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ABSTRACT

Cabbage is susceptible to various fungal pathogens such as Xanthomonas campestris,
Alternaria brassica, Rhizoctonia solani, etc. Various fungicides have been recommended
such as chlorothalonil and tebuconazole, which are highly toxic to both soil and aquatic
ecosystem and may induce tumors in mammalian cells. Bio-inputs can be the most
sustainable and eco-friendly approach to mitigate plant diseases. In the present study, two
rhizospheric bacterial isolates Bacillus amyloliquefaciens AG1B and B. subtilis AG2B
showed antagonistic activity against Alternaria brassicicola AGLF. Previously reported
endophytic bacteria, B. subtilis Sch-1 also showed similar antagonistic activity against the
same pathogenic fungi. The cell-free supernatant of the bacterial isolates showed a significant
reduction in fungal growth. Microscopic studies revealed deformed hyphae and conidia with
bubble formation when co-cultured with the antagonist bacterial isolates. Lipopeptides are
bioactive compounds that pose substantial challenges to the structural integrity of fungal cell
walls and are regarded as antifungal in nature. LC-MS analysis showed that co-cultivation of
B.amyloliquefaciens AG1B with A. brassicicola AGLF results in the secretion of several
lipopeptide and polyketide compounds such as surfactin, iturin, etc. Similar results were also
obtained when B. subtilisAG2B and B. subtilis Scb-1 were co-cultured with A. brassicicola
AGLF, respectively.The complete genome of the potential bacterial isolate; B.
amyloliquefaciens AG1B with a percentage inhibition of 76.47 % against A. brassicicola
AG1F was reconstructed through de novo assembly, revealing a genome size of 3.89 Mbp.
This genome encompasses genes associated with plant growth promotion, lipopeptides and
polyketides synthesis, and genes that confirm its affiliation with rhizobacterial interactions.
Differential expression analysis of key genes such srfAB, ItuA, fenF etc., involved in the
synthesis of lipopeptides and polyketides during the dual culture condition showed significant
transcriptional up-regulation, validating the results of metabolite profiling. Moreover, the bio-
primed seeds of cabbage with the potential bacterial isolates, B. amyloliquefaciens AG1B, B.
subtilis AG2B and B. subtilis Scb-1 respectively, showed better germination percentage,
increase in root, and shoot length. Foliar application of the potential bacterial isolates B.
amyloliquefaciensAG1B, B. subtilis AG2B and B. subtilis Scb-1 efficiently resulted in a
reduction of disease severity up to 80%. Thus, multifaceted bio-inputs like B.
amyloliquefaciens AG1B, B. subtilis AG2B and B. subtilis Scb-1 can be used for making bio-

formulation for sustainable management of fungal diseases.
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CHAPTER |
INTRODUCTION

The world population is expected to reach 9.8 billion by 2050 and 11.2 billion
by 2100 (Department of Economic and Social Affairs, UN). Food and Agriculture
Organisation (FAO) declared that by 2050, we need to produce 60% more food to fulfil the
need of 9.8 billion global populations. Moreover, due to climate change and global warming
huge fluctuations of temperature, heavy precipitations have promoted and proliferated disease
incidences in crop plants. International Panel for Climate Change (IPCC) clearly stated that
increase in temperature and carbon-dioxide (CO,) concentration will directly influence the
growth and spread of phytopathogens. Khan et al. (2021) reported that the global crop yield
reductions ranging from 8% to 40% are attributed to fungal pathogens. Thus, the
compounding effects of these outcomes impart additional stress upon farmers, compelling
them to enhance productivity within a constant land area, given that agricultural expanses

remain static despite the expansion of the global population.

As a result, to feed this rapidly growing population, farmers mostly depend on
chemical fertilizers and pesticides to increase plant fitness and manage diseases. This
excessive use of chemically synthesized inorganic fertilizers and pesticides has affected soil
health and contaminates both the surface water and groundwater as a result of leaching and
de-nitrification which is disastrous for plants, animals and humans. The persistence of
chemically synthesized fertilizers and pesticides in the soil for longer period engenders a
consequential impact on soil micro-flora and thereby disrupting soil ecosystem integrity.
Kenarova and Boteva, (2023)reported that soil hydrogenase enzyme is highly sensitive to
most of the widely used fungicides in the agricultural fields. Fungicides such as
chlorothalonil, tebuconazole are highly toxic to soil health. Scoy and Tjeerdema, (2014)
reported that chlorothalonil exhibits pronounced toxicity towards aquatic organisms. In terms
of mammalian toxicity, particularly in rats and mice, it manifests at a moderate level,
inducing adverse physiological responses such as the formation of tumors, ocular irritation,
and muscular debilitation. Therefore, using multifaceted bio-inputs like beneficial microbes
can be the most sustainable and eco-friendly approach to increase plant fitness, better nutrient

uptake and manage plant diseases.



1.1 Microbial Interactions

In a natural habitat, several microbial communities co-exist and interact with
plants. These co-existence and interactions occur in many ways and on many dimensions.
Interestingly, all parts of plants have been found interacting with microorganisms at certain
periods of their life cycle. Microbes interact with their host plant for food and space. The
plant-microbe interaction can range from mutualism, commensalism to parasitism.
Mutualism and commensalism represent the balanced interaction in which both the microbe
and the host are being benefited. Whereas parasitism represents the unbalanced interaction in
which only the microbe will be benefited (Rai and Agarkar, 2016). Endophytes and
rhizospheric PGPBs are examples of mutualistic microorganisms having symbiotic
relationship with the plants, where the plant provides its photosynthetic carbon assimilates to
the microbes and the microbes, in turn, promote plant growth, enhance tolerance to various
abiotic and biotic stresses, improve nutrient or mineral acquisition by plants and induce
hormone production. The parasitic microorganism includes pathogens such as Phytophthora,
Tobacco mosaic virus, Xanthomonus, Botrytis, Alternaria, Fusarium, etc. causes serious
damage to plants and results in reduction of crop yields. Pathogens are very specific to their
host and can change their lifestyle to become endophytes and vice versa (Rai and Agarkar,
2016). During the course of evolution, pathogens have developed several molecular
mechanisms to cause disease susceptibility in their host and plants have also adapted several
strategies to cope with the invading pathogens (Andersen et al., 2018). Thus, the evolutionary

arms race is going hand-in-hand.
1.2 Plant growth-promoting rhizobacterial (PGPR)

PGPR are the soil bacteria inhabiting around/on the root surface or are living
inside the plants as endophytes and are directly or indirectly involved in promoting plant
growth and development via the production and secretion of various regulatory chemicals
(Grover et al., 2011). PGPR help in plant growth by assisting in nutrient uptake or by
modulating plant hormone levels and plays a key role in plant immunity against
phytopathogens (Hayat et al., 2010). Different PGPRs have been shown to increase plant
health and productivity in both normal and stressed conditions, thereby decreasing the
dependence on hazardous agrochemicals. Endophytic bacteria are those bacteria that live
inside the plant, colonizing the internal root or shoot tissue, providing beneficial effects to the
plants without any degree of pathogenesis. Numerous gram-positive and gram-negative

bacteria have been reported to colonize nearly all plants, ranging from the woody plants (e.g.



Oak, Pear, etc.) to the herbaceous plants including crops (rice, maize, sugar beet, etc.).
Inoculations of the crop plants with certain strains of the PGPR during the early stage of
development enhance biomass production through direct induction of roots and shoot growth
in plants. PGPR, when inoculated in ornamental plants, essential forest trees, crops and
vegetables shows multiple effects on early-season plant growth through enhancement of seed
germination, plant vigor, plant height, root and shoot weight, net chlorophyll content, etc.
PGPR employs multiple mechanisms for increasing the growth of plants (Lodewyckx et al.,
2002). They induce nitrogen fixation in legumes, help in the promotion of other free-living
nitrogen-fixing bacteria, increase the supply of other minerals and nutrients, such as
phosphorus, iron, sulfur and copper, produce plant hormones essential for plant growth,
provide resistance from pathogenic bacteria and fungus and help in controlling insect pests.
The micro-ecosystem in plants is exploited by several genera of bacteria such
as Agrobacterium, Agromonas, Azorhizobium, Azotobacter, Azospirillum, Bacillus,
Burkholderia, Photobacterium, Pseudoalteromonas, Pseudomonas, Rhizobacter, Rhizobium,
Rhizomonas, Serratia, Streptomyces, Xanthomonas, etc.(Lodewyckx et al., 2002). Several
studies have suggested the use of rhizospheric bacteria either through bio-priming or
foliar/soil application or in combination reduces the disease susceptibility of the host plant

and increases plant growth parameters.
1.3 Antagonistic Bacterial- Fungal Interactions

Bacillus species and other PGPR holds a great significance in the realm of
biopesticides. This is attributed to their capacity to synthesize a diverse array of antimicrobial
compounds, such as lipopeptides, antibiotics, and enzymes. These bioactive agents facilitate
plant growth and concurrently impede the proliferation of pathogenic microorganisms.
Bacillus species are prevalently found in soil ecosystems and are adept at generating
metabolites endowed with antibiotic properties, which exhibit the potential to diminish or
suppress the growth of coexisting microorganisms (Khan et al., 2021). Furthermore, Bacillus
species also release volatile compounds that contribute to augmenting the host plant's defense
mechanisms. The biocontrol attributes of Bacillus species have proven antagonistic activity
against bacterial and fungal phytopathogens, signifying their substantial role in safeguarding
plants against disease. Among the antimicrobial substances synthesized by Bacillus species
are subtilin, bacilysin, bacillomycin, iturin, fengycin and surfactin. These compounds
collectively exhibit both antifungal and antibacterial activities. Given their proficiency in

producing a diverse range of antimicrobial agents and their environmentally benign nature,



Bacillus species emerge as compelling contenders for deployment as bio-control agents
(Khan et al., 2021).

Brassica oleracea L. var. capitata commonly known as cabbage and Brassica
juncea L. commonly known as rapeseed- mustard are the most cultivated leafy vegetable and
oilseed crops worldwide (Morebet al., 2022). Both crops are severely affected by several
pathogens like Albugo candida, Erysiphecruciferarum, Peronosporaparasitica and
Alternaria spp. Among the significant plant pathogens, cabbage black spot disease caused by
various Alternaria sp. stands out as a pivotal concern due to its potential to inflict both
qualitative and quantitative losses on plants, consequently reducing their shelf-life. Kolte,
(2002) reported that the impact of Alternaria blight disease on oilseed Brassicas can lead to
yield losses of up to 60%. The causal agents, A. brassicicola, A. brassicae and A. japonica
collectively contribute to the development of black spot disease in cruciferous plants (Peruch
et al., 2006; Reis and Boiteux, 2010).India is the second largest producer of cabbage and
Assam ranks 5" among the states. To cope up with fungal pathogens, farmers apply
fungicides and treat the plantlets with chemical fungicide solutions that are toxic to soil and
aquatic life and have an indirect effect on human life.

Objectives of the Investigation

Considering the aforementioned details, the following objectives was devised
to explore the rhizospheric bacterial population of healthy cabbage plants and elucidate its
potential role as bio-control agents against the devastating fungal pathogen for eco-friendly

management practices:

1. Screening and identification of the culturable rhizospheric bacteria from cabbage

having antagonistic activity against its pathogenic fungi, Alternaria spp.

2. Deciphering the metabolic changes during the antagonist bacterial and pathogenic

fungal interaction.

3. Evaluation of the plant growth promoting ability of the potential bacterial isolates and

its efficiency in disease suppression in cabbage.



CHAPTER I
REVIEW OF LITERATURE

The literature review is structured into the subsequent subsections, based on

the research objectives undertaken for this study.
2.1 Bacterial-Fungal Interactions

Bacteria and fungi are the most dominant group of microbes found in any
ecosystem where they live and interact with all its biotic and abiotic components. These
interactions have a potential role in their surrounding habitat. When any two microbial
species interact, their association may be classified into three main different types viz.,
mutualism, commensalism and parasitism. Symbiotic interactions between eukaryotes and
prokaryotes enable both organisms to survive extremes of the environment. In the evolution
of the eukaryotic cell, the acquisitions of mitochondria and plastids were important events,
which act as compartmentalized bio-energetic and biosynthetic factories in eukaryotic cell
(Dyall, 2004). Bacterial and fungal interaction plays a vital role in the proper functioning and
maintenance of an ecosystem. They are keystone communities maintaining the
biogeochemical cycles and have direct impact on the soil health, plant and animal fitness and
diseases respectively (Fig.1.). Moreover, bacterial and fungal interactions have been
exploited by humans over centuries for their role in food, pharmacology and antibiotic
industries (Deveau et al., 2018). The by-products of the interactions have been used for ages
in the field of agriculture, horticulture, forestry and environment protection and several other

biotechnological applications.
2.2 Biological control of plant diseases

Over decades, the scenario of world agriculture experienced high increase in
crop yield which was achieved through high use of inorganic fertilizers and pesticides, and
mechanization driven by non-renewable fossil fuel. This has led to serious environmental
threats such as deterioration of soil quality and health, ground water and ocean pollution and
rising of resistant pathogen strains. This brings a big challenge to feed the rising world
population on decreasing agricultural lands without causing harm to the environment. One of
the efficient ways to decrease the negative impact of the continuous use of chemical

fertilizers, herbicides and pesticides on the environment is by using beneficial endophytes



and plant growth-promoting rhizobacteria (PGPR) as biological a control (Kloepper et al.,
2004).

Fig. 2.1. Bacterial-Fungal Interactions and its potential applications
(Deveau et al., 2018)

The term ‘biological control’ can be comprehensively defined as the
mitigation of detrimental activities carried out by one or more organisms, commonly referred
to as natural antagonists. However, within the context of plant pathology, the
conceptualization of biological control pertains to the intentional deployment of introduced or
indigenous biotic entities, apart from disease-resistant host plants, with the aim of
diminishing the activities and populations of one or more plant pathogens (Pal and Gardener,
2006). The growing interest in the selection of advantageous microorganisms to raise the
development of biological control agents (BCASs) has been encouraged by the crucial role of
microbial biopesticides within the framework of Integrated Pest Management (IPM)
(Matyjaszczyk et al., 2015). While strains of microorganisms (including bacteria, fungi and



viruses) for the management of plant diseases and pests are economically viable (Montesinos
and Bonaterra, 2017), the efficacy of these biological products might exhibit variation across
experimental trials or experience decline under field conditions due to the interplay of biotic
and abiotic factors (Sundin et al., 2009).

2.3 Biological control of soil-borne pathogens

The term PGPR was first defined by Kloepper and Schroth in 1978 to describe
the bacteria living in the soil that colonize the rhizosphere of plants, growing in, or around
plant tissues that promote plant growth by various mechanisms. PGPR maintains good soil
health through several mechanisms such as nutrient recycling, uptake of nutrients,
suppression of plant pathogens and induction of resistance in plant host (Kloepper et al.,
2004; Haas and Defago, 2005). For more than eight decades, the exploration of using
microorganisms for the biological control of soil-borne plant pathogens has been ongoing.
Rhizospheric microorganisms stand as ideal candidates for their bio-control activity due to
their inherent property, as the rhizospheric microbes confer frontline resistance to root
systems against pathogenic incursions (Suprapta et al., 2012). Although synthetic pesticides
provide swift disease management, their profound impact on human health and the
environment is undeniable. Synthetic pesticides directly influence both flora and fauna while
disrupting the populations of beneficial microorganisms crucial for plant growth.
Consequently, there is an increase need to seek alternatives to chemical pesticides for
effective plant disease management. The biological control of plant diseases involves the
suppression of plant pathogen populations through the actions of living organisms (Heimpel
and Mills, 2017). Biological control, a multi-faceted phenomenon, hinges upon the
rhizospheric adeptness of microbial inoculants, their interactions with the indigenous
microbiota, competitive prowess for nutrient acquisition, adaptability to shifts in
environmental conditions, and conferring resistance to the host plant against pathogens (Pal
and Gardener, 2006). Biological control emerges as a promising alternative for disease
management (Table 2.1), offering eco- friendly solutions. This approach not only safeguards
the delicate balance of ecosystems but also enhances soil fertility.



Table 2.1. List of bacterial strains reported as bio-control agents (Adapted from Tariq

et al., 2020)
Bacterial strains Test Plant/Disease Target pathogen References
Azospirillum brasilense Strawberry/anthracnose  Colletotrichum acutatum Tortora et al.
(2011)
Azotobacter chroococcum  Cotton and rice Rhizoctonia solani Chauhan et al.
(2012)

B. subtilis BY-2
Bacillus licheniformis BL0O6
Bacillus megaterium

Bacillus methylotrophicus
Bacillus subtilis
26DCryChS

Bacillus thuringiensis
Brevibacillus brevis
Brevibacillus brevis
Burkholderia cepacia
strain BY

Ochrobactrum anthropi
BMO-111

P. chlororaphis
Paenibacillus alvei K- 165
Paenibacillus polymyxa
BRF-1

Pantoeaag glomerans
Pantoeaag glomerans
Pseudomonas and
Burkholderia

Pseudomonas fluorescens

Pseudomonas parafulva
JBCS1880

Pseudomonas putida BP25

Rhizobium japonicum

Oil seed rape

Pepper

Curus fruit
Maize/Stalk rot
Wheat
Sclerotiniose/Brassica
campestris L.
Strawberry/Grey mould
Tomato
Tomato/Damping-off
Tea/blister blight

Canola plant

Cotton/black root rot
Soybean/Root rot
Wheat root pathogen

Banana/crown rot

NA
Apple/Mucor rot

Soybean/Bacterial
pustule Rice/Panicle
blight

Blast Disease/Rice

Soybean/Root rot

S. sclerotiorum
Phytophthora capsici
Blue mould

Fusarium graminearum
Stagonospora nodorum
Berk.

Sclerotinia sclerotiorum
Botrytis cinerea
Fusarium oxysporum f.sp.
lycopersici

Rhizoctonia solani

Exobasidium vexans

S. sclerotiorum

Thielaviopsis basicola
Phialophora gregata
Rhizoctonia solani AG-8

Colletotrichum musae and
Lasiodiplodia theobromae

Phytophthora capsici
Mucor piriformis
Xanthomonas
axonopodispv. glycines,
Burkholderia glumae

Magnaporthe oryzae

Fusarium solani;
Macrophomina phaseolina

Hu et al. (2014)
La et al. (2020)
Mohammadi et
al. (2017)
Cheng et al.
(2019)
Maksimovet al.
(2020)

Wang et al.
(2020)
HaggagWafaa
(2008)

Chandel et al.
(2010)

Szczech and
Shoda (2004)
Sowndhararajan
et al. (2013)
Savchuk and
Fernando
(2004)

Schoina et al.
(2011)

Zhou et al.
(2008)

Barnett et al.
(2006)
Gunasinghe and
Karunaratne
(2009)

Khatun et al.
(2018)

Wallace et al.
(2018)
Kakembo and
Lee (2019)

Ashajyothia et
al. (2020)
Al-Ani et al.
(2012)




2.4 Plant pathogenic Fungi

Fungi are the most common causative agents of plant diseases. In their pursuit
to colonize plants and induce diseases, pathogenic fungi employ a diverse array of strategies.
These interactions encompass a broad spectrum of outcomes, ranging from beneficial
associations to disease occurrence in the host plant (Doehlemann et al., 2017). The majority
of fungal plant pathogens are found within the phyla Ascomycota (e.g., Botrytis,
Magnaporthe, Alternaria, etc.) and Basidiomycota (e.g., Pucciniomycetes and
Ustilaginomycotina). Fungal infections elicit a wide array of disease symptoms.
Traditionally, plant pathogenic fungi are categorized into two primary groups: biotrophic
pathogens, which establish intimate interactions with plants and can subsist within and
exploit living tissues (biotrophs) and necrotrophic pathogens, which cause tissue demise to
extract nutrients (necrotrophs). In addition to these two categories, a distinct group known as
hemibiotrophic pathogens starts their interaction as biotrophs and then transition to
necrotrophic behavior. The actions of necrotrophs lead to necrosis and, ultimately, the death
of infected plants (Doehlemann et al., 2017). Several methodologies have been used for the
isolation of pathogenic fungi from diverse sources. Predominantly, these techniques employ
Potato Dextrose Agar (PDA) as a medium for fungal isolation (Singh et al., 2015; Sharma
and Pandey, 2010). Nevertheless, alternative common media for fungal isolation encompass
Czapak Agar, Malt Extract Agar, Yeast Extract Agar, Sabour aud Dextrose Agar and
occasionally synthetic agar media, selected based on the specific characteristics of the fungi
to be isolated (Levetin and Dorsey, 2006; Smit et al., 1999; Sharma and Pandey, 2010). In the
context of plant samples, fungal pathogens are typically isolated through the inoculation of
minute segments of diseased plant tissue, such as leaf segments, stems, affected flower parts,
seeds, fruits, etc. Furthermore, fungal spores generated on plant surfaces like leaves or fruits
can also serve as viable material for isolation of fungal pathogens (Sharma and Pandey,
2010). Surface sterilization is an important procedure aimed at eliminating surface
contaminants, such as spores of fungi and bacterial cells, during the isolation of pathogenic
fungi. The conventional methods for surface sterilization encompass the utilization of sodium
hypochlorite, mercuric chloride, ethanol, potassium permanganate and other sterilizing

agents.
2.5 Plant growth promoting rhizospheric bacteria

Plant growth-promoting rhizobacteria (PGPR) includes the bacteria living on

the rhizospheric zone of plant and profoundly influence plant growth and provide stress
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resistance through a diverse array of mechanisms (Glick, 2012). PGPR are currently the
subject of extensive investigation due to their attributes, which hold significant promise for
both conventional and sustainable agricultural practices (Farrar et al., 2014). The
multifaceted roles of PGPR encompass plant mineral nutrition via nitrogen fixation
partnerships (Kuan et al., 2016), catalyzing phosphate mobilization within the soil matrix
(Chen et al., 2006, Mehta et al., 2015), generating siderophores (Vansuyt et al., 2007, Zhou
et al., 2016), fostering mycorrhizal symbiosis development, and modulating root architecture
(Navarro-Rodenas et al., 2016). Additionally, PGPR can elicit plant defense against
pathogens (Van de Mortel et al., 2012, Sharifi and Ryu, 2016), hinder pathogen proliferation
(Ali et al., 2014, Saraf., 2014, Prasannakumar et al., 2015) and mitigate the inhibitory
impacts of abiotic stressors such as drought (Lim and Kim, 2013), salinity (Kim et al., 2014)
and heavy metal contamination (Gupta et al., 2002, Zhu et al., 2015). Owing to a rising
public apprehension regarding the deleterious impacts of chemical fertilizers and pesticides,
there exists a mounting interest in enhancing our comprehension of the intricate molecular
mechanisms that underlie the interactions between plants and their microbial community

within the rhizosphere (Tsukanova et al., 2017).
2.6 Characterization of bacterial and fungal isolates
2.6.1 Morphological characterization

The foundational tools of classical microbiology play a pivotal role in the
comprehensive characterization of bacteria, many of which trace their origins to
Leeuwenhoek’s invention of the microscope in 1674. Initial profiling of bacterial and fungal
isolates entails the exploration of macroscopic and microscopic attributes that facilitate the
categorization of these microorganisms into distinct major groups. These defining parameters
encompass colony morphology, cellular morphology encompassing shape, size, and
arrangement, cell wall properties, growth patterns and various others. As an illustrative
instance, the morphological attributes of an endofungal bacterium such as Burkholderia
rhizoxinica can be delineated as possessing irregular colonies during pure culture, exhibiting
cell sizes ranging from 1.2 to 2.0 mm in length and 0.6 to 1.2 mm in width, and presenting
short or coccoid rod-shaped cells that occur individually, in pairs, or as irregular clusters. By
virtue of its cell wall properties, Burkholderia rhizoxinica can be categorized as gram-
negative (Partida-Martinez et al., 2007b). Of notable significance, the Gram staining
technique stands as a critical parameter for the dichotomous classification of bacteria into two

principal classes: Gram-positive and Gram-negative. The former encompasses bacteria
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characterized by a robust cell wall comprised of peptidoglycan that exhibits distinct staining
characteristics when compared to the latter. Gram-negative bacteria, on the other hand,
exhibit a notably thinner layer of peptidoglycan enveloped by an outer lipid membrane
(Schleifer and Kandler, 1972).

