, P. (2016). Reactive oxygen species in development and 

infection processes. Seminars in Cell and Developmental Biology, 57, 138–146. 

https://doi.org/10.1016/J.SEMCDB.2016.03.020 

Marsh, M., Shoemark, D. K., Jacob, A., Robinson, C., Cahill, B., Zhou, N. Y., Williams, P. 

A., and Hadfield, A. T. (2008). Structure of Bacterial Glutathione-S-Transferase 

Maleyl Pyruvate Isomerase and Implications for Mechanism of Isomerisation. Journal 

of Molecular Biology, 384(1), 165–177. https://doi.org/10.1016/J.JMB.2008.09.028 

Martinek, R. G. (1964). Method for the determination of vitamin E (total tocopherols) in 

serum. Clinical Chemistry, 10(12), 1078-1086. 

Martínez-Medina, A., Pascual, J. A., Pérez-Alfocea, F., Albacete, A., and Roldán, A. 

(2010). Trichoderma harzianum and Glomus intraradices modify the hormone 

disruption induced by Fusarium oxysporum infection in melon plants. 

Phytopathology, 100(7), 682–688. https://doi.org/10.1094/PHYTO-100-7-0682 

Martinoia, E., Grill, E., Tommasini, R., Kreuz, K., and Amrhein, N. (1993). ATP-

dependent glutathione S-conjugate “export” pump in the vacuolar membrane of 

plants. Nature, 364(6434), 247–249. https://doi.org/10.1038/364247a0 

Mastouri, F., Björkman, T., and Harman, G. E. (2012). Trichoderma harzianum enhances 

antioxidant defense of tomato seedlings and resistance to water deficit. Molecular 

Plant-Microbe Interactions, 25(9), 1264–1271. https://doi.org/10.1094/MPMI-09-11-

0240 

Matysik, J., Alia, Bhalu, B., and Mohanty, P. (2002). Molecular mechanisms of quenching 

of reactive oxygen species by proline under stress in plants on JSTOR. Current 

Science, 82(5), 525–532. https://www.jstor.org/stable/24105959 

Mauch, F., and Dudler, R. (1993). Differential Induction of Distinct Glutathione-S-

Transferases of Wheat by Xenobiotics and by Pathogen Attack. Plant Physiology, 

102(4), 1193–1201. https://doi.org/10.1104/PP.102.4.1193 

Mayo, S., Cominelli, E., Sparvoli, F., González-López, O., Rodríguez-González, A., 

Gutiérrez, S., and Casquero, P. A. (2016). Development of a QPCR strategy to select 

bean genes involved in plant defense response and regulated by the Trichoderma 



 

224 
 

velutinum - Rhizoctonia Solani interaction. Frontiers in Plant Science, 7, 1109. 

https://doi.org/10.3389/FPLS.2016.01109 

Mayo-Prieto, S., Marra, R., Vinale, F., Rodríguez-González, Á., Woo, S. L., Lorito, M., ... 

and Casquero, P. A. (2019). Effect of Trichoderma velutinum and Rhizoctonia solani 

on the metabolome of bean plants (Phaseolus vulgaris L.). International Journal of 

Molecular Sciences, 20(3), 549.  

McLay, E. R., Pontaroli, A. C., and Wargent, J. J. (2020). UV-B Induced Flavonoids 

Contribute to Reduced Biotrophic Disease Susceptibility in Lettuce Seedlings. 

Frontiers in Plant Science, 11, 594681. https://doi.org/10.3389/FPLS.2020.594681 

Meddya, S., Meshram, S., Sarkar, D., Datta, R., Singh, S., Avinash, G., ... and 

Thulasinathan, T. (2023). Plant stomata: An unrealized possibility in plant defense 

against invading pathogens and stress tolerance. Plants, 12(19), 3380. 

Meena, M., and Samal, S. (2019). Alternaria host-specific (HSTs) toxins: An overview of 

chemical characterization, target sites, regulation and their toxic effects. Toxicology 

Reports, 6, 745–758. https://doi.org/10.1016/J.TOXREP.2019.06.021 

Meena, M., Divyanshu, K., Kumar, S., Swapnil, P., Zehra, A., Shukla, V., ... and Upadhyay, 

R. S. (2019). Regulation of L-proline biosynthesis, signal transduction, transport, 

accumulation and its vital role in plants during variable environmental 

conditions. Heliyon, 5(12). 

Meena, M., Zehra, A., Dubey, M. K., Aamir, M., Gupta, V. K., and Upadhyay, R. S. 

(2016). Comparative evaluation of biochemical changes in tomato (Lycopersicon 

esculentum Mill.) infected by Alternaria alternata and its toxic metabolites (TeA, 

AOH, and AME). Frontiers in plant science, 7, 1408. 

Meena, R. S., Kumar, S., Datta, R., Lal, R., Vijayakumar, V., Brtnicky, M., Sharma, M. P., 

Yadav, G. S., Jhariya, M. K., Jangir, C. K., Pathan, S. I., Dokulilova, T., Pecina, V., 

and Marfo, T. D. (2020). Impact of Agrochemicals on Soil Microbiota and 

Management: A Review. Land 2020, 9(2), 34. https://doi.org/10.3390/LAND9020034 

Mei, C., Qi, M., Sheng, G., and Yang, Y. (2006). Inducible overexpression of a rice allene 

oxide synthase gene increases the endogenous jasmonic acid level, PR gene 



 

225 
 

expression, and host resistance to fungal infection. Molecular Plant-Microbe 

Interactions, 19(10), 1127–1137. https://doi.org/10.1094/MPMI-19-1127 

Meitha, K., Pramesti, Y., and Suhandono, S. (2020). Reactive oxygen species and 

antioxidants in postharvest vegetables and fruits. International journal of food 

science, 2020(1), 8817778. 

Meldau, S., Ullman-Zeunert, L., Govind, G., Bartram, S., and Baldwin, I. T. (2012). 

MAPK-dependent JA and SA signalling in Nicotiana attenuata affects plant growth 

and fitness during competition with conspecifics. BMC Plant Biology, 12(1), 1–15. 

https://doi.org/10.1186/1471-2229-12-213 

Melotto, M., Zhang, L., Oblessuc, P. R., and He, S. Y. (2017). Stomatal Defense a Decade 

Later. Plant Physiology, 174(2), 561–571. https://doi.org/10.1104/PP.16.01853 

Memar, M. Y., Ghotaslou, R., Samiei, M., and Adibkia, K. (2018). Antimicrobial use of 

reactive oxygen therapy: current insights. Infection and Drug Resistance, 11, 567. 

https://doi.org/10.2147/IDR.S142397 

Meshram, S., and Adhikari, T. B. (2024). Microbiome-Mediated Strategies to Manage 

Major Soil-Borne Diseases of Tomato. Plants, 13(3), 364. 

Meyer, A. J., Dreyer, A., Ugalde, J. M., Feitosa-Araujo, E., Dietz, K. J., and 

Schwarzländer, M. (2021). Shifting paradigms and novel players in Cys-based redox 

regulation and ROS signaling in plants - And where to go next. Biological Chemistry, 

402(3), 399–423. https://doi.org/10.1515/HSZ-2020-0291 

Meyer, S., Saccardy-Adji, K., Rizza, F., and Genty, B. (2001). Inhibition of photosynthesis 

by Colletotrichum lindemuthianum in bean leaves determined by chlorophyll 

fluorescence imaging. Plant, Cell and Environment, 24(9), 947–956. 

https://doi.org/10.1046/J.0016-8025.2001.00737.X 

Michaeli, S., and Fromm, H. (2015). Closing the loop on the GABA shunt in plants: are 

GABA metabolism and signaling entwined? Frontiers in Plant Science, 6, 419. 

https://doi.org/10.3389/FPLS.2015.00419 

Miclea, I., Suhani, A., Zahan, M., and Bunea, A. (2020). Effect of Jasmonic Acid and 

Salicylic Acid on Growth and Biochemical Composition of In-Vitro-Propagated 



 

226 
 

Lavandula angustifolia Mill. Agronomy, 10(11), 1722. 

https://doi.org/10.3390/AGRONOMY10111722 

Mishra, A., and Nautiyal, C. S. (2018). A novel Trichoderma fusant for enhancing 

nutritional value and defence activity in chickpea. Physiology and Molecular Biology 

of Plants, 24(3), 411-422. https://doi.org/10.1007/S12298-017-0500-5 

Mishra, J., Dutta, V., and Arora, N. K. (2020). Biopesticides in India: technology and 

sustainability linkages. 3 Biotech, 10(5), 210. https://doi.org/10.1007/S13205-020-

02192-7 

Mishra, N., Jiang, C., Chen, L., Paul, A., Chatterjee, A., and Shen, G. (2023). Achieving 

abiotic stress tolerance in plants through antioxidative defense mechanisms. Frontiers 

in Plant Science, 14, 1110622. 

Mittelberger, C., Yalcinkaya, H., Pichler, C., Gasser, J., Scherzer, G., Erhart, T., 

Schumacher, S., Holzner, B., Janik, K., Robatscher, P., Müller, T., Kräutler, B., and 

Oberhuber, M. (2017). Pathogen-Induced Leaf Chlorosis: Products of Chlorophyll 

Breakdown Found in Degreened Leaves of Phytoplasma-Infected Apple (Malus 

domestica Borkh.) and Apricot (Prunus armeniaca L.) Trees Relate to the 

Pheophorbide a Oxygenase/Phyllobilin Pathway. Journal of Agricultural and Food 

Chemistry, 65(13), 2651–2660. https://doi.org/10.1021/ACS.JAFC.6B05501 

Mitter, E. K., Tosi, M., Obregón, D., Dunfield, K. E., and Germida, J. J. (2021). 

Rethinking Crop Nutrition in Times of Modern Microbiology: Innovative Biofertilizer 

Technologies. Frontiers in Sustainable Food Systems, 5, 606815. 

https://doi.org/10.3389/FSUFS.2021.606815 

Mittler, R., and Zilinskas, B. A. (1992). Molecular cloning and characterization of a gene 

encoding pea cytosolic ascorbate peroxidase. Journal of Biological Chemistry, 

267(30), 21802–21807. https://doi.org/10.1016/S0021-9258(19)36683-9 

Møller, I. M., and Kristensen, B. K. (2004). Protein oxidation in plant mitochondria as a 

stress indicator. Photochemical and Photobiological Sciences, 3(8), 730–735. 

https://doi.org/10.1039/B315561G/METRICS 



 

227 
 

Monte, E. (2001). Understanding Trichoderma: between biotechnology and microbial 

ecology. International Microbiology The Official Journal of the Spanish Society for 

Microbiology, 4(1), 1–4. https://doi.org/10.1007/S101230100001 

Moosa, A., Sahi, S. T., Khan, S. A., and Malik, A. U. (2019). Salicylic acid and jasmonic 

acid can suppress green and blue moulds of citrus fruit and induce the activity of 

polyphenol oxidase and peroxidase. Folia Horticulturae, 31(1), 195-204. 

Morán-Diez, M. E., Trushina, N., Lamdan, N. L., Rosenfelder, L., Mukherjee, P. K., 

Kenerley, C. M., and Horwitz, B. A. (2015). Host-specific transcriptomic pattern of 

during interaction with maize or tomato roots. BMC Genomics, 16(1), 1–15. 

https://doi.org/10.1186/S12864-014-1208-3/FIGURES/8 

Morrissey, J., and Guerinot, M. L. (2009). Iron uptake and transport in plants: The good, 

the bad, and the ionome. Chemical Reviews, 109(10), 4553–4567. 

https://doi.org/10.1021/CR900112R 

Morton, D. J., and Stroube, W. H. (1955). Antagonistic and stimulatory effects of soil 

microorganisms upon Sclerotium rolfsii. Phytopathology, 45(8), 417-420. 

