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Chapter 1  

Introduction 

From past several decades, chemical agents have been used indiscriminately for reducing the 

incidence or for the inhibition of plant diseases caused by the pathogens. The extensive and 

rapid use of synthetic chemicals to cover up the yield loss has elevated a number of ecological 

problems of residual toxicity, resistance, environmental pollution, altered biological balance 

in the soil and formation of carcinogenic products, thus leading to gradual loss of protection 

efficiency with increasing pesticide dosage (Rani et al. 2021, Pawaskar & Kerkar 2021). 

Thus, the uncontrolled use of chemical pesticides in agricultural fields is now a major 

concern. There is a need to develop self-maintaining, long-lasting and more effective 

measures for controlling plant pathogens which will be safe not only for humans but also for 

the environment and other beneficial microorganisms.  

 

1.1 Biological Control and Biocontrol agents (BCAs) 

The world is now moving towards the biological control of pests and pathogens, wherein no 

or a limited usage of chemicals in the environment is recommended. Given the increased 

global demand for crop production; researchers and industries are seeking new, more 

sustainable and biological approaches to control the pathogens and boost the plant growth. In 

2001, Eilenberg et al. defined biological control or biocontrol as “the use of living organisms 

to suppress the population density or impact of a specific pest organism, making it less 

abundant or less damaging than it would otherwise be”. These antagonistic living organisms 

which are used in biocontrol are termed as biological control agent(s) (BCA) which are 

naturally efficient or genetically modified strains that reduce the incidence or disease severity 

caused by pests and pathogens. 

 

Biological control can be a naturally occurring phenomenon involving the resident natural 

enemies of pests and pathogens without human involvement or it can be a management 

practice implemented for the inhibition of pests and pathogens. The latter is categorised into 

three different types: classical, conservation, and augmentation; which can be used separately 

or in combination with each other. The introduction of an indigenous co-evolved enemy from 

a pest origin habitat to the new diseased crop area with an intention of a long term 

establishment of the enemy for the control of the pest population is known as Classical 
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biological control. The time scale for this can be in years but the results are long-lasting. 

Conservation involves the practices that protect, maintain, and enhance the existing natural 

enemies by modifying the environment and practices which will in turn reduce the pest 

population. Conservation practices include either reducing or eliminating the factors which 

interfere with or destroy the natural enemies. This process might also require longer period 

but has a long-lasting effect. Augmentation involves the mass culture and intentional release 

of natural enemies either in limited amounts with an expectation that it will multiply and 

control the pest’s seasonal outbreak (Inoculative biological control) or in enormous amounts 

to outcompete the increasing pest population completely by the released organisms 

themselves (Inundative biological control). Thus the result from augmentation is quick but not 

long-lasting (Landis & Orr 1996; Eilenberg et al. 2001; Eilenberg 2006). 

  

Microorganisms represent the most common candidate as BCAs because of their broad 

biochemical diversity (source of lytic enzymes and metabolites), the feasibility of mass 

culture and ease of genetic manipulation. The inhibition exhibited by the microorganisms is 

based on “antagonism” wherein there is a reduction in severed diseases of plants due to the 

physiological interaction between the microbial BCA(s) and the disease causing pathogen 

(Dahiya et al. 2020; Gupta et al. 2021). This antagonism is classified into three modes viz. 

direct antagonism, indirect antagonism and mixed path antagonism (Figure 1) (Singh & Faull 

2020). In direct antagonism, the interaction can  lead to either 1) predation, wherein the 

predator (in this case a BCA) kills the prey (a phytopathogen) for its survival or 2) 

hyperparasitism, wherein the parasite (in this case a BCA) lives on or inside a host (a 

phytopathogen, which is also a parasite), thus harming the later. This kind of inhibition is 

achieved due to the virtue of cell wall-degrading enzymes or metabolites which assist a BCA 

in the lysis of the host (Heydari & Pessarakli 2010). Indirect biological control is based on the 

principle of competition between a BCA and the pathogen or on the induction of the host 

plant resistance by a BCA. A BCA may limit the growth of the pathogen by competing for 

host supplied nutrients (exudates, leachates, or senescent tissue), essential soluble nutrients 

(iron sequestering by producing siderophore) or for colonising root and plant tissues (by 

forming biofilms around the roots through exopolysaccharide release), thus depriving access 

of the pathogen at the infection site (Vurukonda et al. 2018). Siderophores are small organic 

molecules produced by microorganisms under iron-limiting conditions which enhance the 

uptake of iron to the microorganisms (Crowley 2006). Exopolysaccharide (EPS) are organic 

macromolecules synthesized using different carbon sources which permits the adhesion of 