The morphological analysis of fungi encompasses the examination of various
characteristics, including colony morphology (such as color, texture, pattern, and growth
behavior), the microscopic architecture of hyphae (encompassing size, septation and
branching arrangement), sporangiophores (covering position, shape and size), as well as
spores (encompassing size, shape and arrangement). These factors, among others, contribute
to the comprehensive understanding of fungal species. The initial phase of fungal
identification hinges upon distinguishing between yeast and mold. This differentiation can be
achieved through morphological observations. Yeasts manifest as regular colonies on solid
substrates and appear as single-celled organisms displaying budding when observed under a
microscope. On the other hand, molds, referred to as filamentous fungi, develop elongated
structures known as hyphae. The identification of molds relies on a combination of their
visible macroscopic attributes, microscopic traits and the structures responsible for asexual
reproduction (Byrne, 2014). For the purpose of fungal identification, algorithms have been
developed (Merz and Roberts, 2003). These algorithms facilitate the recognition of specific
fungal species, enabling identification at least up to the genus level. Isolates of Alternaria
brassicae exhibited diverse cultural attributes. These attribute encompassed variations in
colony color, ranging from white, off-white to light brown. The appearance of colonies
displayed a spectrum from cottony to flurry and further to feathery textures. In terms of
colony growth rate, a range of slow, medium and fast growth was observed. Additionally,
colony margins exhibited diversity, spanning from wavy to smooth and even rough in certain
instances. Notably, there was noticeable heterogeneity in colony diameter on the PDA
medium (Dixon, 1981; Macioszek et al., 2018).

2.6.2 Biochemical characterization of bacteria

Biochemical characterization is a valuable approach for assessing the
metabolic efficiency of bacteria with direct or indirect links to their genetic composition. This
involves examining various enzymatic properties that govern the utilization of specific
substrates, such as sugars, amino acids and polysaccharides. The outcomes encompass the
generation of acids, pigments, gases and other products. Several pivotal biochemical tests

include:
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Indole Production Test: This assay detects the organism’s ability to oxidize tryptophan,

resulting in the creation of indole, pyruvic acid and ammonia.

Methyl Red Test: Utilized to detect microorganisms’ capacity to oxidize glucose, yielding
high levels of acid and related products.

Voges-Proskauer Test: This test distinguishes microorganisms that produce non-acidic or

neutral end products, like acetyl methyl carbinol and 2,3-butanediol.

Citrate Utilization Test: It differentiates bacteria based on their capacity to utilize citrate as
a sole carbon source. Citrate breakdown relies on the enzyme citrase, leading to oxaloacetic

and acetic acids.

Catalase Test: Used to differentiate microorganisms according to their ability to oxidize

hydrogen peroxide (H,O,), yielding oxygen and water.

Oxidase Test: Identifies cytochrome ¢ oxidase-producing bacteria, crucial for the bacterial
electron transport chain. It aids in distinguishing between oxidase-positive

Pseudomonadaceae and oxidase-negative Enterobacteriaceae, aiding in speciation.

Nitrate Reduction: This test discriminates Enterobacteriaceae members based on their
ability to produce nitrate reductase, which converts nitrate (NOgs-) to nitrite (NO,-). Further
conversions to nitrogen oxide, nitrous oxide, or ammonia (NH3) depend on the organism’s

enzymatic system and growth atmosphere.

Thus, biochemical characterization is a powerful method for probing the
metabolic attributes of microorganisms, unveiling insights into their genetic underpinnings

and physiological capabilities.
2.6.3 Molecular characterization

The rapid advancement in molecular biological research has greatly facilitated
the development of novel methodologies for characterizing and identifying microorganisms.
Molecular techniques have gained prominence as valuable tools for acquiring data to
investigate the taxonomic and phylogenetic relationships among microorganisms (Zambino
and Szabo, 1993). Integrating molecular methods with morphological approaches for
bacterial and fungal species identification enhances the accuracy of taxonomic investigations.
Woese and Fox (1977) originally proposed utilizing ribosomal RNA genes for molecular
taxonomic inquiries. The process of bacterial identification through molecular means utilizes

PCR amplification of the 16S ribosomal RNA gene, followed by sequencing. Sequencing the
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16S rRNA gene permits bacterial identification due to a distinct variable sequence unique to
each species. Amplifying and sequencing the 16S rRNA gene enables the assignment of
bacteria to their respective taxonomic positions (Buszewski et al., 2017). Weisburg et al.
(1991) introduced a set of universal forward and reverse primers capable of amplifying the
16S rRNA gene across most bacterial species, widely employed for bacterial molecular
characterization. Lane (1991) proposed a widely accepted universal primer pair for 16S
rRNA gene amplification, a modification of the fD1 and rP2 primers originally outlined by
Weisburg et al. (1991). These two sets of universal primers have been extensively used for
bacterial species identification (Dymock et al., 1996; Rolph et al., 2001).

In fungi, ribosomal RNA genes are found on a single chromosome and exist as
repeated subunits within a tandem array of transcribed and non-transcribed DNA segments,
known for their high conservation (Wipf et al., 1999). The Internal Transcribed Spacer (ITS)
region, a non-functional RNA segment between structural ribosomal RNAs on a common
precursor transcript, is a prominent feature in eukaryotes. Comprising two parts, ITS1 and
ITS2, it separates the 18S and 5.8S rRNA genes and the 5.8S and 28S rRNA genes,
respectively (Fig. 2.2) (Lafontaine and Tollervey, 2001). The ITS region is widely employed
in taxonomy and molecular phylogeny due to its amplification ease from small DNA
quantities and substantial variation among closely related species. The ITS region is a
frequently sequenced DNA segment in fungal molecular ecology (Peay et al., 2008) and is
recommended as the universal fungal barcode sequence (Schoch et al., 2012). Beyond the
widely used ITS1 and ITS4 primers (White et al., 1990), various taxon-specific primers have
been developed to selectively amplify fungal sequences (Gardes and Bruns, 1993; Larena et
al., 1999).

ITS1

ITS5 ITS3
—e- —-

18S rRNA ITS1 region | 5.8s rRNA| ITS2 region 28S rRNA
gene gene gene
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Fig. 2.2.Internal transcribed spacer (ITS) region of fungal genome
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2.6.4 Phylogenetic analysis

A phylogenetic tree, also known as an evolutionary tree, is a visual
representation resembling a branching diagram. It illustrates the inferred evolutionary
connections among diverse biological species or entities based on the similarities and
differences in their genetic or physical attributes. The arrangement of taxa within the tree
implies their shared ancestry. In this representation, each node signifies the hypothesized
most recent common ancestor of its descendants. Some trees may depict edge lengths as time
estimates. The nodes, often referred to as taxonomic units, include internal nodes, which are
hypothetical and cannot be directly observed. Phylogenetic trees find application in biology
fields like bioinformatics, systematics and phylogenetic comparative methods. A rooted
phylogenetic tree demonstrates the evolutionary progression of organisms originating from a
common source. Unrooted trees only display the relationships among leaf nodes and do not
necessitate knowledge or inference of the ancestral root. Constructing phylogenetic trees
involving a substantial number of input sequences employs computational phylogenetics
methods. Methods for building these trees can be categorized as distance-based or character-
based. Distance-based methods gauge the dissimilarity (distance) between aligned sequences
to construct trees. If all genetic divergence events were precisely captured in the sequence, a
distance method would accurately reconstruct the true tree. Notably, distance-matrix
techniques like neighbor-joining (NJ) (Saitou and Nei, 1987) compute genetic distances from
multiple sequence alignments. While relatively straightforward, these methods do not
incorporate an explicit evolutionary model. More sophisticated methods include maximum
parsimony (MP), which estimates phylogenetic trees based on a principle of minimal
evolutionary changes (parsimony). Advanced techniques often employ the maximum
likelihood (ML) optimality criterion, sometimes within a Bayesian framework, incorporating
an explicit model of evolution for accurate tree estimation (Felsenstein, 2004). Several
software programs are available to compute phylogenetic relationships, employing algorithms
from the aforementioned tree-building methods. MEGA, for instance, integrates various
inference techniques (such as NJ and MP) to estimate evolutionary distances from nucleotide

and amino acid sequence data (Kumar et al., 1994; Tamura et al., 2013).
2.7Bacillus amyloliquefaciens

Bacillus amyloliquefaciens classified as a Gram-positive bacterium with the
ability to form spores, is commonly found in soil environments. This microorganism exhibits

the capacity to establish colonization within the rhizosphere of plants and demonstrates
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resilience when exposed to adverse conditions. Notably, B. amyloliquefaciens is regarded as a
biologically safe and environmentally friendly agent with the potential to stimulate plant
growth (Chen et al., 2007; Qiao et al., 2014). Functioning as a representative member of
plant growth-promoting rhizobacteria (PGPR), B. amyloliquefaciens stands out as a
promising candidate for the development of biofertilizers and biocontrol agents in the realm
of agriculture. Its utility extends to enhancing plant resistance against both biotic and abiotic
stressors (Dimopoulou et al., 2021; Gamez et al., 2019; Kazerooni et al., 2021). The
versatility of B. amyloliquefaciens has led to its widespread application in diverse plant
species such as rice, watermelon, cucumber and tobacco (Wu et al., 2019; Saechow et al.,
2018; Jiao et al., 2021). Due to its substantial potential as both a biofertilizer and biocontrol
agent, B. amyloliquefaciens has been the subject of active investigation regarding its
mechanisms for promoting plant growth (PGP) and its antimicrobial activities. B.
amyloliquefaciens strains possess a multitude of genes dedicated to producing various
substances, encompassing phytohormones for inducing plant growth, polysaccharides for
fostering biofilm formation, siderophores to enhance iron solubilization, lytic enzymes, as
well as an array of non-ribosomal synthesized polyketides and lipopeptides (Fig. 2.3) that
effectively inhibit pathogens (Qin et al., 2015; Ruckert et al., 2011). Extensive research
involving in in vitro and field trials has demonstrated the ability of B. amyloliquefaciens to
enhance plant growth through diverse mechanisms. These include the production of
hormones, volatile organic compounds (VOCs), siderophores, and the augmentation of soil
nutrient availability, coupled with the suppression of soil-borne pathogens (Sheteiwy et al.,
2021; Shahid et al., 2021). Additionally, B. amyloliquefaciens exhibits the capacity to
positively modulate the expression of stress-responsive genes in plants subjected to abiotic
stressors (Chen et al., 2017; Tiwari et al., 2017).

2.7.1 Effect of Bacillus amyloliquefaciens on plant growth

Recent research efforts have predominantly centered on the application of
Bacillus amyloliquefaciens in various fields, particularly in agriculture. These investigations
have revealed that numerous strains of B. amyloliquefaciens exhibit the ability to enhance
plant growth through a diverse array of mechanisms. For example, strains like B1, B5 and
B21 have been demonstrated to exert strong inhibitory effects on fungal phytopathogens,
concurrently eliciting significant positive impacts on Arabidopsis total plant fresh weight,
with an increase of 21.27%, 51.16% and 35.92%, respectively (Lu et al., 2021). The
inoculation of tomatoes with the B. amyloliquefaciens strain MBI600 resulted in a 75%
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reduction in disease severity and disease index. This treatment also led to substantial
enhancements in fresh shoot weight (15.32%), height (13.63%) and root length (20.91%)
compared to untreated control plants (Samaras et al., 2016). Another B. amyloliquefaciens
strain, SB-1, exhibited remarkable broad-spectrum antifungal activity attributed to the
production of antifungal metabolites including surfactins, iturins and fengycins. This strain
also synthesized indole acetic acid (IAA) linked to plant growth promotion, significantly
augmenting the total dry weight (29.76%), root dry weight (96.63%) and shoot dry weight
(66.17%) of wheat (Shahid et al., 2021). Additionally, the application of B. amyloliquefaciens
as biofertilizer (strain A3) demonstrated substantial enhancements in the yield and quality of
tea plants (Bai et al., 2014). Research indicated that B. amyloliquefaciens can foster plant
growth and suppress phytopathogens by emitting volatile organic compounds (VOCs) (Chen
etal., 2007; Yu et al., 2012; Ji et al., 2021).

A significant impediment to plant growth is the scarcity of soil nutrients.
Addressing this challenge, B. amyloliquefaciens stands out as a potent biofertilizer, offering
attributes that enhance soil nutrient availability. B. amyloliquefaciens effectively ameliorates
soil nutrient status through various mechanisms (Xue et al., 2021). These encompass the
enhancement of nitrogen (N) supply, the solubilization of phosphates, the facilitation of

potassium (K) solubilization and the production of siderophores (Fig. 2.4).
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Substances# Swains Genes and gene cluster Function
1AA FZB42, SQR9, Bal 3, dhas, patB, yclB, yclC, yheX Plant growth promotion
UCMB5113 and ysnE
Phytase FZB45, SQR9,Bal3 phyC Improve phytate phosphorus
available
Siderophores FZB42, B9601-Y2, Bal3 , dhbACDEBF Chelate Fe®
UCMBS113 , DESM7T
LP: Fengycin FZB42, BO601-Y2 , PG12, fenABCDE Antifungal, Antibacterial
32a, UCMB5113 , DSM7T
LP: surfactins FZB42 . Bal3, 32a, srfABCD Antifungal, Antibacterial,
UCMB5113, DSM7T Anftiviral, Biofilm formation, ISR
LP: Bacillomyein FZB42, B9601-Y2, Bal3, bnyCBAD Antifungal, Antibacterial
D PG12, 32a, UCMB5113
LP: Ituin A FZB42, PG12, 32a fruD Antifungal, Antibacterial
Polyketides: FZB42, B9601-Y2 , Bal3, bacABCDE, acpk, Antibacterial
Bacillaene 32a, UCMB5113 , DSM7T baeGHIJLMNRS
Polyketides: FZB42, B9601-Y2, 32a dMmAYXBCDEFGHIJKLM Anrtibacterial
Difficidin
Polyketides: FZB42, CHO104, B9&01-Y2, minABCDEFGHI Antibacterial
Macrolactin 32a, UCMB5113
Dipeptide: FZB42, Bal3, B9601-Y2, bmyD, pks2, pks3, nrs, Antibacterial
Bacilysin 32a, UCMB5113, DSM7T bacABCDEFGH
Peptide: FZB42 RBAM 007470 Antnematodes, Antibacterial
Plantazolicin
VOC: 2,3- FZB42, B9601-Y2, Bal3 , bdhA Against pathogens, ISR, Plant
butanediol UCMB5113 growth promotion, Antfungal
VOC: Acetoin SQR9, UCMB5113 alsDRS Against pathogens, ISR, Plant
growth promotion, Antifungal

Fig. 2.3. Secondary metabolites and their associated gene clusters produced
by Bacillus amyloliquefaciens for plant growth promotion. (#) IAA: indole acetic
acids; VOC: volatile organic compounds LP: cyclic lipopeptides (Adapted from Luo et

al., 2022).
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Fig. 2.4.Nutrient solubilization and its role in plant growth promotion by
Bacillus amyloliquefaciens (BA).Organic nitrogen (ON), organic phosphorus (OP),
inorganic nitrogen (IN), ammonia (NHs), inorganic phosphorus (IP), potassium (K),
phosphorus (P) and iron (Fe**) and atmospheric nitrogen (N») (Adapted; Luo et al.,
2022)
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A comparative genome analysis of Bacillus amyloliquefaciens and
phylogenetic analysis reveals that B. amyloliquefaciens forms two clades. The clustering
analysis revealed that the predominant B. amyloliquefaciens strains associated with plants
were grouped within clade 2. Whereas, the clade-1, B. amyloliquefaciens are associated with
a food-related environment. Employing genome mining techniques, an investigation into the
prevalence of antimicrobial resistance and virulence genes across all strains was conducted,
that showed specific genetic elements in clade 2. Genes such as tmrB and yuaB, encoding the
tunicamycin resistance protein and hydrophobic coat forming protein, respectively, were
exclusively present in clade 2. In contrast, clade 1 harbored the clpP gene, encoding serine
proteases. This genetic divergence between the two clades reflects their adaptation to distinct

ecological niches (Liu et al., 2021).
2.8 Bacillus subtilis

Bacillus subtilis, a gram - positive bacterium usually found associated with the
rhizosphere of plants and capable of producing spores that endure extended periods in soil,
even amidst adverse environmental conditions. B. subtilis assumes a pivotal role in enhancing
biotic stress tolerance as well (Fig. 2.5). This enhancement of disease resistance involves the
orchestrated expression of specific genes and hormones, including 1-aminocyclopropane-1-
carboxylate deaminase (ACC). Ethylene, while instrumental in plant homeostasis, also
constrains root and shoot growth. Bacterial ACC acts by degrading the ethylene precursor
(ACC), thereby alleviating plant stress and fostering normal growth even in challenging
conditions (Glick et al., 2007). B. subtilis strains are recognized for their ability to synthesize
antibiotic lipopeptides, such as surfactin, fengycin and iturin. These lipopeptides are
characterized by their amphiphilic properties and relatively small molecular weight. The
demand for surfactants and antimicrobial compounds secreted by B. subtilis has been on the
rise (Fig. 2.6). The presence of lipopeptide genes is widespread across various species and
strains of bio-control agents, whereas certain strains produce antibiotics particularly in
countering fungal roots pathogens. These strains have even been commercialized, showcasing
their practical utility (Joshi and McSpadden Gardener, 2006). Research conducted by Romero
et al. (2007) reveals the protective attributes of lipopeptides for plants, extending to both pre-
and post-harvest scenarios. Their effects encompass direct suppression of pathogenic fungi as
well as the induction of systemic resistance within host plants. B. subtilis strains like
PCL1608 and PCL1612 exhibit high iturinA production. This compound assumes a pivotal
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role in effectively controlling Fusarium oxysporum and Rosellinia necatrix (Cazorla et al.,

2007).
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Fig. 2.5.Mechanism of biotic stress management of Bacillus subtilis.*AM-
Arbuscular mycorrhiza (Adapted from Hashem et al., 2019)
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2.9 Alternaria brassicicola

Alternaria brassicicola, a highly destructive parasitic plant pathogen, inflicts
substantial harm across a diverse spectrum of host plants. It is responsible for black spot
disease in nearly all members of the Brassicaceae family (Cho et al., 2015). This
encompassing range of host crops includes species like Brassica oleracea (vegetables),
Brassica rapa (vegetables, oilseeds, and forages), Brassica juncea (vegetables and seed
mustard) and Brassica napus (oilseeds) (Warwick and Fransis, 1994). The economic
implications of this disease are felt globally leading to yield reductions in the range of 20% to
50% for crops such as canola and rape. Functioning as a necrotrophic plant pathogen, A.
brassicicola thrives by both absorbing nutrients from dead tissue as well as from the nearby
tissue of its host plants. This mechanism stands in contrast to that of biotrophic plant
pathogens, which feed solely on living host tissues. The pathogenesis strategy of necrotrophic
fungi is conceptually summarized in a two-step process. First, it involves the elimination of
host cells or the initiation of programmed cell death through the release of toxins (Cho et al.,
2015). Subsequently, necrotrophic fungi degrade the deceased tissues using various
carbohydrate-active enzymes, commonly referred to as cell wall-degrading enzymes
(CWDEs) (Lebada et al., 2001; Vidhyasekaran, 2008). Numerous physiological and
morphological traits exhibited by different pathogenic fungi have been identified or
postulated to play roles in necrotrophic pathogenesis. These attributes encompass specialized
morphology (Howard and Ferrari, 1989), the secretion of secondary metabolites and toxins
(Osbourn, 2001), the synthesis of lipases (Voigt et al., 2005), CWDEs (Lebada et al., 2001;
Vidhyasekaran, 2008), and proteases (Ball, 1991), along with unobstructed mycelial growth.
The effectiveness of pathogenesis mechanisms is also influenced by a pathogen’s capacity to
withstand diverse environmental stresses, such as reactive oxygen species, pH fluctuations
and host defense molecules. Additionally, deficiencies in development or metabolic processes

within the organism can impact its pathogenic potential.
2.9.1 Genes associated with pathogenesis of Alternaria brassicicola

Alternaria brassicicola exhibits pathogenicity towards Arabidopsis thaliana,
and the interaction between A. brassicicola and A. thaliana serves as an occasional model for
investigating host-pathogen dynamics (Thomma et al., 1999; Oh et al., 2005). Essential
components of pathogenesis include a conserved mitogen-activated protein kinase encoded
by Amk1, along with its downstream transcription factor encoded by AbStel2 (Cho et al.,
2007, 2009). Amk1 governs the expression of genes that encode hydrolytic enzymes in A.
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brassicicola. Cho et al. (2013) has reported that AbPf2, a transcription factor encoding gene
is a key regulator of pathogenesis. The transcripts of the AbPf2 gene undergo exponential up-
regulation immediately upon contact of wild-type conidia of A. brassicicola with their host
plants, revealing its crucial role in the initial phase of the interaction process. Amk2, a MAPK
encoding gene is responsible for maintaining the cell wall integrity of the fungi. Camalexin
and brassinin are phytoalexin secreted by A. thaliana and can suppress the growth of A.
brassicicola. AbHogl and AbSIt2 MAP kinases are important in detoxifying the effect of the
phytoalexin in A. brassicicola respectively. AbHogl is involved in the high-osmolarity
glycerol pathway maintaining cell wall integrity. However, mutation in AbHogl and AbSIt2

reduces the pathogenicity and virulence of A. brassicicola (Joubertet al., 2010).
2.10 Extraction and characterization of metabolites
2.10.1 Extraction techniques

Various methodologies have been documented for the extraction of secondary
metabolites from a wide range of sources including fungi, bacteria, plants, fungi, and other
organisms. These methods commonly rely on utilizing appropriate solvents, often coupled
with heat and agitation, to extract bioactive compounds from biomass. Among the established
classical techniques, three prominent approaches for obtaining bioactive compounds are

Soxhlet extraction, maceration and hydrodistillation.