Mosquera, M. E., Jiménez, G., Tabernero, V., Vinueza-Vaca, J., García-Estrada, C., 

Kosalková, K., ... and Valera, M. Á. (2021). Terpenes and terpenoids: building blocks 

to produce biopolymers. Sustainable Chemistry, 2(3), 467-492. 

Motallebi, P., Niknam, V., Ebrahimzadeh, H., Hashemi, M., and Enferadi, S. T. (2017). 

Exogenous Methyl Jasmonate Treatment Induces Defense Response Against 

Fusarium culmorum in Wheat Seedlings. Journal of Plant Growth Regulation, 36(1), 

71–82. https://doi.org/10.1007/S00344-016-9620-3/FIGURES/5 

Mudili, V., Siddaih, C. N., Nagesh, M., Garapati, P., Naveen Kumar, K., Murali, H. S., Yli 

Mattila, T., and Batra, H. V. (2014). Mould incidence and mycotoxin contamination 

in freshly harvested maize kernels originated from India. Journal of the Science of 

Food and Agriculture, 94(13), 2674–2683. https://doi.org/10.1002/JSFA.6608 

Mueller, L. A., Tanskley, S. D., Giovannoni, J. J., van Eck, J., Stack, S., Choi, D., Kim, B. 

D., Chen, M., Cheng, Z., Li, C., Ling, H., Xue, Y., Seymour, G., Bishop, G., Bryan, 

G., Sharma, R., Khurana, J., Tyagi, A., Chattopadhyay, D., … Zamir, D. (2005). The 

Tomato Sequencing Project, the first cornerstone of the International Solanaceae 



 

228 
 

Project (SOL). Comparative and Functional Genomics, 6(3), 153–158. 

https://doi.org/10.1002/CFG.468 

Mukherjee, P. K., Buensanteai, N., Moran-Diez, M. E., Druzhinina, I. S., and Kenerley, C. 

M. (2012). Functional analysis of non-ribosomal peptide synthetases (NRPSs) in 

Trichoderma virens reveals a polyketide synthase (PKS)/NRPS hybrid enzyme 

involved in the induced systemic resistance response in maize. Microbiology 

(Reading, England), 158(Pt 1), 155–165. https://doi.org/10.1099/MIC.0.052159-0 

Munné-Bosch, S., Weiler, E. W., Alegre, L., Müller, M., Düchting, P., and Falk, J. (2007). 

Alpha-tocopherol may influence cellular signaling by modulating jasmonic acid levels 

in plants. Planta, 225(3), 681–691. https://doi.org/10.1007/S00425-006-0375-0 

Mur, L. A., Santosa, I. E., Laarhoven, L. J., Holton, N. J., Harren, F. J., and Smith, A. R. 

(2005). Laser photoacoustic detection allows in planta detection of nitric oxide in 

tobacco following challenge with avirulent and virulent Pseudomonas syringae 

pathovars. Plant Physiology, 138(3), 1247-1258. 

Nagamani, P., Bhagat, S., Biswas, M. K., and Viswanath, K. (2017). Effect of Volatile and 

Non Volatile Compounds of Trichoderma spp. against Soil Borne Diseases of 

Chickpea. International Journal of Current Microbiology and Applied Sciences, 6(7), 

1486–1491. https://doi.org/10.20546/IJCMAS.2017.607.177 

Nakano, Y., and Asada, K. (1981). Hydrogen Peroxide is Scavenged by Ascorbate-specific 

Peroxidase in Spinach Chloroplasts. Plant and Cell Physiology, 22(5), 867–880. 

https://doi.org/10.1093/OXFORDJOURNALS.PCP.A076232 

Naoumkina, M. A., Zhao, Q., Gallego‐Giraldo, L. I. N. A., Dai, X., Zhao, P. X., and 

Dixon, R. A. (2010). Genome‐wide analysis of phenylpropanoid defence 

pathways. Molecular plant pathology, 11(6), 829-846. 

Narayani, M., and Srivastava, S. (2017). Elicitation: a stimulation of stress in in vitro plant 

cell/tissue cultures for enhancement of secondary metabolite production. 

Phytochemistry Reviews, 16(6), 1227–1252. https://doi.org/10.1007/S11101-017-

9534-0 

Nayaka, S. C., Shankar, A. C. U., Niranjana, S. R., Wulff, E. G., Mortensen, C. N., and 

Prakash, H. S. (2010). Detection and quantification of fumonisins from Fusarium 



 

229 
 

verticillioides in maize grown in southern India. World Journal of Microbiology and 

Biotechnology, 26(1), 71–78. https://doi.org/10.1007/S11274-009-0144-X 

Nayaka, S. C., Udaya Shankar, A. C. G., Niranjana, S. R., and Prakash, H. S. (2008). 

Molecular detection and characterisation of Fusarium verticillioides in maize (Zea 

mays. L) grown in southern India. Annals of Microbiology, 58(3), 359–367. 

https://doi.org/10.1007/BF03175529/METRICS 

Nayaka, S. C., Udaya Shankar, A. C., Reddy, M. S., Niranjana, S. R., Prakash, H. S., 

Shetty, H. S., and Mortensen, C. N. (2009). Control of Fusarium verticillioides, cause 

of ear rot of maize, by Pseudomonas fluorescens. Pest Management Science, 65(7), 

769–775. https://doi.org/10.1002/PS.1751 

Nayyar, H., Kaur, R., Kaur, S., and Singh, R. (2014). γ-Aminobutyric Acid (GABA) 

Imparts Partial Protection from Heat Stress Injury to Rice Seedlings by Improving 

Leaf Turgor and Upregulating Osmoprotectants and Antioxidants. Journal of Plant 

Growth Regulation, 33(2), 408–419. https://doi.org/10.1007/S00344-013-9389-6 

Nazarov, P. A., Baleev, D. N., Ivanova, M. I., Sokolova, L. M., and Karakozova, M.V. 

(2020). Infectious Plant Diseases: Etiology, Current Status, Problems and Prospects in 

Plant Protection. Acta Naturae, 12(3), 46. 

https://doi.org/10.32607/ACTANATURAE.11026 

Neill, S. J., Desikan, R., Clarke, A., and Hancock, J. T. (2002). Nitric oxide is a novel 

component of abscisic acid signaling in stomatal guard cells. Plant 

physiology, 128(1), 13-16. 

Neill, S., Desikan, R., and Hancock, J. (2002). Hydrogen peroxide signalling. Current 

Opinion in Plant Biology, 5(5), 388–395. https://doi.org/10.1016/S1369-

5266(02)00282-0 

Nikraftar, F., Taheri, P., Falahati Rastegar, M., and Tarighi, S. (2013). Tomato partial 

resistance to Rhizoctonia solani involves antioxidative defense mechanisms. 

Physiological and Molecular Plant Pathology, 81, 74–83. 

https://doi.org/10.1016/J.PMPP.2012.11.004 



 

230 
 

Nimse, S. B., and Pal, D. (2015). Free radicals, natural antioxidants, and their reaction 

mechanisms. RSC Advances, 5(35), 27986–28006. 

https://doi.org/10.1039/C4RA13315C 

Nirmaladevi, D., and Srinivas, C. (2012). Cultural, morphological, and pathogenicity 

variation in Fusarium oxysporum f. sp. lycopersici causing wilt of tomato. Batman 

Üniversitesi Yaşam Bilimleri Dergisi, 2(1), 1-16. 

Nirmaladevi, D., Venkataramana, M., Srivastava, R. K., Uppalapati, S. R., Gupta, V. K., 

Yli-Mattila, T., Clement Tsui, K. M., Srinivas, C., Niranjana, S. R., and Chandra, N. 

S. (2016). Molecular phylogeny, pathogenicity and toxigenicity of Fusarium 

oxysporum f. sp. lycopersici. Scientific Reports, 6(1), 21367. 

https://doi.org/10.1038/srep21367. 

Nita, M., and Grzybowski, A. (2016). The Role of the Reactive Oxygen Species and 

Oxidative Stress in the Pathomechanism of the Age-Related Ocular Diseases and 

Other Pathologies of the Anterior and Posterior Eye Segments in Adults. Oxidative 

Medicine and Cellular Longevity, 2016(1), 3164734. 

https://doi.org/10.1155/2016/3164734 

Noctor, G., and Foyer, C. H. (1998). Ascorbate and glutathione: keeping active oxygen 

under control. Annual review of plant biology, 49(1), 249-279. 

Nogueira-Lopez, G., Greenwood, D. R., Middleditch, M., Winefield, C., Eaton, C., 

Steyaert, J. M., and Mendoza-Mendoza, A. (2018). The apoplastic secretome of 

Trichoderma virens during interaction with maize roots shows an inhibition of plant 

defence and scavenging oxidative stress secreted proteins. Frontiers in Plant Science, 

9, 409. https://doi.org/10.3389/FPLS.2018.00409 

Nowicka, B., Trela-Makowej, A., Latowski, D., Strzalka, K., and Szymańska, R. (2021). 

Antioxidant and Signaling Role of Plastid-Derived Isoprenoid Quinones and 

Chromanols. International Journal of Molecular Sciences, 22(6), 2950. 

https://doi.org/10.3390/IJMS22062950 

Nyirenda, K. K. (2021). Toxicity Potential of Cyanogenic Glycosides in Edible Plants. In 

P. Erkekoğlu and T. Ogawa (Eds.), Medical Toxicology. IntechOpen. 

https://doi.org/10.5772/INTECHOPEN.91408 



 

231 
 

Okada, H., Tada, K., Sekiya, T., Yokoyama, K., Takahashi, A., Tohda, H., Kumagai, H., 

and Morikawa, Y. (1998). Molecular characterization and heterologous expression of 

the gene encoding a low-molecular-mass endoglucanase from Trichoderma reesei 

QM9414. Applied and Environmental Microbiology, 64(2), 555–563. 

https://doi.org/10.1128/AEM.64.2.555-563.1998 

Okumu, F. O., Knols, B. G. J., and Fillinger, U. (2007). Larvicidal effects of a neem 

(Azadirachta indica) oil formulation on the malaria vector Anopheles gambiae. 

Malaria Journal, 6, 63. https://doi.org/10.1186/1475-2875-6-63 

Oljira, A. M., Hussain, T., Waghmode, T. R., Zhao, H., Sun, H., Liu, X., Wang, X., and 

Liu, B. (2020). Trichoderma Enhances Net Photosynthesis, Water Use Efficiency, and 

Growth of Wheat (Triticum aestivum L.) under Salt Stress. Microorganisms, 8(10), 

1565. https://doi.org/10.3390/MICROORGANISMS8101565 

Paesold, S., Siegel, I. N. A., Seidel, C., and Ludwig‐Müller, J. U. T. T. A. (2010). 

Flavonoid accumulation in Arabidopsis thaliana root galls caused by the obligate 

biotrophic pathogen Plasmodiophora brassicae. Molecular plant pathology, 11(4), 

545-562. 

Pandey, P., Achary, V. M. M., Kalasamudramu, V., Mahanty, S., Reddy, G. M., and 

Reddy, M. K. (2014). Molecular and biochemical characterization of 

dehydroascorbate reductase from a stress adapted C4 plant, pearl millet [Pennisetum 

glaucum (L.) R. Br]. Plant Cell Reports, 33(3), 435–445. 

https://doi.org/10.1007/S00299-013-1544-9 

Pandey, P., Singh, J., Achary, V. M. M., and Mallireddy Reddy, K. (2015). Redox 

homeostasis via gene families of ascorbate-glutathione pathway. Frontiers in 

Environmental Science, 3, 25. https://doi.org/10.3389/FENVS.2015.00025 

Pandey, S. P., Shahi, P., Gase, K., and Baldwin, I. T. (2008). Herbivory-induced changes 

in the small-RNA transcriptome and phytohormone signaling in Nicotiana attenuata. 

Proceedings of the National Academy of Sciences of the United States of America, 

105(12), 4559–4564. https://doi.org/10.1073/PNAS.0711363105 

Pandit, M. A., Kumar, J., Gulati, S., Bhandari, N., Mehta, P., Katyal, R., ... and Kaur, J. 

(2022). Major biological control strategies for plant pathogens. Pathogens, 11(2), 273. 



 

232 
 

Pang, X., Lin, X., Tian, Y., Liang, R., Wang, J., Yang, B., Zhou, X., Kaliyaperumal, K., 

Luo, X., Tu, Z., and Liu, Y. (2018). Three new polyketides from the marine sponge-

derived fungus Trichoderma sp. SCSIO41004. Natural Product Research, 32(1), 

105–111. https://doi.org/10.1080/14786419.2017.1338286 

Panth, M., Hassler, S. C., and Baysal-Gurel, F. (2020). Methods for management of 

soilborne diseases in crop production. Agriculture, 10(1), 16. 

Pareek, M., and Rajam, M. V. (2017). RNAi-mediated silencing of MAP kinase signalling 

genes (Fmk1, Hog1, and Pbs2) in Fusarium oxysporum reduces pathogenesis on 

tomato plants. Fungal Biology, 121(9), 775–784. 

https://doi.org/10.1016/J.FUNBIO.2017.05.005 

Park, W. T., Kim, Y. B., Seo, J. M., Kim, S. J., Chung, E., Lee, J. H., and Park, S. U. 

(2013). Accumulation of anthocyanin and associated gene expression in radish 

sprouts exposed to light and methyl jasmonate. Journal of Agricultural and Food 

Chemistry, 61(17), 4127–4132. https://doi.org/10.1021/JF400164G 

Peralta, I. E., Knapp, S., and Spooner, D. M. (2005). New species of wild tomatoes 

(Solanum section Lycopersicon: Solanaceae) from northern Peru. Systematic Botany, 

30(2), 424–434. https://doi.org/10.1600/0363644054223657 

Peralta, I. E., Spooner, D., and Knapp, S. (2008). Taxonomy of Wild Tomatoes and Their 

Relatives (Solanum sect. Lycopersicoides, sect. Juglandifolia, sect. Lycopersicon; 

Solanaceae). Systematic Botany Monographs, 84, 1–186. 

https://doi.org/10.2307/25027972 

Perincherry, L., Lalak-Kánczugowska, J., and Stepién, L. (2019). Fusarium-Produced 

Mycotoxins in Plant-Pathogen Interactions. Toxins, 11(11), 664. 

https://doi.org/10.3390/TOXINS11110664 

Perincherry, L., Urbaniak, M., Pawłowicz, I., Kotowska, K., Waśkiewicz, A., and Stępień, 

Ł. (2021). Dynamics of fusarium mycotoxins and lytic enzymes during pea plants’ 

infection. International Journal of Molecular Sciences, 22(18), 9888. 

https://doi.org/10.3390/IJMS22189888/S1 

Perl, A., Perl-Treves, R., Galili, S., Aviv, D., Shalgi, E., Malkin, S., and Galun, E. (1993). 

Enhanced oxidative-stress defense in transgenic potato expressing tomato Cu,Zn 



 

233 
 

superoxide dismutases. Theoretical and Applied Genetics, 85(5), 568–576. 

https://doi.org/10.1007/BF00220915/METRICS 

Peterbauer, C. K., Lorito, M., Hayes, C. K., Harman, G. E., and Kubicek, C. P. (1996). 

Molecular cloning and expression of the nag1 gene (N-acetyl-beta-D-

glucosaminidase-encoding gene) from Trichoderma harzianum P1. Current Genetics, 

30(4), 325–331. https://doi.org/10.1007/S002940050140 

Pieterse, C. M., Van der Does, D., Zamioudis, C., Leon-Reyes, A., and Van Wees, S. C. 

(2012). Hormonal modulation of plant immunity. Annual review of cell and 

developmental biology, 28, 489-521. 

Pinkard, E. A., and Mohammed, C. L. (2006). Photosynthesis of Eucalyptus globulus with 

Mycosphaerella leaf disease. New Phytologist, 170(1), 119-

127.https://doi.org/10.1111/j.1469-8137.2006.01645.x 

Pinto, E., Sigaud-Kutner, T. C. S., Leitão, M. A. S., Okamoto, O. K., Morse, D., and 

Colepicolo, P. (2003). Heavy metal–induced oxidative stress in algae1. Journal of 

Phycology, 39(6), 1008–1018. https://doi.org/10.1111/J.0022-3646.2003.02-193.X 

Pinto, L. S. R. C., Azevedo, J. L., Pereira, J. O., Vieira, M. L. C., and Labate, C. A. (2000). 

Symptomless infection of banana and maize by endophytic fungi impairs 

photosynthetic efficiency. The New Phytologist, 147(3), 609-615.  

Piquerezt, S. J. M., Harvey, S. E., Beynon, J. L., and Ntoukakis, V. (2014). Improving crop 

disease resistance: lessons from research on Arabidopsis and tomato. Frontiers in 

Plant Science, 5, 671. https://doi.org/10.3389/FPLS.2014.00671 

Polko, J. K., and Kieber, J. J. (2019). 1-Aminocyclopropane 1-Carboxylic Acid and Its 

Emerging Role as an Ethylene-Independent Growth Regulator. Frontiers in Plant 

Science, 10, 1602. https://doi.org/10.3389/FPLS.2019.01602 

Polle, A. (2001). Dissecting the Superoxide Dismutase-Ascorbate-Glutathione-Pathway in 

Chloroplasts by Metabolic Modelling. Computer Simulations as a Step towards Flux 

Analysis. Plant Physiology, 126(1), 445–462. https://doi.org/10.1104/PP.126.1.445 

Pontes, J. G. D. M., Fernandes, L. S., dos Santos, R. vander, Tasic, L., and Fill, T. P. 

(2020). Virulence Factors in the Phytopathogen-Host Interactions: An Overview. 



 

234 
 

Journal of Agricultural and Food Chemistry, 68(29), 7555–7570. 

https://doi.org/10.1021/ACS.JAFC.0C02389 

Poveda, J., Abril-Urias, P., and Escobar, C. (2020). Biological Control of Plant-Parasitic 

Nematodes by Filamentous Fungi Inducers of Resistance: Trichoderma, Mycorrhizal 

and Endophytic Fungi. Frontiers in Microbiology, 11. 

https://doi.org/10.3389/FMICB.2020.00992/FULL 

Priyashantha, A. H., Dai, D. Q., Bhat, D. J., Stephenson, S. L., Promputtha, I., Kaushik, P., 

... and Karunarathna, S. C. (2023). Plant–fungi interactions: where it 

goes?. Biology, 12(6), 809. 

Pulido, P., Cazalis, R., and Cejudo, F. J. (2009). An antioxidant redox system in the 

nucleus of wheat seed cells suffering oxidative stress. The Plant Journal, 57(1), 132–

145. https://doi.org/10.1111/J.1365-313X.2008.03675.X 

Pütter, J. (1974). Peroxidases. Methods of Enzymatic Analysis, 685–690. 

https://doi.org/10.1016/B978-0-12-091302-2.50033-5 

Pyke, T. R., and Dietz, A. (1966). U-21,963, a New Antibiotic. Applied Microbiology, 

14(4), 506–510. https://doi.org/10.1128/AM.14.4.506-510.1966 

Qian, Y., Tan, D. X., Reiter, R. J., and Shi, H. (2015). Comparative metabolomic analysis 

highlights the involvement of sugars and glycerol in melatonin-mediated innate 

immunity against bacterial pathogen in Arabidopsis. Scientific Reports, 5(1), 15815. 

https://doi.org/10.1038/srep15815 

Ragab, M. M. M., Abada, K. A., Abd-El-Moneim, M. L., and Abo-Shosha, Y. Z. (2015). 

Effect of different mixtures of some bioagents and Rhizobium phaseoli on bean 

damping-off under field condition. International Journal of Scientific and 

Engineering Research, 6(7), 1009-1106. http://www.ijser.org 

Rai, G. K., Kumar, P., Choudhary, S. M., Singh, H., Adab, K., Kosser, R., ... and Rouphael, 

Y. (2023). Antioxidant potential of glutathione and crosstalk with phytohormones in 

enhancing abiotic stress tolerance in crop plants. Plants, 12(5), 1133. 

Rajput, V. D., Harish, Singh, R. K., Verma, K. K., Sharma, L., Quiroz-Figueroa, F. R., 

Meena, M., Gour, V. S., Minkina, T., Sushkova, S., and Mandzhieva, S. (2021). 



 

235 
 

Recent Developments in Enzymatic Antioxidant Defence Mechanism in Plants with 

Special Reference to Abiotic Stress. Biology, 10(4), 267. 

https://doi.org/10.3390/BIOLOGY10040267 

Ramakrishna, A., and Ravishankar, G. A. (2011). Influence of abiotic stress signals on 

secondary metabolites in plants. Plant Signaling and Behavior, 6(11), 1731. 

https://doi.org/10.4161/PSB.6.11.17613 

Ramegowda, V., and Senthil-Kumar, M. (2015). The interactive effects of simultaneous 

biotic and abiotic stresses on plants: Mechanistic understanding from drought and 

pathogen combination. Journal of Plant Physiology, 176, 47–54. 

https://doi.org/10.1016/J.JPLPH.2014.11.008 

Ransy, C., Vaz, C., Lombès, A., and Bouillaud, F. (2020). Use of H2O2 to Cause Oxidative 

Stress, the Catalase Issue. International Journal of Molecular Sciences, 21(23), 9149. 

https://doi.org/10.3390/IJMS21239149 

Rao, A. S. V. C., and Reddy, A. R. (2008). Glutathione Reductase: A Putative Redox 

Regulatory System in Plant Cells. Sulfur Assimilation and Abiotic Stress in Plants, 

111–147. https://doi.org/10.1007/978-3-540-76326-0_6 

Raza, A., Razzaq, A., Mehmood, S. S., Zou, X., Zhang, X., Lv, Y., and Xu, J. (2019). 

Impact of Climate Change on Crops Adaptation and Strategies to Tackle Its Outcome: 

A Review. Plants, 8(2). https://doi.org/10.3390/PLANTS8020034 

Re, R., Pellegrini, N., Proteggente, A., Pannala, A., Yang, M., and Rice-Evans, C. (1999). 

Antioxidant activity applying an improved ABTS radical cation decolorization assay. 

Free Radical Biology and Medicine, 26(9–10), 1231–1237. 

https://doi.org/10.1016/S0891-5849(98)00315-3 

Reis, A., Costa, H., Boiteux, L. S., and Lopes, C. A. (2005). First report of Fusarium 

oxysporum f. sp. lycopersici race 3 on tomato in Brazil. Fitopatologia Brasileira, 

30(4), 426–428. https://doi.org/10.1590/S0100-41582005000400017 

Rejeb, I. ben, Pastor, V., and Mauch-Mani, B. (2014). Plant Responses to Simultaneous 

Biotic and Abiotic Stress: Molecular Mechanisms. Plants, 3(4), 458–475. 

https://doi.org/10.3390/PLANTS3040458 



 

236 
 

Ribeiro, M. S., de Paula, R. G., Voltan, A. R., de Castro, R. G., Carraro, C. B., de Assis, L. 

J., Steindorff, A. S., Goldman, G. H., Silva, R. N., Ulhoa, C. J., and Monteiro, V. N. 