Soxhlet Extraction: This method involves the placement of dry biomass within a thimble,
which is then subjected to extraction in a specialized apparatus called a Soxhlet apparatus,
utilizing a suitable solvent. The process employs controlled heating and cooling to facilitate
the circulation of the solvent throughout the biomass, aiding in efficient compound extraction
(Azmiret al., 2013).

Maceration: Widely employed in extracting bioactive compounds from bacteria, fungi, and
medicinal plants, maceration is achieved by soaking either fresh or dried biomass in a
container containing one or more solvents. The mixture is allowed to stand at room
temperature with periodic agitation for an extended duration. Variations of this technique
frequently incorporate enhancements such as heating, microwave assistance, ultrasound, or
other methods to expedite the breakdown of biomass tissue/cells for more effective extraction
(Azwanida, 2015).

Hydrodistillation: This conventional approach targets the extraction of essential oils and

bioactive compounds from plant and fungal biomass. Three variations of hydrodistillation
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exist: water distillation, water and steam distillation and direct steam distillation. Biomass is
enclosed within a distillation apparatus and exposed to either boiling water or direct steam
injection. The heat facilitates the release of essential oils and volatiles from the biomass,
which then vaporizes and condenses alongside water vapor. The subsequent separation yields
essential oils and bioactive compounds. Nonetheless, elevated temperatures can lead to the
loss of volatile components and the degradation of thermo-labile compounds, a notable
drawback (Azmir et al., 2013).

Liquid-Liquid Extraction (LLE): The effectiveness of conventional extraction methods is
heavily reliant on the selection of solvents. Solvent choice hinges on the polarity of the
targeted compound and the molecular interaction between the solvent and solute. Liquid-
liquid extraction exploits the differing solubility of bioactive compounds in aqueous and
immiscible organic phases. This technique selectively extracts compounds into one solvent
while leaving other matrix components in the alternative solvent. Solvents like hexane,
cyclohexane and petroleum ether are employed to eliminate non-polar impurities, such as
lipids and cholesterol. LLE proves valuable for toxins and small-scale preparations (Bauer
and Gareis, 1987; Turner et al., 2009).

2.10.2 Characterization techniques

The characterization and identification of secondary metabolites synthesized
by bacteria or fungi can be achieved using several techniques, with several key properties
being considered for the identification of specific metabolites. Fundamental properties, such
as polarity, solubility, light absorption patterns, molecular mass and side chain information,
play pivotal roles. To scrutinize the structural and functional attributes of extracted

metabolites, a purification process is undertaken.

Thin Layer Chromatography: Among the chromatographic techniques employed for the
purification and characterization of bioactive metabolites, TLC holds significance due to its
simplicity and efficacy. In TLC, a stationary phase, like silica gel, is coated onto a glass plate
or an aluminum sheet and the crude extract is applied as a spot or a line. A mobile phase
composed of solvent combinations with varying polarities is employed. This differential
polarity prompts the migration of compounds within the crude extract, leading to their
distinct separation. The Retardation factor (R¢ value) is specific to a particular compound,
solvent system and stationary phase, and serves as a defining characteristic for the separated

compounds (Sherma and Fried, 2003).
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Gas Chromatography: Gas chromatography (GC) is a characterization method capable of
separating compound mixtures while simultaneously detecting and quantifying their
constituents. Primarily, volatile compounds with molecular masses below 1200 Daltons are
amenable to gas chromatography. This technique employs a gaseous mobile phase for
separation. The selected carrier gas remains inert to the sample mixture, facilitating the
movement of sample molecules within the GC apparatus. The procedure commences with the
introduction of a sample, possessing a known crude extract concentration, into the system
through an inlet using a syringe or an autosampler. The inlet connects to an analytical column
housing a stationary phase like polyethylene glycol or polydimethylsiloxane. Positioned
within a detector, the column discerns signals emanating from distinct compounds. These
signals manifest as peaks in a chromatogram, with each peak indicative of a particular
compound. Following data acquisition via dedicated software, the chromatogram showcases

these peaks at distinct time intervals (Zuo et al., 2013).

Liquid Chromatography: Liquid chromatography (LC) is a characterization technique that
employs a liquid as the mobile phase. Different types of LC exist based on the selection of
stationary and mobile phases, with each type further distinguished by its performance level.
Low-pressure liquid chromatography (LPLC) pertains to methods utilizing non-rigid
materials with a particle size exceeding 40 pm in diameter. Utilizing low pressure in LPLC
yields suboptimal system efficiencies and heightened plate heights. Consequently, peak
broadening, reduced detection limits, elongated separation times, and diminished operating
pressures and flow rates arise. In contrast, high-performance liquid chromatography (HPLC)
is a superior LC methodology employing small, uniform and rigid materials. A column
positioned between the stationary and mobile phases facilitates compound separation. The
stationary phase comprises granular substances with minutely porous particles within a
separation column. Conversely, the mobile phase incorporates a solvent or solvent mixture
propelled through the separation column under high pressure. Diverse compounds within a
sample traverse the column at varying rates. Upon exiting the column, compounds are
detected through a suitable detector, generating a chromatogram presenting peaks at distinct
retention times. These compounds are subsequently identified and quantified using

methodologies like standards or reference databases (Kupiec, 2004; Nikolin et al., 2004).

Mass Spectrometry: Mass spectrometry is a valuable analytical technique used for
quantifying known compounds, identifying unknown compounds and elucidating the

structure and chemical properties of various substances. It is often coupled with liquid
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chromatography or gas chromatography for compound analysis. This technique involves an
ion source, an analyzer and a detector. Various ionization methods such as electrospray
ionization (ESI) generate multiple ions without fragmenting compounds that could break
down at high temperatures, while atmospheric pressure chemical ionization (APCI) produces
a single ion. This process converts compounds into gaseous ions, leading to fragment
production, identifiable by their mass-to-charge (m/z) ratios on the x-axis and relative
intensity on the y-axis. The resulting spectra can be used to identify compounds by matching
them against a reference library or database (Awad et al., 2015; Cooks and Yan, 2018).

2.11 Superoxide dismutase activity during bacterial fungal interaction

Superoxide dismutase (SOD; EC 1.15.1.1) are metalloenzymes present in both
eukaryotic and certain prokaryotic organisms. They are localized within the cytosolic
compartment, inner membrane, extracellular space and mitochondrial matrix. The initial
insights into superoxide dismutase were provided by Joe McCord and Irwin Fridovich,
described their critical role in the organism’s defense mechanisms (Landis and Tower, 2005).
The primary function of superoxide dismutase (SOD) involves catalyzing the conversion of
the free radical superoxide (O,) into hydrogen peroxide (H,O,), accompanied by the
liberation of oxygen (Fig. 2.7). Subsequently, hydrogen peroxide undergoes reduction to
water (H,0) through reactions involving catalase, glutathione peroxidase, and the enzyme
thioredoxin-dependent peroxiredoxin. In certain cases, hydrogen peroxide may also generate
hydroxide ions, a reactive oxygen species, facilitated by the presence of a ferrous ion.
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Fig. 2.7. Superoxide dismutase activity (Adapted from Stephenie et al., 2020)
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2.12 Analysis of gene expression
2.12.1 RNA isolation

For gene expression analysis, the initial step involves the isolation of RNA
from the targeted sample species. RNA extraction methodologies are generally similar across
various species and typically involve a combination of techniques. These techniques include
mechanical cell disruption, use of chaotropic salts to deactivate RNases, degradation of
macromolecules and separation of RNA from nucleotide complexes containing undesirable
biomolecules such as DNA. The extracted RNA was then obtained through precipitation from
solution or retrieval from a solid matrix (Chomczynski and Sacchi, 1987; Chomczynski and
Sacchi, 2006). To ensure the removal of any residual DNA, the isolated RNA should be
treated with DNase (Grillo and Margolis, 1990). In contemporary practice, RNA isolation is
often streamlined by utilizing specialized kits, which expedite and simplify the isolation

process.
2.12.2 Assessment of RNA

The quality and concentration of RNA within samples can be assessed using
tools such as a UV/Vis spectrophotometer or a nano-drop system. The absorption at 260 nm
provides a specific measurement of nucleic acid concentration, whereas absorbance at 280
nm and 230 nm offers insights into protein content and background absorption, respectively,
indicating potential contaminants. Typically, a pure RNA sample exhibits an A260/A280
ratio ranging from 1.8 to 2.1, with a ratio greater than 2 indicating high-quality RNA. A pure
RNA sample also demonstrates an A260/A230 ratio around 2 or slightly higher (Fleige and
Pfaffl, 2006; Cicinnatiet al., 2008; Ahlfen and Schlumpberger, 2010).

2.12.3 cDNA library preparation

Following RNA isolation, the process of reverse transcription is employed to
synthesize complementary DNA (cDNA) using the isolated RNA as a template. This
procedure involves utilizing the isolated RNA as a template along with oligo-dT primers for
eukaryotes and random primers for prokaryotes, which promote the proper formation of the
initial strand of cDNA. The resulting cDNA is subsequently utilized in quantitative
polymerase chain reaction (QPCR) reactions. Various types of reverse transcriptases are
employed for cDNA synthesis, each offering distinct advantages. Therefore, there is no
universally established method applicable to all experiments. Instead, tailored protocols must

be developed for specific experiments to achieve optimal outcomes (Nolan et al., 2006).
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2.12.4. gqRT-PCR analysis

For gRT-PCR analysis, the precise design of primers specific to the
synthesized cDNA from a given sample is of utmost importance. To ascertain the specificity
of the designed primers for cDNA, a qPCR assay was conducted. This involves the utilization
of the synthesized cDNA along with an RT control and water as templates. The resulting
amplicons can subsequently be separated using electrophoresis. If the primers are specifically
bound to the cDNA, a single distinct DNA band of a known size should be generated.
Additionally, the primer specificity can be assessed through melting curve analysis utilizing
dyes like SYBR green during the PCR reaction. These dyes cause the disruption of the DNA
double bonds. The gPCR method aids in deciphering the expression patterns of target genes
(Gkarmiri et al., 2015). The employment of the gPCR technique offers numerous advantages
in comparison to other methodologies. It eliminates the need for post-amplification
manipulations and yields quantitative data with a precise dynamic range spanning seven to
eight logarithmic orders of magnitude (Morrison et al., 1998). Its accuracy surpasses that of

the dot blot technique by a factor of about a thousand (Malinen et al., 2003).



CHAPTER Il
MATERIALS AND METHODS

3.1 Collection of the samples

Samples were collected from different locations of Jorhat district, Assam.
Rhizospheric soil samples associated with healthy cabbage plant and infected cabbage leaves
were collected for isolation of the rhizospheric bacteria and pathogenic fungi respectively.
Essential equipment such as sterilized sample collection bags, scissors, forceps and knives
were prepared and transported to the designated collection locations. The diseased leaves
were subjected to fungal isolation on the same day of their collection. Similarly, the
rhizospheric soils were also subjected to serial dilution for the isolation of rhizo-bacterial
isolates on the same day.

3.2 Isolation of pathogenic fungi from diseased plant parts

For the isolation of pathogenic fungi, diseased plant leaves showing typical
Alternaria disease symptoms were subjected to surface sterilization using sterile distilled
water. Leaves were then dissected into small fragments keeping the necrotic rings using
aseptic surgical blades (Himedia, India). These fragments were subsequently subjected to
surface sterilization utilizing a 1% solution of sodium hypochlorite (Himedia, India) for 1
min, followed by a triple sequence of rinsing with sterile distilled water to remove superficial
contaminants. Post-surface sterilization, the sterilized samples were inoculated onto potato
dextrose agar (PDA; Himedia, India) medium in 9 cm petri-plates (Tarsons, India). The
culture plates were then sealed and incubated at a temperature of 28°C for a period ranging
from 2 to 7 days for fungal growth (Hazarika et al., 2019, Soliman et al., 2023). Hyphal tips
from mixed fungal colonies were sub-cultured for pure culture onto fresh PDA medium.
Fungal spores were collected from a full-grown culture plate and 5 pl of spore suspension of
concentration 1x 107 spore per ml (maintained using haemocytometer) was drop inoculated

on cabbage leaf for the establishment of the Koch’s postulates.

3.2.1 Characterization of the pathogenic fungi

The pathogenic fungus isolated from the diseased leaf of cabbage was
characterized based on its morphological and molecular characteristics.
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3.2.2 Morphological characterization of the fungal isolate

Preliminary morphological characterization of the fungal isolate was carried
out by studying colony morphology (colour, texture, and growth pattern), hyphal
morphology (shape, size and septation) and structural organization of the spores and

sporangia.
3.2.3 Molecular identification of the pathogenic fungal isolate

The molecular identification of the pathogenic fungal isolate was done by

amplifying the ITS region of the fungal genome.
3.2.3.1 Isolation of Genomic DNA of the pathogenic fungal isolate

For the isolation of fungal genomic DNA, the pathogenic fungal isolate was
inoculated on PDA plate and allowed to grow for 72 hrs at 28°C. Fungal hyphae (100 mg)
were crushed using lig. N2 in a mortar and pestle. The crushed hyphae were taken in a 2 ml
tube and 500 pl of fungal lysis buffer was added to the tube and vortexed for 5 mins. Added
500 pl of phenol: chloroform: isoamyl alcohol (25 : 24 : 1) to the same tube and was again
vortexed for 10 mins using Tarson 3020 Spinix Vortex Shaker (Tarsons, India) followed by
centrifugation at 12000 rpm for 12 mins. The aqueous phase was transferred to a new 1.5 ml
tube, followed by the addition of an equal volume (500 ul) of chloroform:isoamyl alcohol
(24:1) mixture. After gentle mixing, the mixture was again subjected to centrifugation at
12000 rpm for 10 mins at a temperature of 4°C. Subsequently, the supernatant was then
carefully transferred to a fresh tube. For the precipitation of DNA, 50 pl of 5 M ammonium
acetate was added, followed by the addition of double the volume (~1 ml) of ice-cold 100%
ethanol. The mixture was centrifuged again at 12000 rpm for 10 mins at 4°C. As a result,
DNA molecules underwent precipitation, leading to their separation from the solution. The
DNA precipitate was then consolidated by means of centrifugation at the same conditions,
and the resultant pellet was subsequently washed utilizing 70% ethanol before another round
of centrifugation. To conclude the procedure, the DNA pellet was allowed to air dry and was
subsequently reconstituted in 50 pl TE buffer (as detailed in APPENDIX I1) and stored at -
20°C for future use.

3.2.3.2 Visualization of DNA bands in Agarose Gel

To visualize DNA fragments, an agarose gel with a concentration of 0.8%
was prepared. This was prepared by mixing 0.8 gms of agarose (Invitrogen, USA) in 100 ml
of 1X TAE buffer (as detailed in APPENDIX Il). The mixture was then subjected to
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microwave heating until the solution turned completely transparent. The solution was
allowed to cool to a temperature of 50°C to which 2.0 pl of ethidium bromide (EtBr)
solution with a concentration of 10 mg/ml (Sigma, USA) was added. Subsequently, the
molten agarose solution was poured into a gel casting tray equipped with combs and left
undisturbed to solidify. Once solidified, the gel tray, along with the formed gel, was moved
into a horizontal electrophoresis chamber (Bio-Rad, USA) that was filled with 1X TAE
buffer. The combs used for creating wells in the gel were removed, and the buffer level
within the chamber was adjusted accordingly.

3.2.3.3. PCR Amplification of the internal transcribed spacer region

The amplification of the ITS region of the fungal genome was carried out
employing universal primers: ITS1 (5-TCCGTAGGTGAACCTGCGG-3) and ITS4 (5-
TCCTCCGCTTATTGATATGC-3') as outlined in the work of White et al., 1990. The recipe
of the PCR is detailed in the Table 3.1. The PCR thermal conditions encompassed an initial
denaturation step at 94°C for duration of 3 mins, followed by 35 cycles. Each cycle consisted
of denaturation at 94°C for 30 sec, annealing at 50°C for 30 sec, and extension at 72°C for 1
min and 30 sec. A concluding extension step was conducted at 72°C for a span of 7 mins.
The resulting amplified products were subjected to analysis on a 1.2% agarose gel. To assess
the molecular size of these amplified products, a 100 bp DNA ladder (Himedia, India) was

utilized. The amplified PCR product was then stored at -20°C for further use.

Table 3.1.Components of PCR reaction for the amplification of ITS region of Fungi

Reagents Quantity for 50 pl reaction
volume

2X Emerald Amp® MAX HS PCR Master Mix 25 pl

Forward primer: ITS 1 (10 uM) 2.0 ul

Reverse primer: ITS 4 (10 uM) 2.0 ul

Template DNA (~100 ng/ pl) 3.0ul

Deionized water 18.0 pl

Total 50.0 pl
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3.2.3.4 Sequencing and computational analysis of sequencing data

The amplified PCR products were subjected to Sanger sequencing via Centyle
Biotech Private Limited, India. The forward and reverse sequence reads were assembled to
construct a consensus sequence using BioEdit (v7.2) software. Using BLASTn programme,
the consensus sequence was compared with the ITS rDNA region sequences of fungi
available in the GenBank database of NCBI (Bethesda, MD, USA). The assembled partial
sequence was then submitted to the NCBI database and GeneBank Accession Number was
obtained.

3.2.3.5 Phylogenetic analysis of the pathogenic fungal isolate

The phylogenetic analysis of the pathogenic fungal isolate was executed using
the ITS rDNA sequence to establish its taxonomic position with respect to their closest
relatives. The reference sequences of the ITS rDNA of different fungal species (Table 3.2)
were collected from GenBank database of NCBI and multiple sequence alignment was done
using ClustalW algorithm in MEGA X (Tamura et al., 2018). The aligned sequences so
obtained were used to construct the phylogenetic tree in MEGA X using Maximum-
Likelihood method and Tamura-Nei model (Tamura and Nei, 1993) with 1000 bootsrap

replicate value.
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Table 3.2. List of reference sequences used in the phylogenetic analysis of the
pathogenic fungal isolate

Sl Reference Sequence Used GenBank
No. Accession No.

1. Alternaria brassicicola strain ABA-01 18S ribosomal RNA KR996754.1
gene,partial sequence; internal transcribed spacer 1, 5.8S ribosomal
RNA gene, and internal transcribed spacer 2, complete sequence;
and 28S ribosomal RNA gene, partial sequence.

2. Alternaria brassicicola strain BHU-LMMT27 internal transcribed KX139160.1

spacer 1, partial sequence; 5.8S ribosomal RNA gene and internal
transcribed spacer 2, complete sequence; and 28S ribosomal RNA
gene, partial sequence.

3. Alternaria brassicicola strain BHU-LMMT26 internal transcribed KX139159.1
spacer 1, partial sequence; 5.8S ribosomal RNA gene, complete
sequence; and internal transcribed spacer 2, partial sequence.

4. Alternaria brassicae strain BHU-LMMT19 internal transcribed KX139152.1
spacer 1, partial sequence; 5.8S ribosomal RNA gene and internal
transcribed spacer 2, complete sequence; and 28S ribosomal RNA
gene, partial sequence.

5. Alternaria solani strain BHU-LMMT17 internal transcribed spacer KX139150.1
1, partial sequence; 5.8S ribosomal RNA gene and internal
transcribed spacer 2, complete sequence; and 28S ribosomal RNA
gene, partial sequence

6. Alternaria eichhorniae ATCC 22255 ITS region; from TYPE  NR_111832.1
material

7. Alternaria alstroemeriae CBS 118809 ITS region; from TYPE  NR_163686.1
material

8. Alternaria arborescens CBS 102605 ITS region; from TYPE  NR_135927.1
material

9. Fusarium oxysporum DNA, 28S-18S ribosomal RNA intergenic AB733472.1
spacer region, partial sequence, isolate: 08C-MS4

10. Mucor irregularis CBS 103.93 ITS region; from TYPE material NR_172288.1
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3.3 Isolation of rhizospheric bacteria from healthy cabbage plant

The rhizospheric soil associated with the healthy cabbage plant was subjected
to serial dilution for the isolation of rhizospheric bacteria. Stock was prepared by dissolving
1 gm of soil in 9 ml of saline water (0.85% w/v). Subsequently, serial dilutions were
performed up to 10° dilutions (Liu et al., 2019). Samples of 50 ul from each of 10* and 10°
dilutions were spread on nutrient agar (NA; Himedia, India) culture medium (Himedia,
India). The petri-plates were then sealed and incubated at 28+2°C for the bacterial growth.

Individual colonies were sub-cultured onto fresh NA medium to obtain pure cultures.
3.4 Screening of Rhizospheric bacteria for Antagonistic Interactions

All the bacterial isolates were screened for antagonistic interaction against the
pathogenic fungi using in vitro dual-culture method in culture medium following the protocol
of Hazarika et al. (2021).