(2019). Endo-β-1,3-glucanase (GH16 Family) from Trichoderma harzianum 

Participates in Cell Wall Biogenesis but Is Not Essential for Antagonism Against 

Plant Pathogens. Biomolecules, 9(12), 781. https://doi.org/10.3390/BIOM9120781 

Rick, C. M. (1973). Potential Genetic Resources in Tomato Species: Clues from 

Observations in Native Habitats. In A. M. Srb (Ed.), Genes, Enzymes, and 

Populations (pp. 255–269). Springer US. https://doi.org/10.1007/978-1-4684-2880-

3_17 

Rick, C. M., and Fobes, J. F. (1975). Allozyme Variation in the Cultivated Tomato and 

Closely Related Species. Bulletin of the Torrey Botanical Club, 102(6), 376. 

https://doi.org/10.2307/2484764 

Riemann, M., Haga, K., Shimizu, T., Okada, K., Ando, S., Mochizuki, S., Nishizawa, Y., 

Yamanouchi, U., Nick, P., Yano, M., Minami, E., Takano, M., Yamane, H., and Iino, 

M. (2013). Identification of rice Allene Oxide Cyclase mutants and the function of 

jasmonate for defence against Magnaporthe oryzae. The Plant Journal, 74(2), 226–

238. https://doi.org/10.1111/TPJ.12115 

Rippa, S., Eid, M., Formaggio, F., Toniolo, C., and Béven, L. (2010). Hypersensitive-like 

response to the pore-former peptaibol alamethicin in Arabidopsis thaliana. 

Chembiochem, 11(14), 2042–2049. https://doi.org/10.1002/CBIC.201000262 

Riseh, R. S., and Vazvani, M. G. (2024). Unveiling Methods to Stimulate Plant Resistance 

against Pathogens. Frontiers in Bioscience-Landmark, 29(5), 188. 

Roberts, W. K., and Selitrennikoff, C. P. (1988). Plant and Bacterial Chitinases Differ in 

Antifungal Activity. Microbiology, 134(1), 169–176. 

https://doi.org/10.1099/00221287-134-1-169 

Rodrigues de Queiroz, A., Hines, C., Brown, J., Sahay, S., Vijayan, J., Stone, J. M., ... and 

Roston, R. L. (2023). The effects of exogenously applied antioxidants on plant growth 

and resilience. Phytochemistry Reviews, 22(2), 407-447. 



 

237 
 

Roe, J. H., and Kuether, C. A. (1943). The determination of ascorbic acid in whole blood 

and urine through the 2, 4-dinitrophenylhydrazine derivative of dehydroascorbic 

acid. Journal of Biological chemistry, 147, 399-407. 

Roeber, V. M., Bajaj, I., Rohde, M., Schmülling, T., and Cortleven, A. (2021). Light acts as 

a stressor and influences abiotic and biotic stress responses in plants. Plant, Cell and 

Environment, 44(3), 645-664. 

Romão-Dumaresq, A. S., Dourado, M. N., de Fávaro, L. C. L., Mendes, R., Ferreira, A., 

and Araújo, W. L. (2016). Diversity of Cultivated Fungi Associated with 

Conventional and Transgenic Sugarcane and the Interaction between Endophytic 

Trichoderma virens and the Host Plant. PLOS ONE, 11(7), e0158974. 

https://doi.org/10.1371/JOURNAL.PONE.0158974 

Rosa, M., Prado, C., Podazza, G., Interdonato, R., González, J. A., Hilal, M., and Prado, F. 

E. (2009). Soluble sugars—Metabolism, sensing and abiotic stress: A complex 

network in the life of plants. Plant Signaling and Behavior, 4(5), 388. 

https://doi.org/10.4161/PSB.4.5.8294 

Rouster, J., Leah, R., Mundy, J., and Cameron-Mills, V. (1997). Identification of a methyl 

jasmonate-responsive region in the promoter of a lipoxygenase 1 gene expressed in 

barley grain. The Plant Journal: For Cell and Molecular Biology, 11(3), 513–523. 

https://doi.org/10.1046/J.1365-313X.1997.11030513.X 

Roychoudhury, A., and Banerjee, A. (2016). Endogenous glycine betaine accumulation 

mediates abiotic stress tolerance in plants. Trop Plant Res, 3(1), 105-111. 

Ruan, J., Zhou, Y., Zhou, M., Yan, J., Khurshid, M., Weng, W., ... and Zhang, K. (2019). 

Jasmonic acid signaling pathway in plants. International journal of molecular 

sciences, 20(10), 2479. 

Ruocco, M., Lanzuise, S., Lombardi, N., Woo, S. L., Vinale, F., Marra, R., Varlese, R., 

Manganiello, G., Pascale, A., Scala, V., Turrà, D., Scala, F., and Lorito, M. (2015). 

Multiple roles and effects of a novel Trichoderma hydrophobin. Molecular Plant-

Microbe Interactions, 28(2), 167–179. https://doi.org/10.1094/MPMI-07-14-0194-R 

Rustgi, S., Springer, A., Kang, C., Wettstein, D. von, Reinbothe, C., Reinbothe, S., and 

Pollmann, S. (2019). Allene Oxide Synthase and Hydroperoxide Lyase, Two Non-



 

238 
 

Canonical Cytochrome P450s in Arabidopsis thaliana and Their Different Roles in 

Plant Defense. International Journal of Molecular Sciences, 20(12), 3064. 

https://doi.org/10.3390/IJMS20123064 

Sachdev, S., Ansari, S. A., Ansari, M. I., Fujita, M., and Hasanuzzaman, M. (2021). 

Abiotic Stress and Reactive Oxygen Species: Generation, Signaling, and Defense 

Mechanisms. Antioxidants, 10(2), 277. https://doi.org/10.3390/ANTIOX10020277 

Sadeghpour, N., Asadi-Gharneh, H. A., Nasr- Esfahani, M., Khankahdani, H. H., and 

Golabadi, M. (2022). Antioxidant enzymes associated with resistance to Fusarium 

oxysporum f. sp. melonis race 1.2 in melon. Physiological and Molecular Plant 

Pathology, 121, 101880. https://doi.org/10.1016/J.PMPP.2022.101880 

Sahebi, M., Hanafi, M. M., van Wijnen, A. J., Akmar, A. S. N., Azizi, P., Idris, A. S., 

Taheri, S., and Foroughi, M. (2017). Profiling secondary metabolites of plant defence 

mechanisms and oil palm in response to Ganoderma boninense attack. International 

Biodeterioration and Biodegradation, 122, 151–164. 

https://doi.org/10.1016/J.IBIOD.2017.04.016 

Sahu, P. K., Jayalakshmi, K., Tilgam, J., Gupta, A., Nagaraju, Y., Kumar, A., ... and 

Rajawat, M. V. S. (2022). ROS generated from biotic stress: Effects on plants and 

alleviation by endophytic microbes. Frontiers in Plant Science, 13, 1042936. 

Sakamoto, A., and Murata, N. (2002). The role of glycine betaine in the protection of 

plants from stress: clues from transgenic plants. Plant, Cell and Environment, 25(2), 

163–171. https://doi.org/10.1046/J.0016-8025.2001.00790.X 

Sampol, B., Bota, J., Riera, D., Medrano, H., and Flexas, J. (2003). Analysis of the virus-

induced inhibition of photosynthesis in malmsey grapevines. New Phytologist, 160(2), 

403–412. https://doi.org/10.1046/J.1469-8137.2003.00882.X 

Sandgren, M., Shaw, A., Ropp, T. H., Wu, S., Bott, R., Cameron, A. D., Ståhlberg, J., 

Mitchinson, C., and Jones, T. A. (2001). The X-ray crystal structure of the 

Trichoderma reesei family 12 endoglucanase 3, Cel12A, at 1.9 A resolution. Journal 

of Molecular Biology, 308(2), 295–310. https://doi.org/10.1006/JMBI.2001.4583 

Scharte, J., Schön, H., and Weis, E. (2005). Photosynthesis and carbohydrate metabolism 

in tobacco leaves during an incompatible interaction with Phytophthora nicotianae. 



 

239 
 

Plant, Cell and Environment, 28(11), 1421–1435. https://doi.org/10.1111/J.1365-

3040.2005.01380.X 

Schauer, N., Semel, Y., Roessner, U., Gur, A., Balbo, I., Carrari, F., Pleban, T., Perez-

Melis, A., Bruedigam, C., Kopka, J., Willmitzer, L., Zamir, D., and Fernie, A. R. 

(2006). Comprehensive metabolic profiling and phenotyping of interspecific 

introgression lines for tomato improvement. Nature Biotechnology, 24(4), 447–454. 

https://doi.org/10.1038/NBT1192 

Schenkel, D., Lemfack, M. C., Piechulla, B., and Splivallo, R. (2015). A meta-analysis 

approach for assessing the diversity and specificity of belowground root and 

microbial volatiles. Frontiers in plant science, 6, 707. 

Scott, T. A., and Melvin, E. H. (1953). Determination of Dextran with Anthrone. 

Analytical Chemistry, 25(11), 1656–1661. https://doi.org/10.1021/AC60083A023 

Scudeletti, D., Crusciol, C. A. C., Bossolani, J. W., Moretti, L. G., Momesso, L., Servaz 

Tubaña, B., de Castro, S. G. Q., de Oliveira, E. F., and Hungria, M. (2021). 

Trichoderma asperellum Inoculation as a Tool for Attenuating Drought Stress in 

Sugarcane. Frontiers in Plant Science, 12, 570. 

https://doi.org/10.3389/FPLS.2021.645542 

Sedlak, J., and Lindsay, R. H. (1968). Estimation of total, protein-bound, and nonprotein 

sulfhydryl groups in tissue with Ellman’s reagent. Analytical Biochemistry, 25(C), 

192–205. https://doi.org/10.1016/0003-2697(68)90092-4 

Senapati, M., Tiwari, A., Sharma, N., Chandra, P., Bashyal, B. M., Ellur, R. K., 

Bhowmick, P. K., Bollinedi, H., Vinod, K. K., Singh, A. K., and Krishnan, S. G. 

(2022). Rhizoctonia solani Kühn Pathophysiology: Status and Prospects of Sheath 

Blight Disease Management in Rice. Frontiers in Plant Science, 13, 881116. 

https://doi.org/10.3389/FPLS.2022.881116 

Seyfferth, C., and Tsuda, K. (2014). Salicylic acid signal transduction: the initiation of 

biosynthesis, perception and transcriptional reprogramming. Frontiers in Plant 

Science, 5, 697. https://doi.org/10.3389/FPLS.2014.00697 

Shah, W., Ullah, S., Ali, S., Idrees, M., Khan, M. N., Ali, K., ... and Younas, F. (2021). 

Effect of exogenous alpha-tocopherol on physio-biochemical attributes and 



 

240 
 

agronomic performance of lentil (Lens culinaris Medik.) under drought stress. PloS 

one, 16(8), e0248200. 

Shan, C., Zhou, Y., and Liu, M. (2015). Nitric oxide participates in the regulation of the 

ascorbate-glutathione cycle by exogenous jasmonic acid in the leaves of wheat 

seedlings under drought stress. Protoplasma, 252(5), 1397–1405. 

https://doi.org/10.1007/S00709-015-0756-Y/TABLES/3 

Sharma, A., Shahzad, B., Kumar, V., Kohli, S. K., Sidhu, G. P. S., Bali, A. S., Handa, N., 

Kapoor, D., Bhardwaj, R., and Zheng, B. (2019). Phytohormones Regulate 

Accumulation of Osmolytes Under Abiotic Stress. Biomolecules, 9(7). 

https://doi.org/10.3390/BIOM9070285 

Sharma, P., Jha, A. B., Dubey, R. S., and Pessarakli, M. (2021). Reactive oxygen species 

generation, hazards, and defense mechanisms in plants under environmental (abiotic 

and biotic) stress conditions. Handbook of plant and crop physiology, 617-658. 

Sharma, P., Jha, A. B., Dubey, R. S., and Pessarakli, M. (2012). Reactive Oxygen Species, 

Oxidative Damage, and Antioxidative Defense Mechanism in Plants under Stressful 

Conditions. Journal of Botany, 2012, 217037. https://doi.org/10.1155/2012/217037 

Sharma, S. K., Singh, D., Pandey, H., Jatav, R. B., Singh, V., and Pandey, D. (2022). An 

Overview of Roles of Enzymatic and Nonenzymatic Antioxidants in Plant. 

Antioxidant Defense in Plants: Molecular Basis of Regulation, 1–13. 

https://doi.org/10.1007/978-981-16-7981-0_1 

Sharma, V., Salwan, R., and Al-Ani, L. K. T. (Eds.). (2020). Molecular aspects of plant 

beneficial microbes in agriculture. Academic Press. 

Shereefa, L. A. H., and Kumaraswamy, M. (2016). Reactive oxygen species and 

ascorbate–glutathione interplay in signaling and stress responses in Sesamum 

orientale L. against Alternaria sesami (Kawamura) Mohanty and Behera. Journal of 

the Saudi Society of Agricultural Sciences, 15(1), 48–56. 

https://doi.org/10.1016/J.JSSAS.2014.04.007 

Sherin, G., Aswathi, K. P. R., and Puthur, J. T. (2022). Photosynthetic functions in plants 

subjected to stresses are positively influenced by priming. Plant Stress, 4, 100079. 

https://doi.org/10.1016/J.STRESS.2022.100079 



 

241 
 

Shi, W. L., Chen, X. L., Wang, L. X., Gong, Z. T., Li, S., Li, C. L., Xie, B. bin, Zhang, W., 

Shi, M., Li, C., Zhang, Y. Z., and Song, X. Y. (2016). Cellular and molecular insight 

into the inhibition of primary root growth of Arabidopsis induced by peptaibols, a 

class of linear peptide antibiotics mainly produced by Trichoderma spp. Journal of 

Experimental Botany, 67(8), 2191–2205. https://doi.org/10.1093/JXB/ERW023 

Shiade, S. R. G., Zand-Silakhoor, A., Fathi, A., Rahimi, R., Minkina, T., Rajput, V. D., ... 

and Chaudhary, T. (2024). Plant metabolites and signaling pathways in response to 

biotic and abiotic stresses: Exploring bio stimulant applications. Plant Stress, 100454. 

Shigeoka, S., Ishikawa, T., Tamoi, M., Miyagawa, Y., Takeda, T., Yabuta, Y., and 

Yoshimura, K. (2002). Regulation and function of ascorbate peroxidase isoenzymes. 

Journal of Experimental Botany, 53(372), 1305–1319. 

https://doi.org/10.1093/JEXBOT/53.372.1305 

Shobade, S. O., Zabotina, O. A., and Nilsen-Hamilton, M. (2024). Plant root associated 

chitinases: structures and functions. Frontiers in Plant Science, 15, 1344142. 

Shoresh, M., Yedidia, I., and Chet, I. (2005). Involvement of Jasmonic Acid/Ethylene 

Signaling Pathway in the Systemic Resistance Induced in Cucumber by Trichoderma 

asperellum T203. Phytopathology, 95(1), 76–84. https://doi.org/10.1094/PHYTO-95-

0076 

Sicilia, A., Catara, V., Scialò, E., and lo Piero, A. R. (2021). Fungal Infection Induces 

Anthocyanin Biosynthesis and Changes in DNA Methylation Configuration of Blood 

Orange [Citrus sinensis L. (Osbeck)]. Plants, 10(2), 244. 

https://doi.org/10.3390/PLANTS10020244 

Simón, M. R., Fleitas, M. C., Castro, A. C., and Schierenbeck, M. (2020). How Foliar 

Fungal Diseases Affect Nitrogen Dynamics, Milling, and End-Use Quality of Wheat. 

Frontiers in Plant Science, 11, 1568. https://doi.org/10.3389/FPLS.2020.569401 

Simon, U. K., Polanschütz, L. M., Koffler, B. E., and Zechmann, B. (2013). High 

resolution imaging of temporal and spatial changes of subcellular ascorbate, 

glutathione and H₂O₂ distribution during Botrytis cinerea infection in Arabidopsis. 

PloS One, 8(6), e65811. https://doi.org/10.1371/JOURNAL.PONE.0065811 



 

242 
 

Singh, A., Jain, A., Sarma, B. K., Upadhyay, R. S., and Singh, H. B. (2013). Rhizosphere 

microbes facilitate redox homeostasis in Cicer arietinum against biotic stress. Annals 

of Applied Biology, 163(1), 33–46. https://doi.org/10.1111/AAB.12030 

Singh, R., Biswas, S. K., Nagar, D., Singh, J., Singh, M., and Mishra, Y. K. (2015). 

Sustainable Integrated Approach for Management of Fusarium Wilt of Tomato 

Caused by Fusarium oxysporum f. sp. lycopersici (Sacc.) Synder and Hansen. 

Sustainable Agriculture Research, 4(1). https://doi.org/10.22004/AG.ECON.230412 

Singh, U. B., Malviya, D., Singh, S., Kumar, M., Sahu, P. K., Singh, H. V., Kumar, S., 

Roy, M., Imran, M., Rai, J. P., Sharma, A. K., and Saxena, A. K. (2019). Trichoderma 

harzianum-and methyl jasmonate-induced resistance to Bipolaris sorokiniana through 

enhanced phenylpropanoid activities in bread wheat (Triticum aestivum L.). Frontiers 

in Microbiology, 10, 1697. https://doi.org/10.3389/FMICB.2019.01697 

Singh, V. K., Singh, A. K., and Kumar, A. (2017). Disease management of tomato through 

PGPB: current trends and future perspective. 3 Biotech, 7(4), 1–10. 

https://doi.org/10.1007/S13205-017-0896-1/METRICS 

Singleton, V. L., and Rossi, J. A. (1965). Colorimetry of Total Phenolics with 

Phosphomolybdic-Phosphotungstic Acid Reagents. American Journal of Enology and 

Viticulture, 16(3), 144-158. 

Sirhindi, G., Mir, M. A., Abd-Allah, E. F., Ahmad, P., and Gucel, S. (2016). Jasmonic acid 

modulates the physio-biochemical attributes, antioxidant enzyme activity, and gene 

expression in Glycine max under nickel toxicity. Frontiers in plant science, 7, 591. 

Sirhindi, G., Mushtaq, R., Gill, S. S., Sharma, P., Abd_Allah, E. F., and Ahmad, P. (2020). 

Jasmonic acid and methyl jasmonate modulate growth, photosynthetic activity and 

expression of photosystem II subunit genes in Brassica oleracea L. Scientific 

Reports, 10(1), 9322. 

Sivankalyani, V., Feygenberg, O., Diskin, S., Wright, B., and Alkan, N. (2016). Increased 

anthocyanin and flavonoids in mango fruit peel are associated with cold and pathogen 

resistance. Postharvest Biology and Technology, 111, 132–139. 

https://doi.org/10.1016/J.POSTHARVBIO.2015.08.001 



 

243 
 

Smirnoff, N., and Cumbes, Q. J. (1989). Hydroxyl radical scavenging activity of 

compatible solutes. Phytochemistry, 28(4), 1057–1060. https://doi.org/10.1016/0031-

9422(89)80182-7 

Sneh, B., Burpee, L., and Ogoshi, A. (1991). Identification of Rhizoctonia species. APS 

press. 

Snyder, W. C., and Hansen, H. N. (1941). The species concept in Fusarium with reference 

to section Martiella. American Journal of Botany, 738-742. 

 Soliman, M. H., Alnusaire, T. S., Abdelbaky, N. F., Alayafi, A. A. M., Hasanuzzaman, 

M., Rowezak, M. M., El-Esawi, M., and Elkelish, A. (2020). Trichoderma-induced 

improvement in growth, photosynthetic pigments, proline, and glutathione levels in 

Cucurbita pepo seedlings under salt stress. Phyton, 89(3), 473–486. 

https://doi.org/10.32604/PHYTON.2020.08795 

Sood, M. (2023). Jasmonates:“The master switch” for regulation of developmental and 

stress responses in plants. Journal of Plant Growth Regulation, 42(8), 5247-5265. 

Sood, M., Kapoor, D., Kumar, V., Kalia, N., Bhardwaj, R., Sidhu, G. P. S., and Sharma, A. 

(2021). Mechanisms of Plant Defense under Pathogen Stress: A Review. Current 

Protein and Peptide Science, 22(5), 376-395. 

https://doi.org/10.2174/1389203722666210125122827 

Sood, M., Kapoor, D., Kumar, V., Sheteiwy, M. S., Ramakrishnan, M., Landi, M., Araniti, 

F., and Sharma, A. (2020). Trichoderma: The “Secrets” of a Multitalented Biocontrol 

Agent. Plants (Basel, Switzerland), 9(6), 762. 

https://doi.org/10.3390/PLANTS9060762 

Sood, M., Kumar, V., and Rawal, R. (2021). Seed biopriming a novel method to control 

seed borne diseases of crops. In Biocontrol Agents and Secondary Metabolites (pp. 

181-223). Woodhead Publishing. 

Sousa, T. P. de, Chaibub, A. A., Silva, G. B. da, and Filippi, M. C. C. de. (2020). 

Trichoderma asperellum modulates defense genes and potentiates gas exchanges in 

upland rice plants. Physiological and Molecular Plant Pathology, 112, 101561. 

https://doi.org/10.1016/J.PMPP.2020.101561 



 

244 
 

Soydam Aydin, S., Büyük, İ., and Aras, S. (2013). Relationships among lipid peroxidation, 

SOD enzyme activity, and SOD gene expression profile in Lycopersicum esculentum 

L. exposed to cold stress. Genetics and Molecular Research, 12(3), 3220–3229. 

https://doi.org/10.4238/2013.August.29.6 

Spooner, D. M., Peralta, I. E., and Knapp, S. (2005). Comparison of AFLPs with other 

markers for phylogenetic inference in wild tomatoes [Solanum L. section 

Lycopersicon (Mill.) Wettst.]. Taxon, 54(1), 43–61. https://doi.org/10.2307/25065301 

Spormann, S., Nadais, P., Sousa, F., Pinto, M., Martins, M., Sousa, B., ... and Soares, C. 

(2023). Accumulation of proline in plants under contaminated soils—are we on the 

same page?. Antioxidants, 12(3), 666. 

Sreedevi, S., Remani, K. N., Benjamin, S. (2013). Biotic Stress Induced Biochemical and 

Isozyme Variations in Ginger and Tomato by Ralstonia solanacearum. American 

Journal of Plant Sciences, 4(8), 1601–1610. https://doi.org/10.4236/AJPS.2013.48194 

Srinivas, C., Nirmala Devi, D., Narasimha Murthy, K., Mohan, C. D., Lakshmeesha, T. R., 

Singh, B. P., Kalagatur, N. K., Niranjana, S. R., Hashem, A., Alqarawi, A. A., 

Tabassum, B., Abd_Allah, E. F., Chandra Nayaka, S and Srivastva, S. (2019). 

Fusarium oxysporum f. sp. lycopersici causal agent of vascular wilt disease of tomato: 

Biology to diversity– A review. Saudi Journal of Biological Sciences, 26(7), 1315–

1324. https://doi.org/10.1016/J.SJBS.2019.06.002 

Srinivasa, C., Umesha, S., Pradeep, S., Ramu, R., Gopinath, S. M., Ansari, M. A., 

Alomary, M. N., Ali, A., Ahmad, W., Kollur, S. P., and Shivamallu, C. (2022). 

Salicylic acid-mediated enhancement of resistance in tomato plants against 

Xanthomonas perforans. Saudi Journal of Biological Sciences, 29(4), 2253–2261. 

https://doi.org/10.1016/J.SJBS.2021.11.067 

Srivastava, M. P., Gupta, S., and Sharm, Y. K. (2018). Detection of siderophore production 

from different cultural variables by CAS-agar plate assay. Asian J. Pharm. 

Pharmacol, 4, 66-69. 