3.4.1 Impact of antagonist bacteria on radial growth of the pathogenic fungi

A half- strength nutrient agar and potato dextrose agar was prepared and used
for the in vitro dual culture interaction experiments.The pathogenic fungus was allowed to
grow actively on PDA medium for the inoculums. About 5 mm of mycelium from the
actively growing hypha was introduced onto the central region of the petri-plate containing
half-strength NA-PDA (as detailed in APPENDIX ) and allowed to grow for 5 days, until
attaining a diameter of 2.5 cm. A loop full of antagonistic bacterial isolate was then streaked
on two opposing peripheries of the fungal growth as shown in the fig. 3.1 below, while
maintaining a separation of 1 cm and the radial diameter of the fungi was recorded at an
interval of 24, 48, 72, 96 hrs respectively. A mono- culture plate with pathogenic fungus

inoculated on the same day was used as a control.
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Fig. 3.1. A schematic diagram showing the dual bacterial- fungal culture
3.4.2 Inhibitory effects of bacterial cell free supernatant on fungal radial growth

To evaluate the effect of the bacterial supernatant on the radial growth of
pathogenic fungi, agar well diffusion method was used. The bacterial isolates with
antagonistic activity were allowed to grow in 100 ml NB medium for 72 hrs at continuous
shaking (180 rpm) in a 28°C shaker incubator. Each of the bacterial culture (40 ml) was
collected aseptically in a sterile 50 ml falcon tube (Tarsons, India) and centrifuged at 5500
rpm at room temperature. The cell free supernatant was then carefully filter sterilized using a
0.22 pum pore sized PVDF syringe filter (GE healthcare, USA) and collected in another
sterile 50 ml falcon tube and stored at 4°C for further use. A part of the filter sterilized
supernatant was boiled at 100°C for 15 mins to check the heat stability of the active

ingredients.

A 5 mm of fungal inoculum was inoculated onto a petri plate containing PDA
medium and incubated at 28°C incubator. The fungus was allowed to attain a radial diameter
of 2.5 cm. Wells with 6 mm diameter were made on the same plate 2 cm apart of the fungal
hyphae. 50 pl of the each of cell free bacterial supernatant and heat-treated bacterial
supernatant was added into two different wells and incubated at 28°C for a duration of 72 hrs
and the reduction in fungal radial growth was recorded. Autoclaved distilled H,O (50 pl) was

also added to one well as a control.

A poisoned food assay was also performed where 100 ml of PDA media was
poisoned with 1 ml of the bacterial cell free supernatant. The pathogenic fungus was
inoculated, and the radial growth was recorded after 10 days. PDA media with 1ml of NB

was regarded as control.
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3.4.3 Antagonistic activity of Bacterial VOCs on the pathogenic fungi

The bacterial strain with antagonistic activity was grown overnight in NB
medium, and subsequently, 100 ul of this culture was spread evenly onto nutrient agar (NA)
plates. Parallelly, a mycelial plug with a diameter of 5 mm, excised from the edge of actively
growing fungal culture was inoculated at the center of a plate containing potato dextrose agar
(PDA). The PDA plate, hosting the mycelial plug, was inverted over the NA plate already
containing the bacterial cultures. This setup was carefully sealed using Parafilm and
subjected to incubation at a temperature of 28°C. The same procedure was conducted using
PDA plates inverted over un-inoculated NA plate was used as control. The radial growth of
the pathogenic fungi was recorded at 24 hrs interval for 5 days and compared with the

control as described by Zhang et al., (2020).
3.5 Microscopic studies of the in vitro interaction of the pathosystem

Microscopic examination of the in vitro interactions was conducted using a
medium consisting of half-strength NA-PDA. The pathogenic fungus was allowed to grow
actively on PDA medium for the inoculum. 5 mm from the actively growing hypha was
introduced onto the central region of the petri-plate containing half-strength NA-PDA and
permitted to grow for duration of 5 days, until attaining a diameter of 2.5 cm. A loop full of
antagonistic bacterial isolate was then streaked on two opposing peripheries of the fungal
growth as shown in Fig. 3.1, while maintaining a separation of 1 cm and was allowed to
grow for 72 hrs. A mono- culture plate with only grown pathogenic fungus was used as a

control.

3.5.1Visualization of the in vitro interaction between antagonist bacterial isolates and

the pathogenic fungi under light microscope

Hyphal mass from the interaction zone was carefully harvested from the
above mentioned (section 3.5) sample plates and washed with saline solution (0.85% w/v) for
three times. Hyphal mass was then taken onto a clean grease free glass slides and stained
with lactophenol cotton blue (Himedia, India) and incubated for 1 min. A clean cover slip
was mounted over the stained sample and the extra stain was removed by using blotting
paper and observed under light microscope (Olympus BX51, Olympus Corporation, Japan).

Monoculture as control was maintained for every interaction, respectively.
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3.5.2 Visualization of the in vitro interaction between antagonist bacterial isolates and

the pathogenic fungi under Scanning Electron Microscope (SEM)

The mycelial biomass blocks were carefully retrieved from the previously
mentioned (3.5) sample dishes for SEM analysis in accordance with the methodology
established by Dullahet al. (2021). The hyphal structures from both the interaction plates and
the monoculture control plate were immersed in a 2.5% glutaraldehyde solution for duration
of 4 hrs followed by repeated washing with 0.1 M phosphate buffer having pH 7.8. For
enhanced fixation, the samples were subjected to 1% Osmium Tetroxide (OsO,). A gradual
progression through a series of ethanol solutions was then employed to dehydrate the
samples and eliminate residual fluids. Following this, the samples were affixed onto carbon-
conductive tape and underwent gold coating by a Gold sputter coater. The samples were then
visualized under Field Emission Scanning Electron Microscope (Model: ZEISS, SIGMA) at
an accelerating voltage of 5.00 Kkv; generating micrographs at varying levels of

magnification.
3.6 Characterization of the rhizospheric bacteria

The rhizo-bacterial isolates exhibiting antagonistic activitywere characterized

based on their morphological, biochemical and molecular attributes.
3.6.1 Morphological characterization of the bacterial isolate

The initial morphological characterization of the rhizobacterial isolates
exhibiting antagonistic property was carried based on the macroscopic and microscopic
observations respectively. Macroscopic characters such as shape, color, colony morphology,
growth, etc. on nutrient agar plate (Dubey et al., 2021). Cell wall properties were studied
using gram staining method under light microscope (Vincent and Sisca, 1970). Ultra-
structure of the bacterial isolates was also visualized under FE-SEM. Actively grown
bacterial cells (18-24 hrs) were harvested from nutrient broth (NB; Himedia, India) medium
through centrifugation in 1.5 ml eppendorf tubes and the similar methodology was applied as

described above section 3.5.2.
3.6.2 Biochemical characterization of the bacterial isolate

The rhizospheric bacteria having antagonistic activity was characterized based
on their ability to produce acid, utilize carbohydrates and enzyme production using
Biochemical Kit: KB001, KB009 Part A, B1 and C (HiMedia, India) as per the protocol

provided by the company. Following are the list of tests carried out in the present study:



Table: 3.3 Reading Table for biochemical tests

Interpretation

Test/ Sugar Reagent to be Principle Original +ve -ve
added colour . .
Reaction Reaction
Detects .
Indole 1-2 D'rops of deamination of Colourless Reo_ldlsh Colourless
Kovac's reagent Pink
tryptophan
1-2 drops of .
Methyl Red  methyl red Detectsacid 1 jess Red Yellow-
production Orange
reagent
1-2 drops of . L
VogesP'roska Barritt reagent A Detects acetoin Colourless Pinkish Colourless
uer's 2B production red
Detects the
. capability of an
(_:l_trat_e -- organism to utilise Green Blue Green
Utilisation )
citrate as a sole
carbon source
Glucose - Carpqhyc_irate Pinkish red Yellow Red/Pink
Utilization
Adonitol - Carbohydrate o \ich red vellow  Red/Pink
Utilization
Arabinose -- Carpqhyc_irate Pinkish red Yellow Red/Pink
Utilization
Lactose . Carbohydrate o \ich red vellow  Red/Pink
Utilization
Sorbitol . Carbohydrate b, ich red  Yellow  Red/Pink
Utilization
Mannitol - Carpqherate Pinkish red Yellow Red/Pink
Utilization
Rhamnose . Carbohydrate o \ich red vellow  Red/Pink
Utilization
Sucrose - Carpqherate Pinkish red Yellow Red/Pink
Utilization
Carbohydrate L .
Xylose - Utilization Pinkishred  Yellow Red/Pink
Maltose - Carbohydrate o, ichred  Yellow  Red/Pink
Utilization
Fructose - Cart_;c_)herate Pinkish red Yellow Red/Pink
Utilization
Dextrose - Carbohydrate o, ichred  Yellow  Red/Pink

Utilization
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Raffinose
Trehalose
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Sucrose
L- Arabinose
Mannose

Inulin

Sodium
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Glycerol
Salicin
Dulcitol
Inositol
Sorbitol
Manitol
Arabitol

Erythritol
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methyl-
glucoside

Rhamnose
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Melezitose
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Methyl-D-
Mannoside

Xylitol
ONPG

Esculin
hydrolysis

Carbohydrate
Utilization
Carbohydrate
Utilization
Carbohydrate
Utilization
Carbohydrate
Utilization
Carbohydrate
Utilization
Carbohydrate
Utilization
Carbohydrate
Utilization
Carbohydrate
Utilization
Carbohydrate
Utilization
Carbohydrate
Utilization
Carbohydrate
Utilization
Carbohydrate
Utilization
Carbohydrate
Utilization
Carbohydrate
Utilization
Carbohydrate
Utilization
Carbohydrate
Utilization
Carbohydrate
Utilization

Carbohydrate
Utilization

Carbohydrate
Utilization
Carbohydrate
Utilization
Carbohydrate
Utilization

Carbohydrate
Utilization

Carbohydrate
Utilization
Detects Beta-
galactosidase
activity
Detects esculin
hydrolysis

Pinkish red

Pinkish red

Pinkish red

Pinkish red

Pinkish red

Pinkish red

Pinkish red

Pinkish red

Pinkish red

Pinkish red

Pinkish red

Pinkish red

Pinkish red

Pinkish red

Pinkish red

Pinkish red

Pinkish red

Pinkish red

Pinkish red

Pinkish red

Pinkish red

Pinkish red

Pinkish red

Colourless

Cream

Yellow

Yellow

Yellow

Yellow

Yellow

Yellow

Yellow

Yellow

Yellow

Yellow

Yellow

Yellow

Yellow

Yellow

Yellow

Yellow

Yellow

Yellow

Yellow

Yellow

Yellow

Yellow

Yellow

Yellow

Black

Red/Pink

Red/Pink

Red/Pink

Red/Pink

Red/Pink

Red/Pink

Red/Pink

Red/Pink

Red/Pink

Red/Pink

Red/Pink

Red/Pink

Red/Pink

Red/Pink

Red/Pink

Red/Pink

Red/Pink

Red/Pink

Red/Pink

Red/Pink

Red/Pink

Red/Pink

Red/Pink

Colourless

Cream
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D Arabinose

Malonate
Utilization
Sorbose

Lysine
Utilization

Ornithine
Utilization

Urease
Phenylallani

ne
deamination

Nitrate
Reduction

H,S
production

Glucose

Adonitol

Lactose
Arabinose

Sorbitol

Catalase

2-3 drops of
TDA reagent

1-2 drops of
sulphanilic acid
and 1-2 drops of
N,N- Dimethyl-
1-Napthylamine

Carbohydrate
Utilization
Detects the

capability to
utilise Na

malonate as a sole
carbon source

Carbohydrate
Utilization

Detects Lysine
decarboxylation

Detects Ornithine
decarboxylation

Detects Urease
activity
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Phenylalanine

deamination
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Detects Nitrate
Reduction

Detects H,S
production
Carbohydrate
Utilization
Carbohydrate
Utilization
Carbohydrate
Utilization
Carbohydrate
Utilization
Carbohydrate
Utilization

Detects catalase
activity

Pinkish red

Light green

Pinkish red

Olive green
to Light
Purple
Olive green
to Light
Purple
Orangish
Yellow

Colourless

Colourless

Orangish
Yellow

Pinkish red
Pinkish red
Pinkish red
Pinkish red

Pinkish red

Colourless

Yellow

Blue

Yellow

Purple/
Dark
Purple
Purple/
Dark
Purple

Pink

Green

Pinkish
Red
Black
Yellow
Yellow
Yellow
Yellow

Yellow

Rapid
bubble
formation

Red/Pink

Light green

Red/Pink

Yellow

Yellow

Orangish
Yellow

Colourless

Colourless

Orangish
Yellow

Red/Pink
Red/Pink
Red/Pink
Red/Pink
Red/Pink

No bubble
formation

3.6.3 Molecular identification of the antagonist bacterial isolates

amplifying the 16S rRNA gene.
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The molecular characterization of the bacterial isolates was done by

3.6.3.1 Isolation of Genomic DNA: The bacterial culture was inoculated in Nutrient Broth
(NB) and cultivated until reaching an optical density at 600 nm (OD600) of 0.6, at a

temperature of 28°C. The genomic DNA extraction was performed using the protocol
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established by Wilson (2001) with some modifications. For this, a 1.5 ml portion of the
bacterial culture was taken within a 2 ml centrifuge tube. Cells were collected through
centrifugation at 6000 rpm for 10 mins. The resulting liquid supernatant was discarded, and
the cellular pellet was suspended in 600 pl of cell lysis buffer. This mixture was incubated at
a temperature of 65°C for 30 mins. Following this step, 100 ul of a 5 M NaCl solution was
introduced into the tube, which was then subjected to 10 mins incubation at -20°C.
Subsequently, centrifugation was performed at 12000 rpm at 4°C for a duration of 10 mins.
The high-viscosity supernatant was transferred into a new tube, and an equal volume of
phenol, chloroform, and isoamyl alcohol (in a ratio of 25:24:1) was added with thorough
mixing. This mixture was then subjected to centrifugation at 12000 rpm at 4°C for 10 mins.
The upper aqueous layer was then transferred into another new tube. A volume twice that of
the original sample of ice-cold isopropanol solution was introduced to precipitate the nucleic
acids. Agitation was applied by oscillating the tube to facilitate the precipitation process.
Centrifugation at 12000 rpm at 4°C for 10 mins was used to collect the DNA content as a
pellet. This pellet was cleansed with 70% ethanol, followed by another round of

centrifugation. The pellet was subsequently air dried and dissolved in 50 ul of 1X TE buffer.

3.6.3.2Visualization of DNA bands in Agarose Gel
Same methodology was used as described earlier in the section 3.2.3.2.

3.6.3.3 Amplification of 16S rRNA bacterial gene:The amplification of the bacterial 16S
rRNA gene was carried out employing universal primers: 27F (5'-
AGAGTTTGATCCTGGCTCAG-3") and 1492R (5-GGTTACCTTGTTACGACTT-3") as
outlined in the work of Lane (1991). The recipe of the PCR is detailed in Table3.4. The PCR
thermal conditions encompassed an initial denaturation step at 94°C for duration of 3 mins,
followed by 35 cycles. Each cycle consisted of denaturation at 94°C for 30 sec, annealing at
50°C for 30 sec and extension at 72°C for 1 min and 30 sec. A concluding extension step was
conducted at 72°C for a span of 7 mins. The resulting amplified products were subjected to
analysis on a 1.2% agarose gel. To assess the molecular size of these amplified products, a 1
kb DNA ladder (Himedia, India) was utilized. The amplified PCR product was then stored at
-20°C for further use.



41

Table 3.4. Components of PCR reaction for the amplification of 16s RNA region of the
bacterial DNA

Reagents Quantity for 50 pl reaction
volume

2X Emerald Amp® MAX HS PCR Master Mix 25 pl

Forward primer: 27F (10 uM) 2.0 ul

Reverse primer: 1492R (10 uM) 2.0 ul

Template DNA (~100 ng/ pl) 3.0ul

Deionized water 18.0 pl

Total 50.0 pl

3.6.3.4 Sequencing and computational analysis of sequencing data

The amplified PCR products were subjected to Sanger sequencing via Centyle
Biotech Private Limited, India. The forward and reverse sequence reads were assembled to
construct a consensus sequence using BioEdit (v7.2) software. Using BLASTn programme,
the consensus sequence was compared with the 16s RNA gene sequences of bacteria
available in the GenBank database of NCBI (Bethesda, MD, USA). The assembled partial
sequence was then submitted to the NCBI database and GeneBank Accession Number was

obtained.
3.6.3.5 Phylogenetic analysis of the bacterial isolate

The phylogenetic analysis of the rhizo-bacterial isolates was executed using
the 16s RNA gene sequence to establish its taxonomic position with respect to their closest
relatives. The reference sequences of the 16s RNA gene sequence of different bacterial
species (Table 3.5) were collected from GenBank database of NCBI and multiple sequence
alignment was done using ClustalW algorithm in MEGA X (Kumar et al., 2018). The aligned
sequences so obtained were used to construct the phylogenetic tree in MEGA X using
Maximum-Likelihood method and Tamura-Nei model (Tamura and Nei, 1993) with 1000

bootsrap replicate value.



42

Table 3.5. List of reference sequences used in the phylogenetic analysis of the rhizo-

bacterial isolates

Sl Reference Sequence Used GenBank

No. Accession No.

1. Bacillus amyloliquefaciens strain ATCC 23350 16S ribosomal NR_118950.1
RNA gene, partial sequence

2. Bacillus amyloliquefaciens strain NBRC 15535 16S ribosomal NR_041455.1
RNA, partial sequence

3. Bacillus amyloliquefaciens strain NBRC 15535 16S ribosomal NR_112685.1
RNA, partial sequence

4.  Bacillus subtilissubsp.subtilis strain 168 16S ribosomal RNA, NR_102783.2
complete sequence

5. Bacillus subtilis strain DSM 10 16S ribosomal RNA, partial NR_027552.1
sequence

6. Bacillus subtilis strain NBRC 13719 16S ribosomal RNA, NR_112629.1
partial sequence

7. Bacillus pumilus strain ATCC 7061 16S ribosomal RNA, NR_043242.1
partial sequence

8.  Bacillus pumilus strain ATCC 14884 16S ribosomal RNA MN456845.1
gene, partial sequence

9. Bacillus cereus ATCC 14579 16S ribosomal RNA gene, partial MG708176.1
sequence

10.  Escherichia coli strain ATCC 35469 16S ribosomal RNA KP941759.1

gene, partial sequence

3.7Plant Growth promoting traits of the bacterial isolates

3.7.1 1AA production

The Gordon and Weber (1951) method was used to quantify the synthesis of

indole-3-acetic acid. The bacterial inoculum was prepared by culturing the rhizobacterial

isolates in 100 ml of Nutrient Broth (NB) medium (HiMedia, India) under continuous

agitation at 180 rpm, at 28°C shaker incubator for 24 hrs. On the subsequent day, 100 ul of a

bacterial inoculum, adjusted to a concentration of 10 CFU/ml (OD600 = 1), was introduced
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into 10 ml of NB medium containing L-tryptophan (1000 ug/ml). Samples were collected at
an interval of 24, 48, 72 and 96 hrs of incubation period and the following steps were

performed:

e 5 ml of culture was collected in 50 ml falcon tubes (Tarsons, India) followed by

centrifugation at 5500 rpm for 10 mins.

e To 1 ml of the culture supernatant, 2 ml Salkowski reagent (prepared using 50 ml of
35% HCIO,4 and 1 ml of 0.5 M FeCl3) was added in a test tube. NB with no bacterial

growth was used as blank.

e The tubes were then incubated in dark at room temperature for 25 mins. The
emergence of a red/pink colour, signify the presence of indolic compounds
confirming indole-3-acetic acid (IAA) production and was measured using a UV-
spectrophotometer (SpectroquantPharo 300, Merck, Germany) at 530 nm (Bessai et
al., 2022) and quantified using a standard curve of indole-3-acetic acid.

3.7.2 Phosphate Solubilization

Qualitative assessment of phosphate solubilization was conducted using the
Pikovskaya (PVK) Agar Medium (HiMedia, India, M520) (Pikovskaya, 1948). The isolates
were inoculated as spots onto the PVK agar medium and subsequently incubated at a
temperature of 30°C for duration of 72 hrs. The development of transparent halo zones
encircling the colonies indicates a positive outcome for phosphate solubilization activity
(Nath et al., 2012).

3.7.3 Zinc Solubilization

Quialitative evaluation of zinc solubilization was carried using the Zinc
Solubilizing Agar medium (HiMedia, India, M2068). Each isolate was subjected to spot
inoculation followed by incubation at a temperature of 30°C for a duration of 72 hrs. The
formation of halo zones encircling the bacterial colonies signified zinc solubilization

capabilities of the rhizobacterial isolates (Khanghahi et al. 2018).
3.7.4 Potassium Solubilization

Qualitative assessment of potassium solubilization was conducted using the
Aleksandrov Agar medium (HiMedia, India, M1996). The rhizobacterial isolates were spot
inoculated on petri plates containing Aleksandrov Agar medium and incubated at a
temperature of 30°C for duration of 7 days. The presence of a distinct transparent halo zone
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encircling the bacterial colonies indicated positive potassium solubilizer (Meena et al.,
2015).

3.7.5 Sulphur Solubilization

Qualitative evaluation of sulfur solubilization was executed utilizing a
thiosulfate agar medium, following the method elucidated by Chaudhary et al. (2017). As an
indicator, bromocresol purple was employed at a concentration of 0.025 g/L, imparting a
purple hue to the solution. The rhizobacterial isolates were subjected to streaking on Petri
dishes and subsequently placed under incubation at a temperature of 30°C for a duration of
24 hrs. In cases of positive results, a transformation in the color of the dye from purple to

yellow was observed, denoting the sulfur solubilization activity exhibited by the isolates.
3.7.6 Siderophore Production

The qualitative assessment of siderophore production was carried out in
accordance with the method detailed by Schwyn and Neilands (1987). The isolated
rhizobacteria were streak inoculated on Tryptic Soya Agar (TSA) medium, followed by an
incubation period at 30°C for 24 hrs. Upon the appearance of colonies, Chrome Azurol-S
(CAS) medium was introduced onto the bacterial colonies and the samples were once again
incubated at a temperature of 30°C for 24 hrs. The change in colour from green to formation
of an orange/yellow halo zone encircling the bacterial isolate colonies confirmed a positive

outcome for siderophore production.

3.8 Comparative Superoxide Dismutase activity of the interacting microbial partners

during monoculture and dual-culture growth condition

Superoxide dismutase activity of the monoculture (bacterial isolates and
pathogenic fungal isolates) and the dual culture bacterial fungal interacted samples was
carried out employing the protocol of Adhikary et al., (2022). Samples were collected at an
interval of 24 hrs for 7 days from both the monocultures and the dual culture plates. 50 mg
from each of the samples were grounded to powder in liquid nitrogen, transferred to a 2 mi
tube and 2 ml of extraction buffer was added and subjected to centrifugation at 14000 rpm at
4°C for 30 mins. The supernatant was collected and the protein content was determined
using Bradford’s method. And the enzyme extract was stored at-20°C for future use. 1 ml of
reaction mixture was then taken in a test tube and 20 pl of enzyme extract was added to it
followed by 10 ul riboflavin (4.4 mg/ml). Extraction buffer was used in place of enzyme

extract as a blank and the same procedure was followed. All the test tubes were then
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illuminated for 10 mins under 20W florescent tubes. The increase in absorbance due to the
formation of formazan was recorded at 560 nm and the results were expressed as units of

SOD per ug of protein.