Staswick, P. E., and Tiryaki, I. (2004). The Oxylipin Signal Jasmonic Acid Is Activated by 

an Enzyme That Conjugates It to Isoleucine in Arabidopsis. The Plant Cell, 16(8), 

2117–2127. https://doi.org/10.1105/TPC.104.023549 



 

245 
 

Strakowska, J., Błaszczyk, L., and Chełkowski, J. (2014). The significance of cellulolytic 

enzymes produced by Trichoderma in opportunistic lifestyle of this fungus. Journal of 

Basic Microbiology, 54 Suppl 1, S2-S13. https://doi.org/10.1002/JOBM.201300821 

Strange, R. N., and Scott, P. R. (2005). Plant disease: a threat to global food 

security. Annu. Rev. Phytopathol., 43, 83-116. 

Sturrock, C. J., Woodhall, J., Brown, M., Walker, C., Mooney, S. J., and Ray, R. V. 

(2015). Effects of damping-off caused by Rhizoctonia solani anastomosis group 2-1 

on roots of wheat and oil seed rape quantified using X-ray computed tomography and 

real-time PCR. Frontiers in Plant Science, 6(JUNE), 1–11. 

https://doi.org/10.3389/FPLS.2015.00461/BIBTEX 

Sun, L., Li, Y., Miao, W., Piao, T., Hao, Y., and Hao, F. S. (2017). NADK2 positively 

modulates abscisic acid-induced stomatal closure by affecting accumulation of H2O2, 

Ca2+ and nitric oxide in Arabidopsis guard cells. Plant Science: An International 

Journal of Experimental Plant Biology, 262, 81–90. 

https://doi.org/10.1016/J.PLANTSCI.2017.06.003 

Suprasanna, P., Rai, A. N., Kumari, P. H., Kumar, S. A., and Kishor, P. K. (2014). 

Modulation of proline: implications in plant stress tolerance and development. 

In Plant adaptation to environmental change: significance of amino acids and their 

derivatives (pp. 68-96). Wallingford UK: CABI. 

Švecová, E., Proietti, S., Caruso, C., Colla, G., and Crinò, P. (2013). Antifungal activity of 

Vitex agnus-castus extract against Pythium ultimum in tomato. Crop Protection, 43, 

223–230. https://doi.org/10.1016/J.CROPRO.2012.10.008 

Swarbrick, P. J., SCHULZE‐LEFERT, P. A. U. L., and Scholes, J. D. (2006). Metabolic 

consequences of susceptibility and resistance (race‐specific and broad‐spectrum) in 

barley leaves challenged with powdery mildew. Plant, Cell and Environment, 29(6), 

1061-1076. 

Taheri, P., Hosseini-Zahani, F., and Tarighi, S. (2024). Binucleate Rhizoctonia induced 

tomato resistance against Rhizoctonia solani via affecting antioxidants and cell wall 

reinforcement. Heliyon, 10(6). 



 

246 
 

Takahashi, H., Shimizu, A., Arie, T., Rosmalawati, S., Fukushima, S., Kikuchi, M., 

Hikichi, Y., Kanda, A., Takahashi, A., Kiba, A., Ohnishi, K., Ichinose, Y., Taguchi, 

F., Yasuda, C., Kodama, M., Egusa, M., Masuta, C., Sawada, H., Shibata, D., … 

Watanabe, Y. (2005). Catalog of Micro-Tom tomato responses to common fungal, 

bacterial, and viral pathogens. Journal of General Plant Pathology, 71(1), 8–22. 

https://doi.org/10.1007/S10327-004-0168-X 

Tanwir, K., Javed, M. T., Shahid, M., Akram, M. S., and Ali, Q. (2021). Antioxidant 

defense systems in bioremediation of organic pollutants. In Handbook of 

Bioremediation (pp. 505-521). Academic Press. 

Taranto, F., Pasqualone, A., Mangini, G., Tripodi, P., Miazzi, M. M., Pavan, S., and 

Montemurro, C. (2017). Polyphenol oxidases in crops: Biochemical, physiological 

and genetic aspects. International journal of molecular sciences, 18(2), 377. 

Taylor, I. B. (1986). Biosystematics of the tomato. In J. Atherton Jeff G. and Rudich (Ed.), 

The Tomato Crop: A scientific basis for improvement (pp. 1–34). Springer 

Netherlands. https://doi.org/10.1007/978-94-009-3137-4_1 

Tomato Genome Consortium. (2012). The tomato genome sequence provides insights into 

fleshy fruit evolution. Nature, 485(7400), 635–641. 

https://doi.org/10.1038/NATURE11119 

Torres, M. A., Dangl, J. L., and Jones, J. D. G. (2002). Arabidopsis gp91phox homologues 

Atrbohd and Atrbohf are required for accumulation of reactive oxygen intermediates 

in the plant defense response. Proceedings of the National Academy of Sciences of the 

United States of America, 99(1), 517–522. https://doi.org/10.1073/PNAS.012452499 

Toum, L., Torres, P. S., Gallego, S. M., Benavídes, M. P., Vojnov, A. A., and Gudesblat, 

G. E. (2016). Coronatine inhibits stomatal closure through guard cell-specific 

inhibition of NADPH oxidase-dependent ROS production. Frontiers in Plant Science, 

7, 1851. https://doi.org/10.3389/FPLS.2016.01851/FULL 

Treutter, D. (2005). Significance of flavonoids in plant resistance and enhancement of their 

biosynthesis. Plant Biology, 7(6), 581–591. https://doi.org/10.1055/S-2005-873009 



 

247 
 

Trivedi, D. K., Gill, S. S., Yadav, S., and Tuteja, N. (2013). Genome-wide analysis of 

glutathione reductase (GR) genes from rice and Arabidopsis. Plant Signaling and 

Behavior, 8(2), e23021. https://doi.org/10.4161/PSB.23021 

Tsuda K, Kosaka Y, Kobori T, Shiomi H, Musumi K, and Kataoka M. (2005). Effects of 

fertilizer application on yield and vitamin C content of tomato [Lycopersicon 

esculentum] inoculated with the attenuated isolate CM95 of Cucumber mosaic virus. 

Annals of the Phytopathological Society of Japan (Japan), 71, 1–5. 

https://agris.fao.org/agris-search 

Tsuge, T., Harimoto, Y., Akimitsu, K., Ohtani, K., Kodama, M., Akagi, Y., Egusa, M., 

Yamamoto, M., and Otani, H. (2013). Host-selective toxins produced by the plant 

pathogenic fungus Alternaria alternata. FEMS Microbiology Reviews, 37(1), 44–66. 

https://doi.org/10.1111/J.1574-6976.2012.00350.X 

Tyagi, S., Shumayla, Singh, S. P., and Upadhyay, S. K. (2019). Role of Superoxide 

Dismutases (SODs) in Stress Tolerance in Plants. Energy, Environment, and 

Sustainability, 51–77. https://doi.org/10.1007/978-981-15-0690-1_3/COVER 

Tyśkiewicz, R., Nowak, A., Ozimek, E., and Jaroszuk-Ściseł, J. (2022). Trichoderma: The 

current status of its application in agriculture for the biocontrol of fungal 

phytopathogens and stimulation of plant growth. International Journal of Molecular 

Sciences, 23(4), 2329. 

ul Islam, S. N., Asgher, M., and Khan, N. A. (2023). Hydrogen peroxide and its role in 

abiotic Stress tolerance in plants. In Gasotransmitters Signaling in Plant Abiotic 

Stress: Gasotransmitters in Adaptation of Plants to Abiotic Stress (pp. 167-195). 

Cham: Springer International Publishing. 

Umar, O. B., Ranti, L. A., Abdulbaki, A. S., Bola, A. L., Abdulhamid, A. K., Biola, M. R., 

and Victor, K. O. (2021). Stresses in plants: Biotic and abiotic. Current Trends in 

Wheat Research, 1-8. 

Valko, M., Morris, H., and Cronin, M. T.D. (2005). Metals, Toxicity and Oxidative Stress. 

Current Medicinal Chemistry, 12(10), 1161–1208. 

https://doi.org/10.2174/0929867053764635 



 

248 
 

van Baarlen, P., van Belkum, A., Summerbell, R. C., Crous, P. W., and Thomma, B. P. H. 

J. (2007). Molecular mechanisms of pathogenicity: how do pathogenic 

microorganisms develop cross-kingdom host jumps? FEMS Microbiology Reviews, 

31(3), 239–277. https://doi.org/10.1111/J.1574-6976.2007.00065.X 

van Dam, N. M., and Bouwmeester, H. J. (2016). Metabolomics in the Rhizosphere: 

Tapping into Belowground Chemical Communication. Trends in Plant Science, 21(3), 

256–265. https://doi.org/10.1016/J.TPLANTS.2016.01.008 

Vanacker, H., Carver, T. L. W., and Foyer, C. H. (1998). Pathogen-Induced Changes in the 

Antioxidant Status of the Apoplast in Barley Leaves. Plant Physiology, 117(3), 1103–

1114. https://doi.org/10.1104/PP.117.3.1103 

Vanacker, H., Carver, T. L., and Foyer, C. H. (2000). Early H2O2 accumulation in 

mesophyll cells leads to induction of glutathione during the hyper-sensitive response 

in the barley-powdery mildew interaction. Plant physiology, 123(4), 1289-1300. 

Vašková, J., Kočan, L., Vaško, L., and Perjési, P. (2023). Glutathione-related enzymes and 

proteins: a review. Molecules, 28(3), 1447. 

Vázquez-Garcidueñas, S., Leal-Morales, C. A., and Herrera-Estrella, A. (1998). Analysis 

of the beta-1,3-Glucanolytic System of the Biocontrol Agent Trichoderma harzianum. 

Applied and Environmental Microbiology, 64(4), 1442–1446. 

https://doi.org/10.1128/AEM.64.4.1442-1446.1998 

Velásquez, A. C., Castroverde, C. D. M., and He, S. Y. (2018). Plant–Pathogen Warfare 

under Changing Climate Conditions. Current Biology, 28(10), R619–R634. 

https://doi.org/10.1016/J.CUB.2018.03.054 

Velikova, V., Yordanov, I., and Edreva, A. (2000). Oxidative stress and some antioxidant 

systems in acid rain-treated bean plants: Protective role of exogenous polyamines. 

Plant Science, 151(1), 59–66. https://doi.org/10.1016/S0168-9452(99)00197-1 

Venkataramana, M., Navya, K., Chandranayaka, S., Priyanka, S. R., Murali, H. S., and 

Batra, H. V. (2014). Development and validation of an immunochromatographic 

assay for rapid detection of fumonisin B1 from cereal samples. Journal of Food 

Science and Technology, 51(9), 1920–1928. https://doi.org/10.1007/S13197-013-

1254-X 



 

249 
 

Vinale, F., Flematti, G., Sivasithamparam, K., Lorito, M., Marra, R., Skelton, B. W., and 

Ghisalberti, E. L. (2009). Harzianic acid, an antifungal and plant growth promoting 

metabolite from Trichoderma harzianum. Journal of Natural Products, 72(11), 2032–

2035. https://doi.org/10.1021/NP900548P 

Vinale, F., Girona, I. A., Nigro, M., Mazzei, P., Piccolo, A., Ruocco, M., Woo, S., Rosa, 

D. R., Herrera, C. L., and Lorito, M. (2012). Cerinolactone, a hydroxy-lactone 

derivative from Trichoderma cerinum. Journal of Natural Products, 75(1), 103–106. 

https://doi.org/10.1021/NP200577T/SUPPL_FILE/NP200577T_SI_001.PDF 

Vinale, F., Marra, R., Scala, F., Ghisalberti, E. L., Lorito, M., and Sivasithamparam, K. 

(2006). Major secondary metabolites produced by two commercial Trichoderma 

strains active against different phytopathogens. Letters in Applied Microbiology, 

43(2), 143–148. https://doi.org/10.1111/J.1472-765X.2006.01939.X 

Vinale, F., Sivasithamparam, K., Ghisalberti, E. L., Marra, R., Woo, S. L., and Lorito, M. 