3.9 Relative quantification of expressions of key fungal Genes during antagonist

bacterial and pathogenic fungal interaction
3.9.1 Isolation of the total RNA

Total RNA extraction was performed using TRl Reagent® (Sigma, USA).
Fungal hyphae were harvested from interaction plates and monoculture plates and
subsequently grinded into fine powder using liquid nitrogen. Approximately 100 mg of this
powdered tissue was immediately combined with 1 ml of TRI Reagent® (Sigma, USA). The
mixture was subjected to thorough mixing via repeated pipetting and allowed to incubate at
room temperature for 10 mins. 200 pl of chloroform was added and gently mixed for 30 sec
and allowed to stand at room temperature for 15 mins. The mixture was then subjected to
centrifugation at 12,000 rpm for 15 mins at 4°C. The centrifugation process led to the
separation of the mixture into 3 distinct phases: a red organic phase with proteins, an
interphase with DNA and a colourless upper aqueous phase having RNA. The upper aqueous
phase was then carefully transferred to a new 1 ml tube and 500 pl of 2-propanol was added.
After thorough mixing, the tube was allowed to incubate at 4°C for 10 mins, followed by
centrifugation at 12,000 rpm for 10 mins at 4°C. The supernatant was then discarded, leaving
behind an RNA pellet, which was washed with 75% ethanol. This step was followed by
another round of centrifugation at 12,000 rpm for 10 mins at 4°C. The supernatant was once
again removed, and the RNA pellet was subjected to an air-drying step for 10-15 mins to
eliminate residual ethanol. The resulting pellet was subsequently dissolved in 50 ul of
RNase-free water, which had been pre-treated with 0.01% Diethyl pyrocarbonate (DEPC).
The dissolved RNA was stored at -80°C for future use. The quality of the isolated RNA was
assessed by running an analysis on a 1% denatured agarose gel, observing the presence of
distinct 28S and 18S RNA bands. Additionally, the integrity of the RNA was evaluated using
a Nanodrop ND1000 spectrophotometer (Thermo Scientific, USA).

3.9.2 Denaturing Agarose Gel Electrophoresis

To prepare a 1% agarose gel, 0.5 gms of agarose was mixed with 36 ml of
autoclaved water treated with DEPC (a substance that deactivates RNases, enzymes that

degrade RNA). The mixture was heated to dissolve the agarose and then cooled to around



46

60°C. To this, 5 ml of 10X MOPS buffer and 9 ml of 37% formaldehyde were added. The
resulting mixture was poured into gel casting tray to solidify. And the gel was set up in a gel
tank containing a buffer. Prior to starting the actual electrophoresis process, the gel was
equilibrated in the buffer for about 30 mins. For the RNA samples electrophoresis, a mixture
was created by combining 10 ul of RNA, 3 pl of 10X MOPS, 10 ul of formamide, 2 pl of
ethidium bromide (a fluorescent dye) and 4 pl of 37% formaldehyde. This mixture was
incubated at 65°C for 20 mins. After the incubation, the sample was quickly cooled in ice
water for about 30 mins. Then, the mixture was then spun to ensure that all the sample
components were at the bottom of the tube. To this solution, 3 pl of 10X RNA gel loading
buffer was added. The prepared RNA sample was loaded into a well on the agarose gel.
Electrophoresis was carried out at a voltage of 60V until the faster-moving dye,
bromophenol blue, migrated about two-thirds of the way through the gel. Once this was
achieved, the gel was viewed using a Gel Doc system (Bio-Rad USA). The image of the gel

was captured for analysis.
3.9.3 Primer designing

Primers for expression analysis (Table 3.6) were designed by using the CDS
sequence of each of the fungal genes from NCBI GeneBank database with the help of
PrimerQuest Tool (IDT, 2023 Integrated DNA Technologies, Inc.).
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Table 3.6. Primers used in the expression analysis of the fungal genes

Target Primer Sequence (5' - 3") Length
Ag_Actin_gF CCCGTCATCTAACAACACAC 20
Actin
Ag_Actin qR  TATCGCAGGGTCAGGATAC 19
Ag_AbSte7 gF CCCTTGAGATTGGTGTTGAG 20
AbSte7
Ag_AbSte7 gqR CCTCGCCATTATGACCTTG 19
Ag_AbPf2_gF GCCATCCCACAGAAGAAAG 19
AbPf2
Ag_AbPf2_ gqR GGCAAATGTCGAGGATAGTG 20
Ag_Amkl gF CCACTCCATGTTCTGTCTG 19
Amk1
Ag_Amkl gR GGTGAAGGTCTCGTAGTTTC 20
Ag Amk2 qF  GAAGGTCACCAACGTCTTC 19
Amk2
Ag_Amk2 qR GGAATGTCCATGTCGTAGAG 20
Ag Hogl gF CATCATTACGGAGCTTCTGG 20
Hogl
Ag Hogl qR  GCAGGGTCTGGTGAAATTAG 20

3.9.4 First strand cDNA synthesis

The first strand cDNA synthesis was performed out with 1 pg of total RNA in
a 20 pl reaction using Prime Script'™ 1% Strand cDNA synthesis (TAKARA, India)
following manufacturer’s instructions. Fungal cDNA from the total RNA sample of
pathogenic fungal monoculture and antagonistic bacterial-fungal interaction dual cultures

were amplified with oligo-dT primer due to the presence of polyA tail in eukaryotic RNA.
3.9.5 Real-time Expression Analysis

The relative quantification of the expression profiles of the target fungal genes
was performed by employing quantitative real-time PCR (qRT-PCR) in a QuantStudio 3
Real-Time PCR System (Applied Biosystems, Thermo Fisher Scientific, USA). Quantitative
real-time PCR was done on the first strand cDNA using TB Green® Premix Ex Taq™ II
(TliRNase H Plus, TAKARA, India). The total reaction volume was 10 ul containing 10
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pmol of each primer and 50 ng cDNA template according to the manufacturer’s protocol. The
Real-time PCR was performed with three technical and biological replicates respectively with
actin gene as the house keeping gene. The relative quantification (log2 fold change) method
was used to determine the relative gene expression of the respective genes (Livak and
Schmittgen, 2001). The amplification profile was initial holding at 50°C for 2 mins followed
by denaturation step at 95°C for 10 mins, 40 cycles of 95°C for 15 sec and 60°C for 1 min.
Melt curve analysis was done to get a single amplification product. The results of the qRT-
PCR were analyzed by Student’s t-Test in MS Excel and p < 0.05 was considered to be

significant.

3.10 Metabolite profiling during in vitro antagonist bacterial and pathogenic fungal

interactions

LC-MS analysis was carried out to profile the secondary metabolites during

antagonist bacterial- pathogenic fungal interactions.
3.10.1 Preparation of the culture for metabolite extraction

The pathogenic fungal isolate was grown on NA-PDA plates containing half
strength NA-PDA medium for 5 days. Subsequently, the antagonist bacterial isolates were

streaked on the petri-plates as shown in Fig. 3.1 and incubated at 28°C for 72 hrs.
3.10.2 Extraction of the secondary metabolites

Five 1 cm? portions from each of the bacterial-fungal interaction cultures
were collected from the petri-plates by using sterile surgical blade. The bacterial cell/ fungal
mycelium tissue was then extracted using a blend of organic solvents (10 ml of methanol,
dichloromethane and ethyl acetate) in the ratio of 1 : 2 : 3 for 12 hrs at 28°C in a shaker
incubator at 150 rpm followed by sonication for 15 min (Luo et al., 2007). The extracts were
then filtered and dried using rotary evaporator (IKA®, Germany). The semi dried extracts

were re-suspended in 1 ml of HPLC grade methanol (Sigma, USA).
3.10.3 Analysis of metabolites using LC-ESI-MS

The methanol soluble extracts were subjected to LC-ESI-MS analysis for
metabolite profiling during the in vitro bacterial-fungal interaction using Waters Alliance
e2695/HPLC-Tandem Quadrupole Mass Detector (Waters Corporation, USA).
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3.10.4 The Chromatographic conditions

An injection volume of 20 pl of each sample was loaded into Waters Alliance
e2695/HPLC system equipped with an auto sampler for automatic sample loading. The
samples were then separated in a C18 column (250 x 4.5 mm, pore size: 5 um) with gradient
elution conditions consisting of mobile phase -acetonitrile (solvent A) and 0.01% formic
acid in water (gradient mode, solvent B). The gradient profile is shown in Table 3.7 below.
The fractions were then ionized in positive mode and further detected using an ESI- Tandem
Quadrupole Mass Detector connected to the HPLC system (Waters Corporation, USA). The

range of the scan was 150-1200 m/z.

Table 3.7 Chromatographic conditions for metabolite profiling using gradient elution

Time (min) Solvent A (%) Solvent B (%) Flow rate (ml/min)
0 5 95 15
1 5 95 1.5
6 30 70 15
12 60 40 1.5
16 60 40 15
20 80 20 1.5
24 80 20 15
26 5 95 1.5
30 5 95 15

3.10.5 Data extraction and identification of the compound

Peaks originating from both the Electrospray lonization (ESI) positive and
negative modes were acquired, with the m/z (mass-to-charge) ratio depicted on the x-axis and
the relative abundance (%) on the y-axis, all corresponding to distinct retention times. The
molecular masses for each peak, spanning various retention times, were ascertained through
the identification of different adducts, including M+H, M+NH,;, M+Na+2H, M+Na,
M+ACN+H, M+ACN+Na, 2M+ACN+H, 2M+H, M+CH30H+H, M+2Na-H, M+K,
M+2K+H, 2M+K and 2M+Na. The determined molecular masses were compared with the
molecular weights of compounds from different databases and available literature to assign

the compound name.
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3.11 TLC analysis of the crude metabolite extract of the bacterial isolates

The crude metabolite extracts of the rhizospheric bacterial isolates were
subjected to thin layered chromatographic analysis. The bacterial isolates were streaked in
NA media and incubated at 28°C for 72 hrs. Similar; methodology was followed as
described in the section 3.10.2for the crude methanol extracts of the bacterial isolates. Thin
layer chromatographic plate (Merck Millipore, Germany) coated with silica gel 60 was cut
into desired size and used as a stationary phase. A horizontal line was drawn with pencil at
the bottom of side of the plate and samples were carefully loaded along the line. The
chromatographic plate was then dried and placed in the chromatographic chamber loaded
with the mobile phase, Chloroform: Methanol: Water-39:15:3 (v/v) in such a way that only
the tip of the bottom side of the chromatographic plate touches the mobile solvent. The
mobile phase was allowed to rise for 30 mins till the fractions were separated and the solvent
front was noted. The plate was air dried and pure water was sprayed to visualize the sample

front.
3.12 Whole genome sequencing and de novo assembly of the potential bacterial isolate

The genomic DNA of the potential bacterial isolates was extracted by CTAB
method. The quantitative & qualitative analysis was then done by the fluorescent (Qubit
fluorometer4.0) and agarose gel electrophoresis for quality assurance. The libraries were
then prepared for amplicons using the manufacturer instructions of NEBNext Ultra 1l FS
DNA library preparation kit for lllumina (Fig. 3.2).
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The process of Library Preparation for Amplicon Sequencing

1.Fragmentation/End repair:- Fragmentation and end repair occurs during the 37°C
incubation step with 100 ng of amplicons and NEBNext Ultra Il FS Enzyme Mix to get the
fragment size of 200-450 bp for 5 mins.

2. Adaptor Ligation:- Ligate the digested and end repaired fragments by using NEBNext
Ultra 11 Ligation Master Mix and NEBNext Adaptor for Illumina and Incubate at 20°C for
15 mins in a thermal cycler with the heated lid off following by adding user enzyme and mix
well and incubate at 37°C for 15 mins with the heated lid set to > 47°C.

3. Clean up of Adaptor-Ligated DNA:- Clean the ligated products by Adding 0.8X

AmpureXP beads (Beckmen coulter) and instructions user manual of library preparation kit.

4.PCR Enrichment of Adaptor-Ligated DNA:- Enrich the purified Adaptor- ligated DNA
by using NEBNext Ultra 11 Q5 Master Mix and Index Primer Mix to add Illumina flow cell
annealing sequences, multiplexing indices and sequencing primer annealing regions to all

fragments and to increase concentrations of sequencing libraries.

5. PCR Enrichment of Adaptor- ligated DNA:- Clean the ligated products by adding 0.9X
AmpureXP beads (Beckmen coulter) and instructions user manual of library preparation kit.

6. Assess Library Quality on a Tape station:- After purification check the concentration

by using Qubit and quality by using tape station on D1000 screen tape.

7. Sequencing:-These libraries were sequenced in a 2*150 bp paired-end run using the
NovaSeq 6000 with v1.5 reagents (300 cycles).

After sequencing the libraries, raw data so obtained were subjected to
downstream analysis (Fig: 3.3). The raw data is obtained as read one and two fastq format
that has been subjected to further analysis. Raw sequencing data is quality trimmed using
Trim-galore to remove low quality reads (q<30) and adaptors. The quality trimmed reads
have been mapped on the reference to get the sequencing depth. On the other hand, that
reads has been subjected to de novo assembly using Unicycler assembler with default
parameters. After preparation of the assembly it has been annotated using PROKKA
prokaryotic genome annotator using Bacteria as reference. The gene ontology and pathway
annotation is performed with eggNOG and KOALA respectively. The secondary metabolite
producing gene prediction has been performed using AntiSMASH.
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The pan genome phylogeny has been prepared across all the available draft

assembly of the different strains of this bacteria using Roary. The average nucleotide identity

has been performed with the closest strain using the FastANI tool.

Raw Data
Reference Genome
Trim-galore \—
Trimmed Data Identity & Depth
Unicycler L¢
Roary
— Assembled Genome
rokka
\L—‘ Core genome Phylogeny
Annotation FastANI
Koala eggNOG AntiSMASH
gg i Average Nucleotide Identity

l

KEGG & EGGNOG

Secondary Metabolite prediction

Fig. 3.3.Workflow of the downstream analysis of the raw data to achieve the

de novo bacterial genome with functional annotation

3.13 Differential expressions of genes involved in the biosynthesis of key bacterial

secondary metabolites in the monoculture and interacted dual culture sample in

different time intervals

3.13.1 Isolation of the total RNA

Total RNA was extracted from the monoculture bacterial samples and the

bacterial fungal interacted dual culture samples using the same methodology as described in

the section 3.9.1

3.13.2 Denaturing Agarose Gel Electrophoresis

Agarose gel electrophoresis was performed using the same methodology as

described in the earlier section 3.9.2
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Primers for expression analysis (Table 3.8) were designed by using the

bacterial gene sequences from NCBI GeneBank database with the help of PrimerQuest Tool
(IDT, 2023 Integrated DNA Technologies, Inc.).

Table 3.8 Primers used for the expression analysis of the bacterial genes

Gene Primer Sequence (5' - 3") Length
Ag_16s_gF CGGTGAAATGCGTAGAGATG 20
16s RNA
Ag_16s_gR GGACTACCAGGGTATCTAATCC 22
Ag_srfAB_gF  ATAAGATCCGCCTTCTCCTC 20
srfAB
Ag srfAB qR  CTTTGCGGACGTCCTTTATC 20
Ag_dhbF_gF CGAGATTCATTTCCCTGACC 20
dhbF
Ag_dhbF_gR GTGATGACGCATTAGGAGAC 20
Ag fenF 1 g CGTTTGAAGAGAGAGGTGAG 20
fenF_1
Ag_fenF 1 gqR  AGGATGCCGTTACACTTG 18
Ag_bacD_qgF GGCGTAATATGGGATGTCTC 20
bacD
Ag_bacD_gR CGAGTATGACGACTGGTATG 20
Ag_ItuA gF GGATATGCCTGCGGATTATG 20
ItuA
Ag_ItuA gR GTTGCTCCTGTGTCTTCTTC 20

3.13.4 First strand cDNA synthesis

The first strand cDNA synthesis was performed out with 1 pg of total RNA in
a 20 pl reaction using Prime Script™ 1% Strand cDNA synthesis (TAKARA, India)

following manufacturer’s instructions. Bacterial cDNA from the total RNA sample of

bacterial monoculture and bacterial-fungal interaction dual cultures were amplified with

Random 6mers (50 uM) as per manufacturer’s instructions.
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3.13.5 Real-time Expression Analysis

The relative quantification of the expression profiles of the target bacterial
genes was performed using the same methodology as described in the earlier section 3.9.5
using 16S RNA gene as house-keeping gene.

3.14 Effect of bacterial priming on plant growth and development
3.14.1 Preparation of the bacterial inoculum and seed bio-priming assay

The seeds of cabbage and rapeseed were surface sterilized with 0.1%
hypochlorite solution for 1 min followed by three times washing with autoclaved distilled
water. The overnight grown rhizo-bacterial cultures were centrifuged at 5500 rpm for 15
mins and the supernatant was discarded and the bacterial cells were re-suspended in
autoclaved saline solution (0.85% wi/v) maintaining a concentration of 1 x 10’ bacterial
cells/ml. The seeds were then submerged in the bacterial suspension 6 hrs followed by air
dried inside laminar chamber. The primed seeds were then kept for germination over an
autoclaved filter-paper in a petri-plate with 2 ml autoclaved distilled water (Paul et al.,
2020). 30 seeds per petri- plates were kept for germination for each bio-priming treatment
with three biological replications. Unprimed sterilized seeds were used as a mock. The plates
were sealed to maintain appropriate humidity and were kept at 28°C incubator for
germination. Seed germination percentage was calculated after 7 days of germination

following the protocol given by Costa et al. (2020.

Number of seedsgerminated N
Total number of seeds

Germination % = 100

Along with germination percentage, the root length and shoot length of the

germinated seeds were calculated in cm and recorded.
3.14.2 Greenhouse pot culture experiments

The bio-primed germinated seeds of cabbage along with the unprimed
germinated seed, mock was transferred aseptically to 17 cm diameter plastic pots having 4
times autoclaved potting mixture (Garden soil: Vermicomposting-80:20) for further
experiments. The plants were watered at an interval of 48 hrs. After 30 days, agronomic data
such as the shoot height, root length, number of leaves and leaf area index (leaf area/ land
area) were recorded. Two extra sets of mock plants were simultaneously maintained for

fungicide treatment and fungal infection assay along with mock and other bio-primed plants.
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3.15 Evaluation of the disease suppression efficiency of the bacterial isolates
3.15.1 Bio-control Assay

For bioassay, leaves of the 45 days old cabbage bio-primed plants as
mentioned in the section 3.14.2 were carefully rubbed with sterilized cotton to remove the
waxy cuticle layer and foliar sprayed with the same bacterial inoculum with same
concentration as mentioned in the section 3.14.1.A set of mock plants were sprayed with
commercial fungicide (Mancozeb). All the plants were then covered with plastic bags to
retain high humid condition for 48 hrs. Following this, pathogenic fungal spore suspension of
concentration 1x 10" spore/ml (maintained using haemocytometer) was sprayed in set of
treatments except the absolute mock with was sprayed with sterile distilled water. All the
plants were again covered with transparent plastic bags to retain high humid condition for
disease development for 48 hrs and the following parameters were recorded after 5 days post
inoculation (dpi) of the fungal spore treatment-number of leaf with lesion, number of lesion
per leaf, lesion size and disease was rated in the scale of 0-3 as described by Bal and Kumar,
(2014) and also the disease severity index was calculated. Leaf samples were also harvested
to analyze the physiological and biochemical changes (Chlorophyll content, RLWC, ELI1%,
proline content, total phenolics and SOD activity) in cabbage after 5 dpi of the fungal spore

treatment.
3.15.2 Total Chlorophyll Estimation

Fresh leaf samples weighing 50 mg each from the treatments were collected
and were subjected to crushing in 2 ml of 80% acetone followed by centrifugation at a force
of 6000 rpm for a duration of 15 mins. Subsequently, the absorbance of the resulting
supernatant was measured at wavelengths of 662 nm, 644 nm, and 440 nm. These absorbance
measurements were performed relative to a blank composed of 80% acetone. The
quantification of chlorophyll content was carried out in accordance with Saini et al., (2023)

using the formula:
Chla=9.78A662 — 0.99A644
Chl b =21.40A644 — 4.65A662

Total Chlorophyll = Chla+ Chl b
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3.15.3 Relative Leaf water Content

Relative Leaf Water Content (RLWC) analysis was executed according to the
method previously outlined by Saini et al. (2023). Initially, a mass of 50 mg of fresh leaves
(referred to as fresh mass, FM) was weighted. These leaves were subsequently immersed in
distilled water for duration of 2 hrs. Following the incubation, the tissues were carefully
removed from the water and weighed after gently wiping away any excess moisture. This
recorded weight was termed as the turgid weight (TW).After the weighing process, the leaves
were subjected to oven drying at a temperature of 60°C for a period of 48 hrs and the dried
leaves were weighed (DW).The Relative Leaf Water Content (RLWC) was calculated

employing the following formula:

rRLwe =W -DW 100
TW - FW

3.15.4 Electrolyte leakage indexing (ELI %)

The determination of the Electrolyte Leakage Index (ELI) was conducted
following the method outlined by Saini et al., (2023). Initially, leaves were washed carefully
and 50 mg of leaves from each of the treatment were weighted and immersed in 10 ml of
distilled water for a duration of 18 hrs in test tubes and the initial conductivity (Lo) of the
solution were recorded. Subsequently, test tubes containing both distilled water and the leaf
tissues were subjected to autoclaving at a temperature of 120°C for a period of 20 mins.
Following autoclaving, the conductivity of the solution (L;) was again noted. Electrolyte

Leakage Index (ELI %) was calculated utilizing the following formula:
ELI% = Lo/ L X 100
3.15.5 Total proline content

50 mg of fresh leaf material (FM) was subjected to homogenization in 2 ml of
a 3% sulfosalicylic acid solution followed by centrifugation at 12,000 rpm for duration of 10
mins. To 1 ml of the resulting supernatant, a mixture consisting of 1 ml of acid ninhydrin and
1 ml of glacial acetic acid was added. This amalgamation was subsequently boiled for a
period of 1 hr at a temperature of 100°C. The reaction was brought to a halt by placing the
test tubes containing the sample mixture in an ice bath. Following this, 2 ml of toluene was
introduced into the mixture and vigorously mixed to facilitate the separation of the layers.

The upper layer was carefully taken, and its absorbance was measured at a wavelength of 520
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nm. To determine the concentration of proline in the samples, a standard curve of L-proline

was employed (Saini et al., 2023).
3.15.6 Total phenol content

The quantification of total phenol content was conducted employing the Folin-
Ciocalteu colorimetric assay, as described by Saini et al. (2023) with modifications. 50 mg
leaf samples were subjected to homogenization in 80% methanol, followed by an incubation
period at room temperature 24 hrs. The resultant supernatant was collected after
centrifugation at 3000 rpm for 10 mins. To 100 ul of the supernatant, 0.2 ml of Folin-
Ciocalteu reagent and 2 ml of distilled water were added. The resulting mixture was then
incubated for 3 mins at room temperature. Following this, 1 ml of 20% sodium carbonate was
introduced to the mixture and the mixture was again incubated 1 hr at room temperature. The
quantification of total phenol content was accomplished by measuring the absorbance at a
wavelength of 765 nm. The quantification was performed using a standard curve of gallic

acid.
3.15.7 Superoxide dismutase activity

SOD activity of the leaf samples from each of the treatments were carried out

employing the protocol of Adhikary et al., (2022) as described in section 3.8.
3.16 Comparison of the necrosis level

Detached leaves from 30 days old cabbage plant were used to determine the
level of necrosis post infection with fungal spore (10’spore/ml) using trypan blue staining
method (Fernandez-Bautista et al., 2016). Similar methodology was used for foliar spray with
the bio-inoculum and for the spraying of fungal spores as described in the section 3.14.1.
After 5 dpi leaves from each of the treatments were washed with distilled water gently. The
leaves were then immersed in trypan blue solution (as detailed in APPENDIX II) and
incubated for 30 mins followed washing with dist. water. The leaves were then distained in
70% ethanol for overnight followed by immersion in glycerol for 6 hrs. The excess glycerol

was subsequently drained, and leaves were paper dried and photographs were taken.



CHAPTER IV
RESULTS AND DISCUSSIONS

The aim of this research focused on examining the rhizospheric bacteria
associated with healthy cabbage plants. The primary objectives were to understand these
bacteria's characteristics, their potential to enhance plant growth and their ability to combat
diseases. The study involved various aspects, including identifying and describing the
rhizospheric bacteria, investigating their ability to counteract fungal pathogens, elucidating
the mechanisms by which they achieve this through differential expressions of genes and the
production of metabolites and finally, confirming their positive effects on both plant growth
and disease management.

4.1 Isolation of the pathogenic fungi from diseased leaf of cabbage

Isolation of the pathogenic fungi was done following the methodology as
described in section 3.2.1from the diseased leaf of cabbage (Fig. 4.1). A pure fungal isolate
was recovered from mixed fungal cultures grown in PDA medium supplemented with
streptomycin (75 mg/ml) that showed typical Alternaria like colony characteristics. The
fungal isolate was isolated from the disease sample collected from the Horticulture Orchard,
AAU, Jorhat and was designated as AGILF in further experiments. To establish the
pathogenicity of AG1F, detached cabbage leaf was subjected to inoculation with a spore
suspension of the fungal isolate. This led to the development of characteristics like chlorosis
around the site of inoculation and black concentric ring spots on the cabbage leaf, consistent
with symptoms of the disease (Fig. 4.2 A- D). Subsequently, when the diseased cabbage leaf
with the black spot was introduced to the PDA medium, the re-isolation of fungi resembling
AG1F, thereby establishing the Koch’s postulates. Similar observation was also observed
with leaves of rapeseed confirming the wide range of host of the fungal isolate (Fig. 4.2 E-H).
Similar observations were also reported by Rahimloo and Ghosta (2015).

4.1.1 Morphological characterization of the pathogenic fungi

Morphological investigations of the phyto-pathogenic fungal strain AG1F
were conducted, based on its growth on Potato Dextrose Agar (PDA) medium. Initially,
AGI1F displayed a slightly yellowish to light brown colour on the PDA plate, which
subsequently darkened as it progressed. The colony exhibited a cottony mycelial texture,
maintaining a rounded form and possessing rugged margins. The fungal isolate exhibited a

distinctive pattern of zonation, achieving a diameter of more than 8 cm during a 20-day
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cultivation period on PDA at 28°C (Fig. 4.3 A). Under a light microscope, AG1F exhibited a
dichotomous branching configuration, characterized by septate hyphae (Fig. 4.3 B). The
conidia of AG1F took on a cylindrical-oblong shape, displaying a golden yellow hue and a
smooth surface (Fig. 4.3 C). These conidia were observed to be melanited with muriform in
structure. Macioszek et al. (2018) have also showed that different isolates of Alternaria
brassicae exhibited diverse cultural attributes, including variability in colony colour (white,
off-white, to light brown). The colony’s morphological traits encompassed variations in
texture (cottony to fluffy and even feathery).Colony growth rates showed variation,
encompassing slow, medium and fast growth. Colony margins also displayed diversity,
ranging from wavy and smooth to rough.

4.1.2 Molecular characterization of the fungal isolate

The molecular characterization of the pathogenic fungal isolate was conducted
by using the Internal Transcribed Spacer (ITS) primers by sequencing of the ITS region of
the fungal DNA.
4.1.2.1 Isolation and spectral analysis of fungal genomic DNA

The genomic DNA extracted from the pathogenic fungal isolate AG1F was
evaluated using agarose gel electrophoresis within a 0.8% agarose gel matrix. The presence
of intact bands within the gel substantiated the successful isolation of genomic DNA
possessing sound structural integrity; devoid of any RNA impurities (Fig. 4.4 A). Assessing
DNA quality stands as a pivotal consideration when engaging in molecular studies.
4.1.2.2 Spectral analysis of genomic DNA (Nanodrop reading)

The quantification and purity analysis of DNA sample was executed using the
NanoDrop-1000 spectrophotometer, relying on absorbance readings at 260 nm for DNA
concentration determination and 280 nm for assessing protein contamination. The 260/280
ratio of 1.89 for the fungal, AG1F DNA sample indicated the presence of pure and high-
quality DNA, with a concentration of 1126 ng/ul. Gardes and Bruns (1993) conducted a
similar investigation for fungal DNA extraction, finding the resulting DNA quality and
quantity to be dependable and satisfactory for each fungal isolate. The absorbance ratios at
260/280 nm ranged from 1.77 to 1.99, with DNA concentrations spanning 215.75 to 260.26

ng/ul.
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Fig. 4.1. Pathogenic fungi, AG1F isolated from an infected cabbage leaf (A),
AGL1F- front view (B) and AG1F- back view (C)

1 dpi

3 dpi

1 dpi

3 dpi

Fig. 4.2. Detached leaf assay showed similar black spot symptoms upon
inoculated with the spore suspension of AG1F. (A & B) Cabbage — Mock; (C & D)
AG1F Inoculated Cabbage leaf; (E & F) Rapeseed — Mock; (G & H) AG1F Inoculated

Rapeseed leaf. # Mock- sterile H,O inoculated and dpi- days post inoculation.
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Zonation

Muriform
Conidia

Fig. 4.3.Macroscopic and microscopic characteristics of the pathogenic fungal
isolate, AG1F.A. Colony morphology on PDA medium; rounded shaped, yellowish-
brown in colour with rough margins; B. Under light microscope, AG1F showed
dichotomous branching with septate hyphae, C. The conidia of AG1F are club to
oblong in shape, golden yellow, melanited with both longitudinal and transverse

section (muriform).
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4.1.2.3 PCR amplification of the genomic DNA

PCR amplification of the genomic DNA obtained was performed, targeting the
Internal Transcribed Spacer (ITS) region of the ribosomal DNA, employing ITS1 and 1TS4
primers. The ITS regions exhibit a notable level of divergence, even within species closely
akin to each other. This characteristic renders them suitable as markers for discerning
relationships among species of the same genus and closely related fungal genera (Hao et al.,
2010).

Following electrophoresis on a 1.2% agarose gel, the PCR products displayed
bands with an approximate size of around 700 base pairs (~700 bp) (Fig. 4.4 B). Several
other studies have also reported that the ITS region commonly varies within the range of 550
to 750 base pairs. This attribute renders it amenable to high-throughput sequencing
methodologies (Choi et al., 2007; Das et al., 2015).
4.1.2.4 ITS rDNA sequencing and phylogenetic analysis

The polymerase chain reaction (PCR) amplification of the Internal
Transcribed Spacer (ITS) region yielded fragments of approximately 700 base pairs (bp) in
length. Subsequently, the PCR product underwent sequencing using an ABI 377 automated
DNA Sequencer (Applied Biosystems, USA). The obtained sequence was aligned using the
Clustal W algorithm within MEGA X and the sequence's homology was scrutinized through
nucleotide BLAST (nBLAST) analysis on the NCBI platform to identify potential matches.
The BLAST outcomes for the fungal isolate AG1F indicated a homology range of 90-99%
with entries accessible in the NCBI database.

The phylogenetic tree was constructed for the fungal ITS region. The isolate
AG1F was clustered with the reference Ascomycota division and was closely related to
Alternaria brassicicola with 97% bootstrap confidence(Fig. 4.4 C).The consensus sequence
of the isolated sample generated using BioEdit (v7.2) software was submitted to the National
Center for Biotechnology Information (NCBI) database that identified the fungal isolate as
Alternaria brassicicola AG1F, with the specific accession number designated as OR186688.
The Internal Transcribed Spacer (ITS) region has been widely acknowledged as a robust
marker for delineating fungal systematics and phylogeny (Begerow et al., 2010; Bellemain et
al., 2010; Schoch et al., 2012). However, challenges in distinguishing between two fungal
species using the ITS marker have been highlighted by multiple researchers (Wiekes and
Wiederhold, 2018; Azuddin et al., 2021).
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A AG1F B L AG1F

500 bp

100 bp

C 41 Alternaria brassicicola ABA-01 (KR995754.1)
Alternaria brassicicola BHU-LMMT26(KX139159.1)
Alternaria brassicicola BHU-LMMT27(KX139160.1)

Aliernaria brassicicola AGTF (OR186588) YN
82

Alternaria solani strain BHU-LMMT17 (KX139150.1)

Alternaria brassicae strain BHU-LMIMT19 (KX139152.1)

571 Alternaria eichhorniae AG2F (OR186689)

Alternaria eichhorniae ATCC 22255 (NR 111832.1)
%8 | Alternaria alstroemeriae CBS 118809 (NR 163686 1)

72! Alternaria arborescens CBS 102605 (NR 135927 1)

Mucor irregularis CBS 103.93 (NR 172288 1)

Fusarium oxysporum 08C-M34 (AB733472.1)

oo

Fig. 4.4.PCR amplification of target ITS gene of the fungal isolate detected
on agarose gel and the phylogenetic tree. A. Genomic DNA isolated from the
fungal isolate, AG1F; B. PCR amplified ITS genomic region with size ~700 bp
detected employing 100 bp DNA ladder (Himedia, India); C. The phylogenetic
relationship between the pathogenic fungal isolate, AG1F and the type strains of
the related species is shown by employing maximum likelihood tree-based
method using Tamura Nei model on the ITS fungal gene. Branch node count
represents the bootstrap percentage obtained from 1000 bootstrap replications.
The reference sequences were retrieved from GenBank database and

accession numbers are given within brackets.
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4.2 lIsolation of rhizospheric bacteria associated with healthy cabbage plant

A total of twenty-two bacterial isolates were recovered from the rhizospheric
soil of disease free cabbage plant collected from different parts of Jorhat, Assam. Pure culture
of all the twenty- two isolates were maintained growing a single colony on NA medium at
28°C for further use.
4.3 Screening of the rhizospheric bacterial isolates for antagonistic interaction with the

pathogenic fungi, Alternaria brassicicola AG1F

All the twenty- two bacterial isolates were screened for their antagonistic
property in a dual culture plate assay following the methodology as mentioned in section
3.4.1(Fig. 3.1). Among the twenty- two bacterial isolates, only two bacterial isolates showed
antagonistic interaction with the phyto-pathogenic fungi, AG1F and were denoted as AG1B
and AG2B respectively (Fig. 4.5).

Two previously isolated bacterial isolates Serratia marcescens D1 and
Bacillus subtilis Scb-1 were obtained from the Microbial Biotechnology Lab, Department of
Agricultural Biotechnology, Assam Agricultural University, Jorhat (Hazarika et al., 2019;
Hazarika et al., 2020) and were also screened for antagonistic interaction against AG1F. Both
the bacterial isolates can successfully reduce the growth of the pathogenic fungal isolate,
AGI1F (Fig. 4.6).
4.3.1 Effect of the bacterial isolates on the radial growth of the pathogenic fungi

The antagonistic effect exerted by the four bacterial isolates, AG1B, AG2B,
Serratia marcescens D1 and Bacillus subtilis Scb-1 on the pathogenic fungi, AG1F in dual
culture condition was studied for four consecutive days (24, 48, 72 and 96 hrs respectively)
after bacterial inoculation. This showed that there is a significant increase in the colony
diameter in the monoculture condition of A. brassicicola AG1F. But the growth of the fungi
got restricted when co- cultured with each of the antagonistic bacterial isolates (Fig. 4.7).
Similar kinds of results have also been reported by Zhang et al. (2022) and Hazarika et al.
(2019).

Similar, observations were also found when the four bacterial isolates, AG1B,
AG2B, Serratia marcescens D1 and Bacillus subtilis Scb-1 was co- cultured with other
phyto-pathogenic fungi viz. Alternaria brassicae 2542, A. brassicicola 8344, A. eichhorniae

AG2F, and Fusarium oxysporum respectively (Fig. 4.8).
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AG1B + AG1F
419V + 82OV

Fig. 4.5. Antagonistic activity exerted by the rhizospheric bacterial
isolates AG1B and AG2B against the pathogenic fungi, AG1F in dual
culture condition. A and C are the pure culture of the bacterial isolates, AG1B
and AG2B respectively; B represents the monoculture of the pathogenic fungi,
AG1F; D and E represents antagonistic interactions between each of the
bacterial isolates AG1B and AG2B with the pathogenic fungi, Alternaria

brassicicola AG1F.
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B. s Scb-1

3 7o lF )

SM + AG1F
419V + L1-q2S s '9

Fig. 4.6. Endo-fungal bacterial isolate, Serratia marcescens D1 (SM) and
endophyte bacterial isolate, Bacillus subtilis Scb-1 shows significant growth
reduction of the pathogenic fungi, AG1F in dual culture experiment. Aand C

are the pure culture of the bacterial isolates, SM and B. subtilis Scb-1 respectively; B
represents the monoculture of the pathogenic fungi, AG1F; D and E represents
antagonistic interactions between each of the bacterial isolates SM and B. subtilis

Scb-1 with the pathogenic fungi, Alternaria brassicicola AG1F.
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Growth of AG1F in presence of antagonist Bacterial isolates
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Fig. 4.7. The growth of the pathogenic fungal isolate, Alternaria brassicicola
AGL1F gets retardated upon co-culture with the bacterial isolates with each of
the four bacterial isolates, AG1B, AG2B, Serratia marcescens D1 (SM) and
Bacillus subtilis Scb-1 (BsScb1).This growth reducing effect of the bacterial
isolates was recorded for four consecutive days (24 hrs, 48 hrs, 72 hrs & 96 hrs)
post inoculation with the antagonist bacterial culture. AG1Frepresents the
monoculture of the pathogenic fungi and the rest four were the respective dual-
cultures. Results were analyzed using three biological replications with each of three

technical replications and the error bar is representing the standard deviation.
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Growth of AG2F in presence of antagonist Bacterial isolates
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Fig. 4.8. The growth of the different pathogenic fungal isolates gets retardated
upon co-culture with each of the four bacterial isolates, AG1B, AG2B, Serratia
marcescens D1 (SM) and Bacillus subtilis Scb-1. (BsSchb1).This growth reducing
effect of the bacterial isolates was recorded for four consecutive days (24 hrs, 48
hrs, 72 hrs & 96 hrs) post inoculation with the antagonist bacterial culture. A, B, C &
D representgrowth reduction effects of the bacterial isolates on Alternaria brassicae
2542, A. brassicicola 8344, A. eichhorniae AG2F, and Fusarium oxysporum
respectively. Results were analyzed using three biological replications with each of

three technical replications and the error bar is representing the standard deviation.
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4.3.2 Impact of antagonist bacteria on radial growth of fungi after 20 days of co-culture

When the four bacterial isolates, AG1B, AG2B, Serratia marcescens D1 and
Bacillus subtilis Sch-1 was co- cultured with A. brassicicola AG1F till the monoculture fungal
plate reach its full growth (20 days), it showed that among the four bacterial isolates, AG1B,
AG2B, and Bacillus subtilis Sch-1 showed significant growth reduction of AG1F except S.
marcescens D1 (Fig. 4.9). S. marcescens D1 could initially reduce the growth of AG1F but for a
later period the fungi surpass the negative effects of bacteria. This could be because of the
mycophagy nature of S. marcescens D1.

The percentage inhibition (P1) was also calculated. AG1B showed the highest
inhibitory effect, with a percentage inhibition of 76.47%, against the pathogenic fungi A.
brassicicola AG1F followed by AG2B and B. subtilis Scb-1 with an inhibition percentage of
70.59% (Fig. 4.10). Gkarmini et al. (2015) has also reported Pl of beneficial bacteria on
Rhizoctonia solani.

S. marcescens D1 showed the least percentage inhibition of 29.42%. Therefore,
as S. marcescens D1 was not showing the desired effect for a longer period. Therefore, it was not
included for the rest of the study.

4.3.3 Inhibitory effect of the bacterial cell free supernatant on fungal radial growth

Agar well diffusion assay was conducted as described in the earliersection 3.4.2.
The cell free supernatant of each of the three bacterial isolates AG1B, AG2B and Bacillus subtilis
Sch-1 could be able to reduce the radial growth of the fungi, A. brassicicola AG1F in PDA
medium. Autoclaved distilled H,O was used as a control check. The boiled supernatant (denoted
as H in Fig. 4.11) of each of the bacterial isolates also could be to reduce the fungal growth
suggesting the heat stability of the active ingredients present in each of the bacterial supernatants.
The PDA medium (100 ml in molten state) was poisoned with 1 ml of each of the bacterial cell
free supernatant. It was then poured in petriplates and upon solidification the fungi, A.
brassicicola AG1F was inoculated. NB broth (1m) added to PDA medium (100 ml in molten
state) was used for the control check and data was recorded on the 10" day. This study also

showed the growth reduction of the pathogenic fungi as compared to the control (Fig. 4.11).

This suggests that the bacterial isolates are secreting some active metabolites that
have potential antifungal activity. Liang et al. (2023) and Hazarika et al. (2019) have also

reported the antifungal effect of the bacterial cell free supernatant.
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AG1F AG1B + AG1F AG2B +AGIF  B.sSch-1+AG1F SM+AG1F

Fig. 4.9. Colony morphology of the pathogenic fungal isolate, AG1F when co

Bottom View

cultured with antagonistic bacterial isolates after 20 dpi. (A)represents the
monoculture of the pathogenic fungi, Alternaria brassicicola AG1F
; (B-E) antagonistic interactions between each of the bacterial isolates AG1B, AG2B
, and Bacillus subtilis Scb-1 Serratia marcescens D1 (SM) with the pathogenic fungi,

Alternaria brassicicola AG1F
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Fig. 4.10. Percentage inhibition (PIl) Assay.AG1B showed the highest
inhibitory effect, with a percentage inhibition of 76.47%, against the
pathogenic fungi A. brassicicola AG1F followed by AG2B and B. subtilis Scb-
1 with an inhibition percentage of 70.59%. S. marcescens D1 (SM) showing
the least percentage inhibition of 29.42% probably due to its mycophagy
nature. Results were analyzed using three biological replications with each of
three technical replications.
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Fig. 4.11 Effects of the cell free supernatant of the bacterial isolates against
the fungi, AG1F. (A -C) represents the well diffusion inhibitory effects of the
bacterial supernatant. (D-E) results of the poisoned food assay
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4.3.4 Antagonistic effect of the bacterial secreted volatile organic compounds (VOCs)
When the bacteria (AG1B, AG2B and B. subtilis Scb-1) inoculated plates
were inverted on the fungal inoculated plate followed by proper sealing with parafim, it
showed that all the baterial isolates have released volatile antifungal compount that has
resulted in the growth reduction of the fungi, A. brassicicola AG1F (Fig. 4.12). Upon
incubation for longer period (360 hrs), the volatiles may get disparsed that resulted in the
increase in fungal diameter for the AG2B and B. subtilis Scb-1 treatment. Interestingly, the
effect of AGIB secreted volatiles was prominent after 360 hrs, Similar studies on bacterial

antifungal volatiles have been reported by Zhang et al. (2020) and Hazarika et al. (2019).

4.4 Microscopic observation of the in vitro bacterial-fungal interactions

Microspopic studies was done following the methodology as describes in
thesection 3.5.

4.4.1 Visualization of the in vitro interaction between antagonist bacterial isolates
(AG1B, AG2B and B. subtilis Scb-1) and the pathogenic fungi, A. brassicicola
AG1F under light microscope

Under light microscope, the hyphae of AG1F from the monoculture plate
showed normal morphology of the hyphae and noted their regular lengths, smooth surfaces,
and intact structures. However, in the bacterial interaction plate, the mycelia of AG1F
displayed wrinkled surfaces and deformities (Fig. 4.13). This suggests the antifungal nature
of each of the bacterial isolates (Tendulkar et al., 2007).