(2008). Trichoderma–plant–pathogen interactions. Soil Biology and Biochemistry, 

40(1), 1–10. https://doi.org/10.1016/J.SOILBIO.2007.07.002 

Vinale, F., Strakowska, J., Mazzei, P., Piccolo, A., Marra, R., Lombardi, N., ... and Lorito, 

M. (2016). Cremenolide, a new antifungal, 10-member lactone from Trichoderma 

cremeum with plant growth promotion activity. Natural product research, 30(22), 

2575-2581. 

Viterbo, A., Montero, M., Ramot, O., Friesem, D., Monte, E., Llobell, A., and Chet, I. 

(2002). Expression regulation of the endochitinase chit36 from Trichoderma 

asperellum (T. harzianum T-203). Current Genetics, 42(2), 114–122. 

https://doi.org/10.1007/S00294-002-0345-4 

Vivancos, P. D., Dong, Y., Ziegler, K., Markovic, J., Pallardó, F. v., Pellny, T. K., Verrier, 

P. J., and Foyer, C. H. (2010). Recruitment of glutathione into the nucleus during cell 

proliferation adjusts whole-cell redox homeostasis in Arabidopsis thaliana and lowers 

the oxidative defence shield. The Plant Journal: For Cell and Molecular Biology, 

64(5), 825–838. https://doi.org/10.1111/J.1365-313X.2010.04371.X 



 

250 
 

Vivancos, P. D., Wolff, T., Markovic, J., Pallardó, F. V., and Foyer, C. H. (2010). A 

nuclear glutathione cycle within the cell cycle. The Biochemical Journal, 431(2), 

169–178. https://doi.org/10.1042/BJ20100409 

Vukelić, I. D., Prokić, L. T., Racić, G. M., Pešić, M. B., Bojović, M. M., Sierka, E. M., 

Kalaji, H. M., and Panković, D. M. (2021). Effects of Trichoderma harzianum on 

Photosynthetic Characteristics and Fruit Quality of Tomato Plants. International 

Journal of Molecular Sciences, 22(13), 6961. https://doi.org/10.3390/IJMS22136961 

Wachter, A., Wolf, S., Steininger, H., Bogs, J., and Rausch, T. (2005). Differential 

targeting of GSH1 and GSH2 is achieved by multiple transcription initiation: 

implications for the compartmentation of glutathione biosynthesis in the Brassicaceae. 

The Plant Journal : For Cell and Molecular Biology, 41(1), 15–30. 

https://doi.org/10.1111/J.1365-313X.2004.02269.X 

Wang, J., Zhou, L., Shi, H., Chern, M., Yu, H., Yi, H., He, M., Yin, J., Zhu, X., Li, Y., Li, 

W., Liu, J., Wang, J., Chen, X., Qing, H., Wang, Y., Liu, G., Wang, W., Li, P., … 

Chen, X. (2018). A single transcription factor promotes both yield and immunity in 

rice. Science, 361(6406), 1026–1028. https://doi.org/10.1126 

Wang, K. L. C., Li, H., and Ecker, J. R. (2002). Ethylene biosynthesis and signaling 

networks. The plant cell, 14(suppl_1), S131-S151. 

Wang, L., Jin, P., Wang, J., Jiang, L., Shan, T., and Zheng, Y. (2015). Methyl Jasmonate 

Primed Defense Responses Against Penicillium expansum in Sweet Cherry Fruit. 

Plant Molecular Biology Reporter, 33(5), 1464–1471. 

https://doi.org/10.1007/S11105-014-0844-8/FIGURES/5 

Wang, X., Jiang, N., Liu, J., Liu, W., and Wang, G. L. (2014). The role of effectors and 

host immunity in plant–necrotrophic fungal interactions. Virulence, 5(7), 722-732. 

https://doi.org/10.4161/VIRU.29798 

Wang, Y., Branicky, R., Noë, A., and Hekimi, S. (2018). Superoxide dismutases: Dual 

roles in controlling ROS damage and regulating ROS signaling. The Journal of Cell 

Biology, 217(6), 1915. https://doi.org/10.1083/JCB.201708007 



 

251 
 

Wang, Y., Mostafa, S., Zeng, W., and Jin, B. (2021). Function and Mechanism of Jasmonic 

Acid in Plant Responses to Abiotic and Biotic Stresses. International Journal of 

Molecular Sciences, 22(16), 8568. https://doi.org/10.3390/IJMS22168568 

Wang, Z., Tan, X., Zhang, Z., Gu, S., Li, G., and Shi, H. (2012). Defense to Sclerotinia 

sclerotiorum in oilseed rape is associated with the sequential activations of salicylic 

acid signaling and jasmonic acid signaling. Plant Science, 184, 75–82. 

https://doi.org/10.1016/J.PLANTSCI.2011.12.013 

Wasternack, C., and Hause, B. (2013). Jasmonates: Biosynthesis, perception, signal 

transduction and action in plant stress response, growth and development. An update 

to the 2007 review in Annals of Botany. Annals of Botany, 111(6), 1021–1058. 

https://doi.org/10.1093/AOB/MCT067 

Wasternack, C., and Strnad, M. (2018). Jasmonates: News on Occurrence, Biosynthesis, 

Metabolism and Action of an Ancient Group of Signaling Compounds. International 

Journal of Molecular Sciences, 19(9), 2539. https://doi.org/10.3390/IJMS19092539 

Weindling, R. (1932). Trichoderma lignorum as a Parasite of Other Soil Fungi. 

Phytopathology, 22(8), 837–845.  

Williamson-Benavides, B. A., and Dhingra, A. (2021). Understanding root rot disease in 

agricultural crops. Horticulturae, 7(2), 33. 

Wong, K. K. Y., and Saddler, J. N. (1992). Trichoderma Xylanases, Their Properties and 

Application. Critical Reviews in Biotechnology, 12(5–6), 413–435. 

https://doi.org/10.3109/07388559209114234 

Wu, Y., Jin, X., Liao, W., Hu, L., Dawuda, M. M., Zhao, X., Tang, Z., Gong, T., and Yu, J. 

(2018). 5-aminolevulinic acid (ALA) alleviated salinity stress in cucumber seedlings 

by enhancing chlorophyll synthesis pathway. Frontiers in Plant Science, 9, 635. 

https://doi.org/10.3389/FPLS.2018.00635/FULL 

Xie, D. X., Feys, B. F., James, S., Nieto-Rostro, M., and Turner, J. G. (1998). COI1: an 

Arabidopsis gene required for jasmonate-regulated defense and fertility. Science (New 

York, N.Y.), 280(5366), 1091–1094. https://doi.org/10.1126/SCIENCE.280.5366.1091 



 

252 
 

Xue, C. Y., Zhou, R. J., Li, Y. J., Xiao, D., and Fu, J. F. (2018). Cell-wall-degrading 

enzymes produced in vitro and in vivo by Rhizoctonia solani, the causative fungus of 

peanut sheath blight. PeerJ, 6, e5580. https://doi.org/10.7717/PEERJ.5580/SUPP-7 

Yadav, S., Gill, S. S., Passricha, N., Gill, R., Badhwar, P., Anjum, N. A., ... and Tuteja, N. 

(2019). Genome-wide analysis and transcriptional expression pattern-assessment of 

superoxide dismutase (SOD) in rice and Arabidopsis under abiotic stresses. Plant 

Gene, 17, 100165. 

Yadav, S., Modi, P., Dave, A., Vijapura, A., Patel, D., and Patel, M. (2020). Effect of 

Abiotic Stress on Crops. Sustainable Crop Production, 3(17), 5-16. 

https://doi.org/10.5772/INTECHOPEN.88434 

Yan, J., Li, S., Gu, M., Yao, R., Li, Y., Chen, J., Yang, M., Tong, J., Xiao, L., Nan, F., and 

Xie, D. (2016). Endogenous Bioactive Jasmonate Is Composed of a Set of (+)-7-iso-

JA-Amino Acid Conjugates. Plant Physiology, 172(4), 2154-2164. 

https://doi.org/10.1104/PP.16.00906 

Yan, J., Tsuichihara, N., Etoh, T., and Iwai, S. (2007). Reactive oxygen species and nitric 

oxide are involved in ABA inhibition of stomatal opening. Plant, Cell and 

Environment, 30(10), 1320–1325. https://doi.org/10.1111/J.1365-3040.2007.01711.X 

Yang, L., Wei, C., Huang, C., Liu, H., Zhang, D., Shen, H., and Li, Y. (2019). Role of 

hydrogen peroxide in stress-induced programmed cell death during somatic 

embryogenesis in Fraxinus mandshurica. Journal of Forestry Research, 30(3), 767-

777. 

Yao, X., Guo, H., Zhang, K., Zhao, M., Ruan, J., and Chen, J. (2023). Trichoderma and its 

role in biological control of plant fungal and nematode disease. Frontiers in 

microbiology, 14, 1160551. 

Ye, W., Munemasa, S., Shinya, T., Wu, W., Ma, T., Lu, J., Kinoshita, T., Kaku, H., 

Shibuya, N., and Murata, Y. (2020). Stomatal immunity against fungal invasion 

comprises not only chitin-induced stomatal closure but also chitosan-induced guard 

cell death. Proceedings of the National Academy of Sciences of the United States of 

America, 117(34), 20932–20942. https://doi.org/10.1073/PNAS.1922319117 



 

253 
 

Ye, X., Al-Babili, S., Klöti, A., Zhang, J., Lucca, P., Beyer, P., and Potrykus, I. (2000). 

Engineering the Provitamin A (β-Carotene) Biosynthetic Pathway into (Carotenoid-

Free) Rice Endosperm. Science, 287(5451), 303–305. 

https://doi.org/10.1126/SCIENCE.287.5451.303 

Yoshikuni, Y., Martin, V. J. J., Ferrin, T. E., and Keasling, J. D. (2006). Engineering 

Cotton (+)-δ-Cadinene Synthase to an Altered Function: Germacrene D-4-ol 

Synthase. Chemistry and Biology, 13(1), 91–98. 

https://doi.org/10.1016/J.CHEMBIOL.2005.10.016 

Yoshioka, Y., Ichikawa, H., Naznin, H. A., Kogure, A., and Hyakumachi, M. (2012). 

Systemic resistance induced in Arabidopsis thaliana by Trichoderma asperellum 

SKT-1, a microbial pesticide of seedborne diseases of rice. Pest Management Science, 

68(1), 60–66. https://doi.org/10.1002/PS.2220 

Zaher, E. A., Abada, K. A., and Zyton, M. A. (2013). Effect of combination between 

bioagents and solarization on management of crown-and stem-rot of Egyptian 

clover. J. of Plant Sci, 1(3), 43-50. 

Zandi, P., and Schnug, E. (2022). Reactive oxygen species, antioxidant responses and 

implications from a microbial modulation perspective. Biology, 11(2), 155. 

Zaynab, M., Fatima, M., Abbas, S., Sharif, Y., Umair, M., Zafar, M. H., and Bahadar, K. 

(2018). Role of secondary metabolites in plant defense against pathogens. Microbial 

Pathogenesis, 124, 198–202. https://doi.org/10.1016/J.MICPATH.2018.08.034 

Zechmann, B. (2020). Subcellular Roles of Glutathione in Mediating Plant Defense during 

Biotic Stress. Plants, 9(9), 1067. https://doi.org/10.3390/PLANTS9091067 

Zechmann, B., and Müller, M. (2008). Effects of zucchini yellow mosaic virus infection on 

the subcellular distribution of glutathione and its precursors in a highly tolerant 

Cucurbita pepo cultivar. Botany, 86(9), 1092–1100. https://doi.org/10.1139/B08-048 

Zehra, A., Aamir, M., Dubey, M. K., Akhtar Ansari, W., Meena, M., Swapnil, P., 

Upadhyay, R. S., Ajmal Ali, M., Ahmed Al-Ghamdi, A., and Lee, J. (2023). 