4.4.2 Visualization of the in vitro interaction between antagonist bacterial isolates
(AG1B, AG2B and B. subtilis Scb-1) and the pathogenic fungi, A. brassicicola
AGI1F under Scanning Electron Microscope (SEM)

The hyphae from the interaction zone showed notable morphological
anomalies, characterized by surface wrinkling and structural deformities under SEM as
compared with the hyphae from the monoculture condition. The hyphae became thick and
clumped forming protoplast balls (Fig. 4.14). Similarly, the conidia from the dual culture
interaction plate showed abnormal deformities, rough and wrinkled surface. The AG1B
treated conidia also exhibited bubble like morphology with pore formation (Fig 4.15). Similar
kind of observation has been reported by Zhang et al. (2022) upon treatment of the
pathogenic fungal hyphae with the bacterial fengycin.
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Blank AG1B B. s Scb-1 AG2B

Fig. 4.12. Effect of Bacterial Volatiles on the linear growth of the pathogenic
fungal isolate, AG1F.(A) Monoculture of AG1F in different time intervals; (B, C, & D)
represents AG1B, B. s Scb-1 and AG2B released volatile has showed a significant
reduction in the colony diameter of the pathogenic fungi, AG1F upon cultured for 15
days the effect of volatiles decreases (C & D). AG1B have the highest growth
reduction effect on fungi.
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Fig. 4.13. Light microscopic study of the antagonistic effects of the
bacterial isolates B. subtilis Scb-1, AG1B and AG2B on Alternaria
brassicicola AG1F. (A & B) Representative monoculture and dual-culture
with the interacting zone; (C) Monoculture, AG1F showing the normal hyphae
with normal hyphae; (B, C & D) The mycelia of AG1F interacted with each of
the three bacterial isolates respectively showed hyphae with abnormal
feature. Hyphae became clumped and shrinked.
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Fig. 4.14. SEM study of the antagonistic effects of the bacterial isolates B.
subtilis Scb-1, AG1B and AG2B on Alternaria brassicicola AG1F. (A)
Representative interacting zone; (B)Monoculture, AG1F showing the normal hyphae
with regular lengths, smooth surfaces and intact structures;(B, C & D) The mycelia
of AG1F interacted with each of the three bacterial isolates respectively showed
wrinkled surfaces and deformities. Abnormal swelling and formation of protoplast

balls of hyphae also appeared in the treated group.
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Fig. 4.15. SEM study of the antagonistic effects of the bacterial isolates B.
subtilis Scb-1, AG1B and AG2B on the conidia of Alternaria brassicicola
AG1F.(A) Club shapped Conidia of AG1F with smooth surface; (B & F) Conidia of
AG1F showing morphological abnormalities with wrinkled and rough surface when
interacted with B. subtilis Scb-1and AG2B respectively; (C,&D) Conidia of AG1F
showing similar morphological abnormalities with wrinkled andrough surface with
deformities resulting in pore like or bubble like structure (Zoomed View of D) on the
conidia when interacted with AG1B.



4.5 Characterization of the bacterial isolates having antifungal property

interaction with the pathogenic fungal isolate, A. brassicicola AGL1F were further

The rhizospheric bacterial isolates AG1B and AG2B showing antagonistic

characterized based on their morphological, biochemical and molecular properties.

4.5.1 Morphological characteristics of the bacterial isolates

colony morphology when grown in NA medium. Under SEM, the bacterial isolates AG1B
and AG2B showed rod in shape with size of 1.735 pum, 644.5 nm and 3.094 um, 821.8 nm

respectively (Fig. 4.16). Some of the morphological features have been shown in the Table

Both the bacterial isolates AG1B and AG2B are gram positive showing round

4.1 below:

Table 4.1 Morphological characteristics of the bacterial isolates

SI. No. Characteristics AG1B AG2B

1 Gram’s Staining Gram Positive Gram Positive

2 Cell Shape Rod Rod

3 Colony morphology ~ Round,slimmy,rough surface Round; rough surface
4 Oxygen requirement  Aerobic Aerobic

5 Pigment Negative Negative
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Fig. 4.16. Morphological characteristics of the bacterial isolates AG1B and
AG2B. (A & C) represents the colony morphology of AG1B and AG2B respectively in
NA medium at 28 °C, (B & D) Gram’s staining of the bacterial isolate, AG1B and
AG2B respectively; (E & F) Scanning electron microscopic image of bacterial
isolates AG1B and AG2B.



4.5.2 Biochemical characteristics of the bacterial isolates

82

The bacterial isolates with promising antifungal activity were subjected to

biochemical characterization. And the results obtained are shown in the Table 4.2.

Table 4.2 Results of biochemical characterization of the bacterial isolates

SI. No. Test/ Sugar AG1B AG2B
1 Indole Negative Negative
2 Methyl Red Negative Negative
3 Voges Proskauer's Negative Negative
4 Citrate Utilisation Positive Positive
5 Glucose Positive Positive
6 Adonitol Negative Negative
7 Arabinose Positive Positive
8 Lactose Negative Negative
9 Sorbitol Negative Negative
10 Mannitol Positive Positive
11 Rhamnose Negative Negative
12 Sucrose Positive Positive
13 Xylose Negative Negative
14 Maltose Negative Positive
15 Fructose Negative Positive
16 Dextrose Positive Positive
17 Galactose Negative Negative
18 Raffinose Negative Negative
19 Trehalose Negative Positive
20 Melibiose Negative Positive
21 Mannose Negative Negative
22 Inulin Negative Negative
23 Sodium gluconate Negative Negative
24 Glycerol Negative Negative
25 Salicin Negative Negative




26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

Dulcitol

Inositol

Avrabitol

Erythritol

Alpha- methyl-glucoside
Rhamnose

Cellobiose

Melezitose
Alpha-Methyl-D-Mannoside
Xylitol

ONPG

Esculin hydrolysis

D Arabinose

Malonate Utilization
Sorbose

Lysine Utilization
Ornithine Utilization
Urease

Phenylallanine deamination
Nitrate Reduction

H,S production

Catalase

Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Positive
Negative
Negative
Negative
Negative
Negative
Positive
Negative
Negative
Positive

Positive

Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Positive
Positive
Positive
Negative
Negative
Negative
Negative
Positive
Negative
Negative
Positive

Positive

4.5.3 Molecular characteristics of the rhizobacterial isolates
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The molecular characterization of the rhizospheric bacterial isolate was

conducted by using the 16S rRNA gene primers by sequencing of the 16S rRNA region of the

bacterial DNA.

4.5.3.1 Isolation and spectral analysis of bacterial genomic DNA

The genomic DNA extracted from the rhizospheric bacterial isolates AG1B

and AG2B was evaluated using agarose gel electrophoresis within a 0.8% agarose gel matrix.

The presence of intact bands within the gel substantiated the successful isolation of genomic
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DNA possessing sound structural integrity; devoid of any RNA impurities (Fig. 4.17 A).

Assessing the quality of DNA is very important while engaging in molecular studies.
4.5.3.2 Spectral analysis of genomic DNA (Nanodrop reading)

The quantification and purity analysis of DNA samples were executed using
the NanoDrop-1000 spectrophotometer, relying on absorbance readings at 260 nm for DNA
concentration determination and 280 nm for assessing protein contamination. The 260/280
ratio of DNA sample of AG1B and AG2B are 1.85 and 1.89 respectively, indicating the
presence of pure and high-quality DNA, with a concentration of 1225 ng/ul and 1254 ng/ul

respectively.
4.5.3.3 PCR amplification of the genomic DNA

PCR amplification was done by using the 16S rRNA specific primers. Following
PCR, the product was visualized on a 1.2% agarose gel that showed approximately 1500 bp
PCR product (Fig. 4.17 B) indicating positive amplification of 16S rRNA gene.

4.5.3.416S rRNA gene sequencing and phylogenetic analysis

The polymerase chain reaction (PCR) amplification of 16S rRNA gene yielded
fragments of approximately 1500 bp in length. Subsequently, the PCR product underwent
sequencing using an ABI 377 automated DNA Sequencer (Applied Biosystems, USA). The
obtained sequence was aligned using the Clustal W algorithm within MEGA X and the
sequence's homology was scrutinized through nucleotide BLAST (nBLAST) analysis on the
NCBI platform to identify potential matches. The BLAST outcomes for the bacterial isolate
AG1B and AG2B indicated a homology range of 90-99% with entries available in the NCBI

database.

The phylogenetic tree was constructed for the 16S rRNA gene. The isolate
AG1B and AG2B was clustered with the reference Bacillaceae family and were closely
related to Bacillus amyloliquefaciens and Bacillus subtilis respectively with 70% and 78%
bootstrap confidence(Fig. 4.17 C).The consensus sequence of the isolated sample generated
using BioEdit (v7.2) software was submitted to the National Center for Biotechnology
Information (NCBI) database that identified the bacterial isolates as Bacillus
amyloliquefaciens AG1Band Bacillus subtilis AG2B with the specific accession number
designated as OR186676 and OR186677 respectively.
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Bacillus subtilis DSM 10 (NR. 027552.1)
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Bacillus subtilis AG2B (OR186677)%
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Bacillus subtilis NBRC 13719 (NR 112629.1)

Bacillus pumilus ATCC 7061 (NR 043242.1)
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® | Bacillus pumilus ATCC 14884 (MN456845.1)

Bacillus cereus ATCC 14579 (MGT08176.1)
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Fig. 4.17.PCR amplification of target 16s rRNA gene of the bacterial isolates
detected on agarose gel and the phylogenetic tree.(A)Genomic DNA isolated
from each of the bacterial isolates, AG1B and AG2B; (B) PCR amplified 16s
rRNAgenomic region with size ~1.5Kb detected usingl Kb DNA ladder (Himedia,
India); (C) The phylogenetic relationship between the each of the bacterial
isolatesAG1B & AG2B (denoted with *)and the type strains of the related species
is shown by employing maximum likelihood tree-based method using Tamura Nei
model on the 16S rRNA gene. Branch node count represents the bootstrap
percentage obtained from 1000 bootstrap replications. The reference sequences
were retrieved from GenBank database and accession numbers are given within
brackets.
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4.5.4 Screening of the plant growth promoting traits of the bacterial isolates

The two rhizobacterial isolates Bacillus amyloliquefaciens AG1Band Bacillus
subtilis AG2B along with the endophytic bacterium, Bacillus subtilis Sch-1 were studied for

their plant growth promoting traits.
4.5.4.1 Indole-3-Acetic acid (IAA) production

All the three bacterial isolate, B. amyloliquefaciens AG1B, B. subtilis AG2B
and B. subtilis Scb-1 are able to produce IAA and the concentration of IAA was found to be
152.56+ 0.87 ug/ml, 97.89 + 0.52 pg/ml and 58.64 + 0.87 ug/ml respectively. Idris et al.
(2007) reported that B. amyloliquefaciens FZB42 harbours genes for IAA production.
Mutation of the genes decreases the plant growth potential of the bacterium.

4.5.4.2 Phosphate Solubilization.

B. amyloliquefaciens AG1B, B. subtilis AG2B and B. subtilis Scbh-1 exhibited
mild phosphate solubilization efficiency as very minimal halo zone as shown in the
Fig.4.18A. Ghosh et al., (2016) studied the phosphate-solubilizing Burkholderia strains (B.
tropica P4 and B. uname P9), that colonize in the rhizoids of Lycopodium. You et al., (2020)
isolated Burkholderia cenocepacia CR318 and elucidated its role in enhancing corn growth
through the solubilization of inorganic tricalcium phosphate and potassium. Furthermore,
Tian et al.(2021) explored the potential of phosphate-solubilizing microbes for mitigating soil
phosphorus deficiency and therefore can be an environmentally sustainable alternative to
conventional chemical fertilizers, promoting both greener agricultural practices and enhanced
yield efficiency.

4.5.4.3 Zinc Solubilization

B. subtilis Scb-1 showed the highest zinc solubilization followed by B. subtilis
AG2B and B. amyloliquefaciens AG1B (Fig.4.18B). Zinc holds a crucial function in the
synthesis of chlorophyll. Rhizobacteria with the capability to solubilize zinc oxide, zinc
phosphate and zinc carbonate have been documented in prior studies (Saravanan et al., 2007).

4.5.4.4 Potassium Solubilization

None of the bacterial isolates showed could solubilize potassium.In response

to the constraints posed by chemical fertilizers, potassium solubilizing microorganisms
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(KSM) are being employed in commercial applications as biofertilizers and inoculants (Sattar
etal., 2019).

4.5.4.5 Sulphur Solubilization

All the three bacterial isolates, B. amyloliquefaciens AG1B, B. subtilis AG2B
and B. subtilis Sch-1 showed yellow halo zone formation confirming that it could solubilize
the thio-sulphate present in the medium (Fig.4.18 C). Sulfur, existing in the sulfate form,
stands as a fundamental nutrient imperative for plant growth. Bacteria possessing the capacity
to convert reduced sulfur compounds into sulfate play a crucial role in facilitating sulfur
nutrition for plants (Rani et al., 2023).

4.5.4.6 Siderophore production

Siderophore activity has been shown by all three bacterial isolates, B.
amyloliquefaciens AG1B, B. subtilis AG2B and B. subtilis Scb-1 (Fig.4.18D). Siderophore
production by microorganisms has garnered significant attention for its diverse applications
across agricultural disciplines, including soil science, environmental sciences, andplant
pathology. Siderophores are organic compounds characterized by their low molecular weight
(< 10 kDa) and high specific affinity for iron chelation (Oswald, 2010). Bacteria produce
siderophores falling into four distinct groups: catecholates, hydroxamates, salicylates, and
carboxylates (Rajkumar et al., 2010). These compounds play a pivotal role in the
sequestration of iron from various organic sources. Prominent genera of siderophore-
producing bacteria encompass Rhizobium, Arthrobacter, Azospirillum, Pseudomonas,
Azotobacter, Bacillus, Acinetobacter, Alcaligenes, Beijerinckia, Burkholderia, and
Enterobacter (Ghazy and Nahrawy, 2021; Sinha and Parli 2020; EI-Nahrawy et al., 2019;
Bashan et al., 2014; Grobelak and Hiller 2017; Ghavami et al., 2016).
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Fig. 4.18.Plant growth promoting traits of the bacterial isolates.(A) Bacterial
isolates - B.subtilisScb-1 (2), AG1B (3), AG2B (4) showing the solubilization of
phosphates. Serratia marcescens D1 (1) was taken as a positive control; (B) Zinc
solubilizing efficiency of the bacterial isolates B. s Scb-1 (1), AG1B (2) and AG2B
(3); (C) Sulphur solubilizing efficiency of the bacterial isolates AG1B (1), AG2B (2),
and B. s Scb-1 (3); (D) Siderophore production by the bacterial isolates AG1B,
AG2B, and B. subtilis Scb-1. (1) Represents the growth of the individual bacterial
isolates on Tryptic Soya Agar; (2) Addition of CAS Agar. The CAS/HDTMA
complexes exhibit a strong affinity for ferric iron, resulting in the formation of a blue
color complex.; (3) However, when a potent iron chelator like a siderophore extracts
iron from the dye complex, the color undergoes a transition from blue to orange-
yellow. All the experiments were repeated thrice.
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4.6 Comparative analysis of SOD activity of the interacting microbial partners during

monoculture and dual culture condition

The investigation revealed a significantincrease in the activity of superoxide
dismutase (SOD) during the dual culture scenario involving A. brassicicola AGLF in
conjunction with each of B. subtilis Scb-1, B. amyloliquefaciens AG1B,andB. subtilis AG2B,
as opposed to their individual monoculture conditions (Fig. 4.19). This observation strongly
suggests an increased generation of reactive oxygen species (ROS) as an outcome of the
interactions between these bacterial and fungal entities. Superoxide dismutase (SOD) is an
enzyme that plays a pivotal role in detoxifying superoxide radicals (*O; ), a type of ROS, by
converting them into less harmful hydrogen peroxide (H,O,) and molecular oxygen (Oy).
Elevated SOD activity in the dual culture condition points to an escalated rate of superoxide
radical generation, which is likely a result of the intricate interplay between the bacteria and
the fungus. This study clearly showed the increase in SOD activity in the dual culture
coindition with the increase in incubation time. This also indicates the increase in ROS
generation with time. Dullah et al.(2021) has also reported similar increase in SOD activity
during fungal- fungal interaction. Hassett et al., (1995) reported that FeSOD is the key

enzyme maintaining the oxidative stress in Pseudomonas aeruginosa.
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Fig. 4.19. Comparative profile of the Superoxide Dismutase Activity. (A) SOD
activity during the antagonistic interaction between Bacillus subtilis Scb-1 and
Alternaria brassicicola AG1F and their respective monoculture condition; (B) SOD
activity during the antagonistic interaction between B. amyloliquefaciens AG1B and
A. brassicicola AG1F and their respective monoculture condition; (C) SOD activity
during the antagonistic interaction between B. subtilis AG2B and A. brassicicola
AG1F and their respective monoculture condition.(Level of significance with
p<0.05).



91

4.7 Differential expression analysis of key fungal genes during antagonist

bacterial and pathogenic fungal interactions

Quantitative Real time PCR (gRT-PCR) analysis of five fungal genes
important for maintaining pathogenicity and cellular homeostasis was performed
during the dual culture of each of Bacillus subtilis Sch-1, B. amyloliquefaciens
AGI1B and B. subtilis AG2B with Alternaria brassicicola AG1F in different time
intervals (24 hrs and 72 hrs of dual-culture condition).The genes used in this study
viz., AbSte7, Amk1(regulates the gene expression of hydrolytic enzyme in fungi for
plant cell invasion), Amk2, Hogl and MAP kinase gene related to the pathogenicity
of the fungus and maintaining cell wall integrity; and AbPf2 gene encode a
transcription factor which is also related to the pathogenicity of the fungi, Alternaria
brassicicola. It can be clearly seen from the Fig. 4.20 (A, B and C) that there is a
transcriptional up-regulation of all the genes during 24 hrs of dual culture condition.
However, gene related to the pathogenicity of the fungi, Alternaria brassicicola
AGLF gets significantly down regulated after 72 hrs of dual culture condition. This
might be due to the compounding effect of bacterial antifungal compounds secreted
during the exponential phase of bacterial growth. Interestingly the gene related to
maintain cellular integrity, Amk2 and Hogl showed significant up-regulation. The
probable reason could be for the defense against bacterial metabolites that targets
cell membrane damaged. The microscopic observation in this study also showed
deformities in hypha and conidia membrane in the dual culture condition. On
contrary, in the interacting between B. subtilis Sch-1 and A. brassicicola AG12F, the
expression of Hogl gene showed more than 10 fold up-regulations during the 24 hrs
incubation. Whereas, the expression becomes low when incubated for the 72 hrs.
Previous studies have also showed that the mutation in genes related to the
pathogenicity and cell wall integrity of A. Brassicicola decreases its pathogenicity
and the fungus became sensitive to phytoalexins (Joubert et al., 2010, Cho et al.,
2013, Xu et al., 2013, Lu et al., 2019).
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Fig. 4.20. Differential expression of key fungal genes during the interaction

between each of(A) Bacillus subtilis Scb-1, (B) B. amyloliquefaciens AG1B and
(C) B. subtilis AG2B with A. brassicicola AG1F in different time intervals. (I 95

of significance with p <0.05 is denoted with * and p <0.001 is denoted with**).

4.8 Metabolite profiling during in vitro antagonist bacterial and pathogenic fungal

interactions
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To study into the bacterial secondary metabolites with antifungal
properties each of the bacterial isolates Bacillus subtilis Scb-1, B. amyloliquefaciens
AG1B and B. subtilis AG2B was allowed to interact with Alternaria brassicicola AG1F
for 72 hrs. Followed by sample collections, metabolite extractions, LC-MS analysis and

data interpretation.

Interestingly, in each of the dual culture plates multiple fractions of
surfactin (C13 to C16) have been identified with molecular weight ranging from 1008.8
to 1050.1 g/mol respectively. Along with surfactin, other lipopeptides like iturin D
(1049.9 g/mol) was also detected in the samples. All this compounds have been
previously reported in many studies with potential antifungal effect. The result from the
LC-MS study is validating the membrane damage (lipopeptide mediated) of the fungi
and these metabolites might have a role in the regulation of important fungal genes for
pathogenicity and cell wall integrity. Compounds identified from the LC-MS in all the
conditions with antifungal property have been listed below in Table4.2.

4.9 Thin Layer Chromatography (TLC) of the crude bacterial metabolite extracts

The methanol extracts of each of the bacterial cell free extracts were
subjected to TLC characterization using chloroform: methanol: water-39:15:3 (v/v) as
the mobile phase. After the solvent front reached a certain height, the TLC plate was
carefully air dried and sprayed with water that reflects the lipopeptide fronts in the TLC
plate. The retention factor (Ry) value was calculated. The R; of all the fractions

belonging to the respective sample as shown in Fig. 4.21 ranges from 0.90 to 0.92.

Meena et al. (2021) has also reported the similar R¢ value using standards
of iturin, surfactin and purified surfactin isolated from Bacillus velezensis KLP2016

using the same mobile phase.

Therefore, the results obtained from the LC-MS study was further
validated by TLC characterization.
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Table 4.3 List of bacterial secondary metabolites having antifungal property detected in
this study by using LC-ESI-MS

Compound Name Adduct lons Relative intensity ~ Predicted Mol. Wt. (g/mol)

Surfactin, C14 M+ H, M+Na 100 1022.8

Macrolactin A M+H 100 403.3

Suractin C15 M+ H, M+K 100 1036.8

Suractin C13 M -1 100 1008.8

Suractin C16 M-1 100 1050.1

Iturin A M+H, M+2H, 100 1043.9
M+NH,4

B.s Scbh-1 AG1B

Solvent front

} <+ Sample front
Rf=0.9-0.92

B.s Sch-1 AG1B AG2B

Fig. 4.21.TLC confirmation of the bacterial lipopeptide.
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4.10 Whole genome sequencing and de novo assembly of Bacillus amyloliquefaciens
AG1B

The whole genome sequencing of the potential bacterial isolate AG1B
showing percentage inhibition of 76.47 % against the fungal pathogen, Alternaria
brassicicola AG1F was done, and de novo assembly of the genome was performed. This
showed the genome 03,894,346 bp in size (Fig. 4.22) with 38 scaffolds, of which the largest
scaffold is 1,118,293 bp in size and N50 value of 9,92,324 bp with identity of 99.3% having
1295X depth coverage. The gene ontology and functional annotation of the genome resulted
in 3716 CDS. 4 rRNA and 80 tRNA regions (Fig. 4.23 and 4.24). The important gene for
plant growth promotion and the secondary metabolite gene was predicted using AntiSMASH
and showed in the Table. 4.4.

Table 4.4 List of important genes conferring to plant growth promoting and
antifungal compound production

Genes

Associated Functions

trpB, trpA, trpC

IAA synthesis

moaA, moaB

Nitrogen utilization

corA_1, corA_2, mgtE

Magnesium Utilization

pstA, pstB, pstS

Phosphate solubilisation

epsF2, epsO, epsN, epsM,
epsL, epsK, epsD

Exopolysaccharide production

dhbC, dhbF

Siderophore synthesis

srfAB, srf AA, srfAC

Surfactin synthesis

fenF

Fengycin synthesis

baeB, baeC, baeD,
baeE_2, acpl, pksG_1

Bacillaene and other polyketide synthesis

Itu_A

Iturin synthesis

bacD Bacillomycin D synthesis

tmrB Tunicamycin resistant protein (Confirms its
rhizobacterial nature)

yuaD, yuaF Putative metal-sulfur cluster biosynthesis

(Confirms its rhizobacterial nature)
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The pan genome phylogeny has been prepared across all the available draft
assembly of the different strains of this bacterium using Roary. The average nucleotide
identity has been performed with the closest strain using the FastANI tool. The annotated

genome matched with Bacillus amyloliquefaciens BA11 and showed 99.45 % ANI score.



agannot
GCF 024539575.1 ASM2453957v1 genomic.fna
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GCF 026123105.1 ASM2612310v1 genomic.fna
GCF 017948535.1 ASM1794853v1 genomic.fna
GCF 007923205.1 ASM792320v1 genomic.fna
GCF 900245865.1 Ba.Jxnu-18.1 genomic.fna
GCF 011754125.1 ASM1175412v1 genomic.fna

vl genomic.ina

GCF 018502525.1 ASM1850252v1 genomic.fna
GCF 030269725.1 ASM3026972v1 genomic.fna
GCF 017357905.1 ASM1735790v1 genomic.fna
GCF 001874385.1 ASM187438v1 genomic.fna
GCF 001483885.1 ASM148388v1 genomic.fna
GCF 001469685.1 ASM146968v1 genomic.fna
GCF 030284565.1 ASM3028456v1 genomic.fna
GCF 001889285.1 ASM188928v1 genomic.fna

GCF 000508265.1 ASM50826v1 genomic.fna
GCF 019458775.1 ASM1945877v1 genomic.fna
GCF 013122255.1 ASM1312225v1 genomic.fna
GCF 014622745.1 ASM1462274v1 genomic.fna
GCF 008534375.1 ASM853437v1 genomic.fna
GCF 024452365.1 ASM2445236v1 genomic.fna
GCF 023920185.1 ASM2392018v1 genomic.fna

GCF 002024555.1 ASM202455v1 genomic.fna
E GCF 020536055.1 ASM2053605v1 genomic.fna
GCF 020311635.1 ASM2031163v1 genomic.fna

GCF 029371985.1 ASM2937198v1 genomic.fna
GCF 027594525.1 ASM2759452v1 genomic.fna
GCF 000242855.2 ASM24285v2 genomic.fna
GCF 001586105.1 ASM158610v1 genomic.fna
GCF 000469015.2 BA1 genomic.fna

GCF 018363035.1 ASM1836303v1 genomic.fna

FastANI Results

Successfully queried every assembly. Results are sorted by ANI Match, with the highest match at the bottom.

Note: No ANI output is reported for a genome pair if the ANI value is much below 80%. See the documentation for more information.

QUERY REFERENCE ANI ESTIMATE MATCHES TOTAL VISUALIZATION

assembly ref 99.4533 1266 1287 PDF

Fig. 4.25. Pan Genome phylogeny showing the Average Nucleotide Identity
score of 99.4533

99



100

4.11 Differential expression analysis of genes involved in the biosynthesis of bacterial
secondary metabolites in the monoculture and interacted dual culture conditions in

different time intervals

Quantitative Real time PCR (qRT-PCR) analysis of five genes involved in the
biosynthesis of bacterial secondary metabolites was performed during the dual culture of each
of Bacillus subtilis Sch-1, B. amyloliquefaciens AG1B andB. subtilis AG2B with Alternaria
brassicicola AGLF in different time intervals (24 hrs and 72 hrs of dual-culture
condition).The genes used in this study viz., SIfAB (involved in surfactin biosynthesis); dhbF
(siderophore synthesis); fenF (fengycin synthesis), bacD (bacillomycin synthesis); and ItuA
(iturin synthesis). All are related to the production of antifungal metabolites. It can be clearly
seen from the Fig. 4.26 (A, B and C) that there is a transcriptional down-regulation of all the
genes during 24 hrs of dual culture condition. However, all five genes in all the dual culture
condition significantly up regulated after 72 hrs of dual culture condition. As the bacterial
secondary metabolite synthesis starts in the exponential phase of bacterial growth so there is a
significant down- regulation of the secondary metabolites biosynthesis genes. While, during
72 hrs of incubation the bacteria reach the exponential phase and thus we have seen
transcriptional; up-regulation of all the gene during the antagonistic bacterial fungal
interaction. The results of the gRT-PCR analysis further confirm the LC-MS based
metabolite prediction. Moreover it can be concluded that due to involvement of these
antifungal metabolite synthesis genes, each of the bacteria are able to show antagonism

against the pathogenic fungi.
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Fig. 4.26. Differential expression of key genes involved in the

biosynthesis of bacterial secondary metabolites during the interaction
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4.12 Evaluation of the plant growth promoting efficacy of Bacillus subtilis Scb-1,
Bacillus amyloliquefaciens AG1B, and Bacillus subtilis AG2B

All the three bacterial isolates, B. subtilis Sch-1, B. amyloliquefaciens AG1B,
and B. subtilis AG2B were found to have plant growth promoting traits. Therefore, these

isolates were used to evaluate their plant growth promotion ability in pot culture experiments.
4.12.1 Effect of bacterial priming on seed germination after 7 days

The seeds of cabbage and rapeseed were collected and by following the
procedure as described in section 3.14.1 seeds were bio-primed. Bio-primed seeds of cabbage
and rapeseed showed better germination percentage as compared to the control with increased

shoot and root length.

Seeds of cabbage were procured from Sungro Seed Company, and they have
listed that the average germination percentage of the cabbage (Savitri) seed to be 70%.
Interestingly, the bio-primed seeds showed an increase in germination percentage of 80%
whereas the un-primed seed remained around 70% (Fig.4.27 A). The result of this experiment
positively correlates with the IAA production capacity and bio-control activity of each of the
bacterial isolates. The practice of seed bio-priming has gained significant interest due to its
capability to stimulate seed germination and offer initial support for seedling growth,
particularly in challenging environmental conditions. Seeds of carrots showed better
germination and growth when bio-primed with potential bacterial isolates (Fidoro et al.,
2023).

Similarly, seeds of rapeseed (TS-67) also showed increased germination
percentage and increased root and shoot length (Fig. 4.27 B) as compared with the un-primed

seeds as mock.
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Fig. 4.27. Bio-priming increased the germination percentage, root and
shoot length of cabbage (A) and rapeseed (B). The values represent the
cumulative of results of three independent biological replications with three
technical replications.(Statistical significance was calculated using SPSS 25.0
software by one-way Analysis of Variance (ANOVA). Duncan multiple range
test was performed to study the level of significance among the treatments
(p=0.05).
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4.12.2 Effect of bacterial priming on cabbage after 30 days

The bio-primed seeds of cabbage after germination was carefully transplanted
to soil for pot culture experiments. The unprimed plants were divided into two groups and

one group was kept at mock and the other group was treated with commercials fungicide.

The bacterial treated plant showed significant plant growth promotion (Fig.
4.28). The bio-primed plants showed an increase in shoot and root length as compared with
the unprimed mock plant. Similarly, the number of leaves has also increased in the bio-

primed plants that have also increases the leaf area index (Fig. 4.29).
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Fig. 4.29.Bacterial priming enhances the root length (A- Representative
Image of the increased root length), shoot length (B), leaf count (C)
and leaf area index (D). (Statistical significance was calculated using
SPSS 25.0 software by one-way Analysis of Variance (ANOVA). Duncan
multiple range test was performed to study the level of significance among
the treatments (p <0.05)
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4.12.2 Elucidating the biocontrol efficiency of each of Bacillus subtilis Scb-1, Bacillus
amyloliquefaciens AG1B and Bacillus subtilis AG2B against Alternaria

brassicicola AG1F in cabbage

4.12.2.1 Impact of Foliar Application of Bio-inoculants on Disease Suppression in
Cabbage

A foliar application with each of the Bacillus subtilis Scb-1 (B.s Scb-1
treated), Bacillus amyloliquefaciens AG1B (AG1B treated), and Bacillus subtilis AG2B
(AG2B treated) was done on a 45 days old bio-primed cabbage plant. The mock was sprayed
with distilled water and divided into two groups. One is for absolute control (Mock) and the
other is for positive control of disease development (Fungi Infected, FI) and the other control
group was treated with fungicide (Fungicide treated). Following this, all the plants were
sprayed with the spore suspensions of Alternaria brassicicola AG1F. The results were
recorded after seven days of post inoculation with the fungi. This showed that the foliar
application of the bio-inoculum efficiently reduces the disease severity index as compared to
that of the fungi infected plant. Moreover, there was less number of lesion count and size
(Table 4.5 and Fig. 4.30).

Table 4.5 Outcome of the foliar application of the bio-inoculum on disease management

Sample No. of leaves No. of Lesion Disease
with lesion  lesion/ leaf Diameter  Severity Index

Mock inoculated 0 0 0 0

Fungi Infected (FI) 6 4.33 1.67 93.33
Fungicide treated 2 1.33 0.2 13.33
B. s Scb-1 treated + FI 1 1 0.2 6.67
AGI1B treated + Fl 1 1 0.2 10.00
AG2B treated + FI 1 1.33 0.2 13.33

4.12.2.2 Comparison of the necrosis level

Trypan blue staining of the leaf collected from each of the treatments was
done to visualize the level of necrosis. This showed that the pathogen can only cause necrosis
in the untreated plant leaf. The rest of the leaf treated with bio-inoculum has no visible
necrosis (Fig. 4.31).



107

Mock Inoculated Fungn Infected (Fl) Funguclde Treated+Fl B.SScb-1treated+Fl AG1B treated +Fl AG2Btreated+Fl

Fig. 4.30 Phenotypic observation of the effect of foliar application of bio-
inoculums on disease management



108

Mock Fungi Fungicide B. s SCB-1 AG1B AG2B
Treated Infected Treated Treated Treated Treated

L

Fig. 4.31. Trypan blue staining of the leaf showing the level of necrosis;

Mock- is the absolute control with no fungal or bacterial inoculation; Fungi
treated — the positive control for disease incidence inoculated with the fungal
spore of Alternaria brassicicola AG1F; Fungicide treated — the fungicide
treated plant inoculated with fungal spore of Alternaria brassicicola AG1F; B.s
Scb-1 treated — B. subtilis Scb-1 treated plant inoculated with fungal spore
suspensions of Alternaria brassicicola AG1F; AG1B treated — B.
amyloliquefaciens AG1B treated plant inoculated with fungal spore
suspensions of Alternaria brassicicola AG1F; AG2B treated — B. subtilis AG2B
treated plant inoculated with fungal spore suspensions of Alternaria
brassicicola AG1F
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4.12.2.3 Analysis of the physiological and biochemical changes during biotic stress
alleviation

During stress, plant alters its physiological and biochemical properties.
Therefore, study of these physiological and biochemical changes are very crucial during
the tripartite interaction between the beneficial bacteria, the pathogenic fungi and the host
plant. All the analysis was done from the leaf sample collected after 7 days post infection.
4.12.2.3.1 Total chlorophyll estimation.

One of the most important outcomes of infection with necrotropic fungal
pathogen like Alternaria brassicicola is the damage of the chloroplast system and the
decrease in total chlorophyll level (Macioszek et al., 2020). The results of the total
chlorophyll content in this study clearly showed the positive impact of bio-priming and
foliar application of the bacterial cultures prior to the fungal infection. The total
chlorophyll content of cabbage leaf treated with each of the bacterial isolates (Bacillus
subtilis Scb-1, Bacillus amyloliquefaciens AG1B, and Bacillus subtilis AG2B) prior to
infection with Alternaria brassicicola AG1F was found to be almost similar with the
absolute control leaf sample (Mock). Whereas, the chlorophyll content in the fungi infected
gets significantly reduced (Fig. 4.32 A).
4.12.2.3.2 Relative leaf water content.

The relative leaf water content of cabbage leaf treated with each of the
bacterial isolates (Bacillus subtilis Scbh-1, Bacillus amyloliquefaciens AG1B and Bacillus
subtilis AG2B) prior to infection with Alternaria brassicicola AG1F was found to be
significantly higher than that of the fungi infected leaf sample (Fig. 4.32 B).
4.12.2.3.3 Electrolyte leakage indexing (EL1%)

The ELI % of the fungi infected leaf sample was found to be the highest
(33.33%) but in the bacterial treated samples ELI % was found to be very minimum, same
as that of the absolute control sample. This suggested that in the fungi infected leaf sample
the fungi might have secreted cell wall degrading enzymes or any toxins, having potential
to damage in the host cell membrane that counts for the high electrolyte leakage. There is
very less electrolyte leaking in the bacterial treated leaf samples suggesting their potential
bio-control efficacy (Fig. 4.32 C).
4.12.2.3.4 Total proline content

Proline is an osmolyte and a stress marker molecule. High proline content
corresponds to the stress condition. Therefore, in the fungi infected sample the content of

the proline was found to be maximum (0.56 pg/mg F.W of the sample) then that of all the
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bacterial treated samples and the mock suggesting that the bacterial treated plants exhibited
no biotic stress (Fig. 4.32 D).
4.12.2.3.5 Total phenol content

The total phenol content in the bacterial treated samples was found to be
higher than that of the fungi infected sample. This might be due to the bacterial mediated
defense of the host plant (Fig. 4.32 E).
4.12.2.3.6 Superoxide dismutase activity

SOD is the key enzyme to detoxify the effects of ROS and other free radicles.
The SOD activity of the fungi infected leaf sample was found to be higher than that of the
bacterial treated plant and the mock. This suggested that there is higher ROS generation in
the fungi infected leaf samples (Fig. 4.32 F).
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Fig. 4.32 Physiological and biochemical changes during biotic stress
alleviation.(A) Total chlorophyll content;(B) Relative leaf water content; (C)
Electrolyte leakage indexing; (D) Total proline content; (E) Total phenol
content; (F) SOD activity



CHAPTER V
SUMMARY AND CONCLUSION

This study aimed to investigate the rhizospheric bacteria associated with the
roots of healthy cabbage plants and assess their role in promoting plant growth and
suppressing diseases. A total of twenty-two bacterial isolates were obtained from the
rhizospheric soil of healthy cabbage plants and screened for their antagonistic interactions
against a necrotropic fungal pathogen isolated from diseased cabbage leaves. Among these
isolates, two showed antagonistic activity against the plant pathogenic fungi in an in vitro
dual culture assay. Morphological, biochemical and molecular characterizations were
performed on the rhizo-bacterial isolates.The fungal pathogen was also characterized
based on its morphological and molecular properties. Microscopic analysis revealed
deformities and membrane damage in the fungal hyphae during the dual culture condition.
Metabolite profiling conducted during the dual culture using LC-MS indicated the
production of bacterial secreted lipopeptides and polyketide compounds, which may have
caused the observed membrane damage in the fungi. Key secondary metabolite
biosynthesis genes exhibited significant up-regulation in the dual culture condition,
corroborating the results of metabolite profiling. Conversely, down-regulation of essential
fungal MAP kinase genes, responsible for maintaining pathogenesis and homeostasis, was
observed during the dual culture. Furthermore, bacterial primed rapeseeds and cabbage
seeds exhibited improved germination indices, and the resulting plantlets demonstrated
significant growth enhancement. Foliar application of the bacterial isolates effectively
reduced fungal disease incidence, confirming their potential for biocontrol. The key

outcomes of the current investigation are outlined as follows:

1. Cabbage leaves exhibiting disease symptoms and rhizospheric soil from healthy
cabbage plants were collected from various locations within the Jorhat district of
Assam.

2. A necrotrophic fungal pathogen was isolated from the affected cabbage leaf and
subsequently identified as Alternaria brassicicola AG1F through morphological
and molecular characterization.

3. Twenty-two bacterial cultures were isolated from soil samples of the rhizosphere,
and their potential for antagonistic interaction against the fungal pathogen A.

brassicicola AG1F was assessed.
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Among the twenty-two bacterial isolates, only two, designated as AG1B and
AG2B, exhibited antagonistic interaction. Additionally, a previously isolated
endophyte identified as Bacillus subtilis Scb-1 also demonstrated similar
antagonistic interaction against the fungus A. brassicicola AG1F.

The bacterial isolates with antagonistic properties, AG1B and AG2B, were
characterized based on their morphological, biochemical and molecular attributes,
leading to their identification as Bacillus amyloliquefaciens AG1B and Bacillus
subtilis AG2B, respectively.

Among the three bacterial isolates, B. amyloliquefaciens AG1B exhibited highest
inhibitory effect, with a percentage inhibition of 76.47%, against the pathogenic
fungi A. brassicicola AG1F followed by B. subtilis AG2B and B. subtilis Scb-1
with an inhibition percentage of 70.59%.

The cell-free supernatant derived from the bacterial isolates exerted inhibitory
effects on fungal growth. The metabolites present in these cell-free extracts
displayed resilience to heat. Additionally, the volatile organic compounds (VOCs)
released by the bacterial isolates exhibited substantial reductions in fungal growth.
The bacterial isolates B. amyloliquefaciens AG1B, B. subtilis AG2B and B. subtilis
Sch-1 exhibited significant antagonistic activity against several other plant
pathogenic fungal isolates, including Alternaria brassicae 2542, A. brassicicola
8344, A. eichhorniae AG2F and Fusarium oxysporum.

Light microscopic and scanning electron microscopic examinations unveiled
distinctive alterations in the hyphae of A. brassicicola AG1F during co-cultivation
with B. amyloliquefaciens AG1B, B. subtilis AG2B and B. subtilis Scb-1. These
changes included anomalous deformation, irregular swelling, and the development
of protoplast balls within the hyphal structure. Moreover, the conidia of A.
brassicicola AG1F exhibited surface irregularities such as wrinkling, pore-like
formations, or bubble-like structures.

Elevated superoxide dismutase (SOD) activity was observed in the du 116 re
condition of A. brassicicola AG1F with each of B. amyloliquefaciens~u.u, 3.
subtilis AG2B and B. subtilis Scb-1, in comparison to their respective monoculture
conditions. This observation implies increased production of reactive oxygen
species (ROS) during the bacterial-fungal interactions.

Metabolite profiling carried out through LC-ESI-MS during the dual culture

experiment revealed the synthesis of anti-fungal compounds, specifically surfactin
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and iturin. Additionally, the examination of gene expression through gRT-PCR
indicated an increase in the transcription of genes responsible for the synthesis of
bacterial lipopeptides when the bacteria were co-cultured with the pathogenic
fungi.

Furthermore, the RT-PCR analysis revealed significant reduction in the
expression of pivotal fungal genes linked to pathogenic traits, alongside an increase
in the expression of genes related to maintaining cellular homeostasis, in the
context of the dual culture environment. These findings collectively indicate the
inhibitory impact of bacterial secondary metabolites on the pathogenicity of the
fungi, A. brassicicola AG1F.

All the three bacterial isolates, B. amyloliquefaciens AG1B, B. subtilis AG2B, and
B. subtilis Sch-1showed plant growth promoting traits. These traits encompassed
the synthesis of indole-3-acetic acid (IAA), the ability to solubilize phosphate,
sulfur, and zinc, as well as the production of siderophores.

Whole genome sequencing and de novo assembly of the potential bacterial isolate,
B. amyloliquefaciens AG1B revealed a genome size of 3.89 Mbp. Functional
assessment of this genome unveiled the presence of genetic elements associated
with plant growth promotion, synthesis of antifungal compound and genes
confirming its affiliation to rhizospheric soil.

B. amyloliquefaciensAG1B, B. subtilis AG2B and B. subtilis Scb-1 primmed seeds
of cabbage and mustard showed increase in the germination percentage, shoot and
root length.

Cabbage plants subjected to bio-priming exhibited improved agronomic attributes,
including enhanced shoot and root lengths, increased leaf count and a higher leaf
area index.

The application of each of the bio-inoculum (B. amyloliquefaciens AG1B, B.
subtilis AG2B and B. subtilis Sch-1) via foliar spray method resulted in a reduction
In both the count and dimensions of lesions on cabbage plants when exposed to
spore suspensions of A. brassicicola AG1F. This approach effectively
demonstrated disease management capabilities of the bacterial isolates.

Following the foliar application of each of the bio-inoculum (B. amyloliquefaciens
AG1B, B. subtilis AG2B and B. subtilis Scb-1) and exposure to spore suspensions
of A. brassicicola AG1F, an assessment of physiological and biochemical
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parameters in cabbage plants provided an additional validation for the disease

management effectiveness of the bio-inoculum.

In summary, this study's notable findings encompass the characterization of
rhizospheric bacteria and their antagonistic effects against fungal pathogens, elucidation of
the underlying mechanisms involving metabolite production and gene expression and
validation of their positive impacts on plant growth and disease management (Fig.
5.1).While several transcriptomics studies have highlighted differential gene expression
patterns in the host plant and the pathogenic fungi, very less research has been documented
concerning on the expression profiles of bacterial secondary metabolite genes in the
context of dual culture conditions. This study has the potential to uncover distinct gene
expression profiles associated with the production of secondary metabolites possessing
antifungal attributes within bacteria during the dual culture experiment. Moreover, there is
a need to undertake the purification and comprehensive characterization of various
lipopeptides extracted from the bacterial culture supernatants. This step is essential to
assess their effectiveness against a diverse spectrum of fungal pathogens. Furthermore, the
process of enhancing the expression of pivotal genes involved in bacterial secondary
metabolite synthesis holds potential for large-scale production of these metabolites for
commercial applications. Subsequently, conducting field trials using the identified
bacterial isolates becomes imperative to validate and confirm their efficacy under field
conditions. Collectively, this study has introduced a sustainable alternative to conventional
pesticides and fertilizers, offering an eco-friendlier method to enhance plant vitality and

fitness.
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APPENDIX |
MEDIA COMPOSITIONS

Half Strength NA and PDA Medium

Ingredients Quantity (g/l)

Nutrient Agar (Himedia; India) 14

Potato Dextrose Agar (Himedia; India) 19.5
10

Agar




APPENDIX I

BUFFER COMPOSITIONS

TAE buffer

Components 50X TAE buffer 1X TAE buffer

Concentration Quantity Concentration Quantity
(M) (9/1) (mM) (9/1)

Tris 2 242.2 40 4.844
Acetic acid 1 60.5 20 1.21
EDTA 0.05 18.612 1 0.372
disodium salt
1X TE buffer (pH 8.0)
Components Concentration(mM) Quantity(g/l)
Tris 10 1.214
EDTA disodium salt 1 0.372
Trypan Blue Solution
Components Quantity
Trypan Blue 40 mg
Lactic Acid (85 % w/w) 10 ml
Phenol (pH 7.5-8) 10 ml
Glycerol 10 mi
H,O 10 mi