Enhanced protection of tomato against Fusarium wilt through biopriming with 

Trichoderma harzianum. Journal of King Saud University - Science, 35(2), 102466. 

https://doi.org/10.1016/J.JKSUS.2022.102466 



 

254 
 

Zehra, A., Meena, M., Dubey, M. K., Aamir, M., and Upadhyay, R. S. (2017). Synergistic 

effects of plant defense elicitors and Trichoderma harzianum on enhanced induction 

of antioxidant defense system in tomato against Fusarium wilt disease. Botanical 

Studies, 58(1), 1–14. https://doi.org/10.1186/S40529-017-0198-2/FIGURES/6 

Zhang, H., Zhao, Y., and Zhu, J. K. (2020). Thriving under stress: how plants balance 

growth and the stress response. Developmental Cell, 55(5), 529-543. 

Zhang, L., Wu, M., Teng, Y., Jia, S., Yu, D., Wei, T., Chen, C., and Song, W. (2019). 

Overexpression of the glutathione peroxidase 5 (RcGPX5) gene from Rhodiola 

crenulata increases drought tolerance in Salvia miltiorrhiza. Frontiers in Plant 

Science, 9, 1950. https://doi.org/10.3389/FPLS.2018.01950/BIBTEX 

Zhang, L., Zhang, F., Melotto, M., Yao, J., and He, S. Y. (2017). Jasmonate signaling and 

manipulation by pathogens and insects. Journal of Experimental Botany, 68(6), 1371-

1385. https://doi.org/10.1093/JXB/ERW478 

Zhang, S. (2023). Recent advances of polyphenol oxidases in plants. Molecules, 28(5), 

2158. 

Zhang, S., Gan, Y., and Xu, B. (2016). Application of plant-growth-promoting fungi 

Trichoderma longibrachiatum T6 enhances tolerance of wheat to salt stress through 

improvement of antioxidative defense system and gene expression. Frontiers in plant 

science, 7, 1405. 

Zhang, Y., Butelli, E., de Stefano, R., Schoonbeek, H. J., Magusin, A., Pagliarani, C., 

Wellner, N., Hill, L., Orzaez, D., Granell, A., Jones, J. D. G., and Martin, C. (2013). 

Anthocyanins double the shelf life of tomatoes by delaying overripening and reducing 

susceptibility to gray mold. Current Biology, 23(12), 1094–1100. 

https://doi.org/10.1016/J.CUB.2013.04.072 

Zhao, K., Penttinen, P., Zhang, X., Ao, X., Liu, M., Yu, X., and Chen, Q. (2014). Maize 

rhizosphere in Sichuan, China, hosts plant growth promoting Burkholderia cepacia 

with phosphate solubilizing and antifungal abilities. Microbiological Research, 

169(1), 76–82. https://doi.org/10.1016/J.MICRES.2013.07.003 



 

255 
 

Zhao, S., and Li, Y. (2021). Current understanding of the interplays between host 

hormones and plant viral infections. PLoS Pathogens, 17(2). 

https://doi.org/10.1371/JOURNAL.PPAT.1009242 

Zheng, Y., Wang, X., Cui, X., Wang, K., Wang, Y., and He, Y. (2023). Phytohormones 

regulate the abiotic stress: An overview of physiological, biochemical, and molecular 

responses in horticultural crops. Frontiers in Plant Science, 13, 1095363. 

Zhou, H., Shi, H., Yang, Y., Feng, X., Chen, X., Xiao, F., ... and Guo, Y. (2023). Insights 

into plant salt stress signaling and tolerance. Journal of Genetics and Genomics, 

51(1), 16-34. 

Zhu, X., Chen, J., Xie, Z., Gao, J., Ren, G., Gao, S., Zhou, X., and Kuai, B. (2015). 

Jasmonic acid promotes degreening via MYC2/3/4- and ANAC019/055/072-mediated 

regulation of major chlorophyll catabolic genes. The Plant Journal, 84(3), 597–610. 

https://doi.org/10.1111/TPJ.13030 

Zhu, Z., and Tian, S. (2012). Resistant responses of tomato fruit treated with exogenous 

methyl jasmonate to Botrytis cinerea infection. Scientia Horticulturae, 142, 38–43. 

https://doi.org/10.1016/j.scienta.2012.05.002 

Ziegler, J., and Facchini, P. J. (2008). Alkaloid biosynthesis: metabolism and trafficking. 

Annual Review of Plant Biology, 59, 735–769. 

https://doi.org/10.1146ARPLANT.59.032607. 

Zin, N. A., and Badaluddin, N. A. (2020). Biological functions of Trichoderma spp. for 

agriculture applications. Annals of Agricultural Sciences, 65(2), 168–178. 

https://doi.org/10.1016/J.AOAS.2020.09.003 

Zou, J. X., Song, Y. P., and Ji, N. Y. (2021). Deoxytrichodermaerin, a harziane lactone 

from the marine algicolous fungus Trichoderma longibrachiatum A-WH-20-

2. Natural product research, 35(2), 216-221. 

Zulfiqar, F., Ashraf, M., and Siddique, K. H. (2022). Role of glycine betaine in the 

thermotolerance of plants. Agronomy, 12(2), 276. 

 

 



 

256 
 

Appendix - I 

Abbreviations 

  

12-oxo-PDA 12-oxo-Phytodienoic Acid 

1O2 Singlet oxygen 

Ab. Absorbance 

ABA Abscisic Acid 

ABC ATP-binding cassette 

ABTS 2,2′-azino-bis-3-ethylbenzthiazoline-6-sulphonic acid 

ACC Amino Cyclopropane Carboxylate 

AGs Anastomosis groups 

ANOVA Analysis of Variance 

AOS Allen oxide synthase 

APX Ascorbate peroxidase 

AsA Ascorbic Acid 

ATP Adenosine Triphosphate 

BCA  Biocontrol Agent  

BOD Biological Oxygen Demand 

Cat Catalase 

cDNA complementary DNA 

CDNB 1-chloro-2,4-dinitrobenzene  

CE Common Era 

Chi Chitinase 

Chl Chlorophyll 

CHS Chalcone Synthase 

cm centi-meter 

CMC Carboxy Methyl Cellulose  

CO2 Carbon Dioxide 

COI-1 Coronatine Insensitive-1 

CT Cycle Threshold 

CTR Constitutive Triple Response  

Cu-Zn Copper-Zinc 
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CWDEs Cell Wall Degrading Enzymes 

DEPC Diethyl pyrocarbonate 

DHA Dehydro Ascorbate 

DHAR Dehydroascorbate Reductase 

DNA Deoxyribonucleic acid 

DNPH 2,4 dinitrophenyl hydrazine  

DPPH 2,2-Diphenyl-1-picrylhydrazyl 

DTNB 5,5’-dithio-bis-(2-nitrobenzoic acid)  

DW Distilled Water 

e- Electron 

EDTA Ethylene Diamine Tetra Acetic acid 

ER Endoplasmic Reticulum 

et al et alia 

ET Ethylene 

ETC Electron Transport Chain 

ETR Ethylene Receptor 

Eub E3 Ubiquitin ligase complex 

f.s formae speciales 

FC Folin-Ciocalteu 

Fol Fusarium oxysporum lycopersici 

FW Fresh Weight 

g gram 

GAA Glacial acetic acid  

GABA Gamma-Aminobutyric Acid 

GAE Gallic acid Equivalents 

GB Glycine Betaine 

GDHP Guaiacol Dehydrogenation Products  

GPOX  Guaiacol Peroxidase 

GPX Glutathione Peroxidase 

GPXL3 Glutathione Peroxidase-Like Enzyme 3 

GR Glutathione reductase 

GRX Glutaredoxin 
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GSH  Glutathione 

GSSG Glutathione disulfide 

GST Glutathione Synthetase 

H2O2 Hydrogen peroxide 

HAHB4 Helianthus Annuus Homeo Box 4 

HClO Hypochlorous acid 

HCN Hydrogen Cyanide  

HPLA Hydroperoxylinolenic acid  

HPPD p-Hydroxyphenyl Pyruvate Dioxygenase 

HPT Homogentisate Phytyltransferase 

HR  Hypersensitive Response  

IAA Indole Acetic Acid 

IARI Indian Agricultural Research Institute 

IBM International Business Machines  

IBA Indole Butyric Acid 

IC Intercellular Carbon  

IDM Integrated Disease Management 

IR  Infrared  

IRGA Infra-Red Gas Analyzer   

iso-JA Isoleucine-Jasmonic Acid 

ISR  Induced Systemic resistance 

ITCC Indian Type Culture Collection 

IUPAC International Union of Pure and Applied Chemistry  

JA Jasmonic Acid 

JAR1 Jasmonate Resistant 1 

JMT Jasmonic acid carboxyl Methyl Transferase 

KI Potassium iodide  

LA Linolenic Acid 

LDL Low-density lipoprotein 

LOX Lipoxygenase 

MAMPs Microbe-Associated Molecular Patterns 

MAPK Mitogen Activated Protein Kinase 
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MAPS/PAMS  Microbe/Pathogen Associated Molecular Patterns  

MDA Malondialdehyde 

MDHA Monodehydro Ascorbate 

MDHAR Monodehydroascorbate Reductase 

MED Mediator 

mg milli-gram 

mL millilitre 

mM milli-Molar 

MT/H Metric Tonnes/Hectare 

NADP Nicotine Amide Adenine Dinucleotide Phosphate 

NBT Nitro Blue Tetrazolium  

NCBI National Center for Biotechnology Information 

nm nanometre 

nM nano-Molar 

NMB 2- nitro- 5- mercaptobenzoic acid  

NPR 1 Nonexpresser of Pathogenesis Related Genes 1 

O2- Superoxide Radical 

ºC Degree Celsius 

OD Optical Density 

OH⁻ Hydroxyl radical  

PAL Phenylalanine Ammonia Lyase 

PAMP Pathogen-Associated Molecular Patterns  

PCD Programmed Cell Death 

PCR Polymerase Chain Reaction 

PDA Potato Dextrose Agar 

PDB Potato Dextrose Broth 

PDI Percentage of Disease Incidence  

PGPF Plant Growth-Promoting Fungus 

POD Peroxidase 

PPB Potassium phosphate buffer  

PPFD Photosynthetic Photon Flux Density 

PPO Polyphenol Oxidase 
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PR Pathogenesis Related 

PR Photosynthetic Rate 

PRR Pattern Recognition Receptor 

PS Photosystem 

q-RTPCR Quantitative Reverse Transcription PCR  

R. solani Rhizoctonia solani 

RBD Random Block Design 

RBO Respiratory Burst Oxidase 

RNA Ribose Nucleic Acid 

RNS Reactive Nitrogen Species 

ROS Reactive Oxygen Species 

rpm revolutions per minute 

RSV Rice stripe virus 

RT Room Temperature 

RUBISCO Ribulose Bisphosphate Carboxylase Oxygenase 

SA Specific Activity 

SAM S-adenosyl-L-methionine 

SAR  Systemic Acquired Resistance 

SC Stomatal Conductance 

SCF Skp1/Cullin/F-box 

SeCy Selenocysteine  

SEM  Scanning Electron Microscopy 

-SH Thiol 

SMs Secondary Metabolites 

SOD Superoxide Dismutase 

Sp.  Species 

SPSS Statistical Package for the Social Sciences 

SSA Sulphosalicylic acid  

T. virens Trichoderma virens 

TBA Thiobarbituric acid 

TCA Trichloroacetic acid  

TFC Total Flavonoid Content 
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TFs Transcription Factors 

TPC Total Phenolic Content 

TPI Trypsin Protease Inhibitors 

TPTZ 2,4,6-tripyridyl-S-triazine  

TR Transpiration rate 

Trx Thioredoxin 

TSS Total Soluble Sugar 

TuMV Turnip mosaic virus 

UA Unit Activity 

UV-vis. Ultra Voilet-Visible 

w/v Weight/Volume 

XOD Xanthine Oxidase 

ZAJ Jasmonate-Zim Domain 

μM micro-Molar 
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