BCA to the root surfaces of the host and helps in biofilm formation, thus making the surface 
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unavailable to pathogens (Arfarita et al. 2016). Application of BCA to a plant can also 

stimulate the systemic resistance of the hosts (boosting its defense mechanisms) thus making 

the whole plant more resistant towards infections. Such kind of resistance of the plants 

towards the pathogens is termed Induced systemic resistance (ISR). ISR involves the 

production of reactive oxygen species, phytoalexins, phenolic compounds, or enormous 

number of enzymes involved in plant defense, like polyphenol oxidase, β-1, 3-glucanase, 

chitinase, phenylalanine ammonia lyase, peroxidase (Kaur et al. 2022). In mixed path 

antagonism, a BCA can produce bioactive compounds or enzymes which will either inhibit 

the pathogen or boost the growth of the host plant. Antimicrobial metabolites (volatile organic 

compounds (VOCs) or diffusible antibiotics) are often considered as the most potent mode of 

action of microorganisms allowing antibiotic producing microorganisms competitive 

advantages (Köhl et al. 2019). The bacterial VOCs are small molecules biosynthesized by 

primary and secondary metabolic pathways and include chemical classes such as alcohols, 

esters, aliphatic and aromatic hydrocarbons, terpenes, nitrogen, and sulphur compounds. It 

contributes in the intra- or inter-communication between microorganisms leading to the 

inhibition of target pathogens (Garrido et al. 2020). Among the various antibiotics produced 

by a BCA; Lipopeptides (LPs) are low-molecular-weight amphiphilic cyclic oligopeptides 

synthesised by non-ribosomal peptide synthetases (Romero et al., 2007; Gond et al., 2015). 

The amphipathic nature of these lipopeptides helps them to induce the formation of pore and 

ion channels in lipid bilayer membranes of pathogens, thus lysing the target pathogen. They 

cause less resistance compared to the traditional antibiotics or fungicides and possess high 

stability towards extreme pH, temperature and salinity (Cochrane & Vederas 2016; Wu et al. 

2019a, 2019b). Similarly unregulated waste products such as ammonia, hydrogen cyanide and 

carbon-di-oxide are also known to be toxic in nature and hence contribute in the disease 

suppression by BCA (Sehrawat et al. 2022). Many BCA also do secrete lytic enzymes into 

their environment to generate food sources from polysaccharides, resulting in the cell wall 

lysis of several pathogens (Klock et al. 2002). Apart from all these antagonistic activities, a 

BCA can facilitate nutrient uptake by a host or increase nutrient availability to a host by 

converting the atmospheric nitrogen to assimilative form, solubilizing insoluble forms of 

mineral nutrients from the soil or by producing phytohormones and enzymes which will boost 

the growth and development of the host plant (Gupta et al. 2015). 
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Figure 1: Flow chart of the mode of antagonism exhibited by a BCA against pathogens 

 

Replacing agrochemicals with the application of microbial BCAs have both economic and 

environmental impacts with relevant benefits. The major advantages that microbial BCA 

confer over synthetic counterparts are less taxing to environment, an increase in crop yield, 

reduction or elimination of chemical residues, limited or no development of resistance and a 

low risk to non-target organisms. Also, some of the microbial BCAs might as well enhance 

the physical and biological properties of soil, thus boosting the growth of plants. Thus BCAs 

have been applied in agriculture on its own or as a part of integrated management system to 

protect various crops in India. 

 

1.2 Capsicum annuum L. 

Chilli (Capsicum annuum L.) is a major vegetable and spice crop, cultivated globally for its 

commercial value. It is also known as chilli peppers or “mirchi” and belongs to the 

Solanaceae family and genus Capsicum. This genus is common in temperate, tropical and 

sub-tropical regions and grows in warm, humid yet dry weather. It is known as "miracle 

spice" since it is the most extensively used universal spice. Production of the chilli crop 
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globally is estimated to be over 7 million tonnes annually and it is cultivated on 1.5 million 

hectares of land (Olatunji & Afolayan, 2018). It is an herbaceous annual that reaches a 

maximum height of one meter, has glabrous or pubescent lanceolate leaves, a highly branched 

root system with a tap root at centre, white flowers and fruits that vary in length, colour and 

pungency depending on the cultivar (Echave et al. 2020). The whole growth cycle of the plant 

consists of a vegetative phase (germination and seedling development) and a reproductive 

phase (stem elongation, branching, flowering and fruiting) which is completed in duration of 

150 - 180 days depending on the variety, season and climate. The flowering of the crop is 

mostly observed on 80 - 85 day old crop on average with fruits appearing 90 days after 

transplantation (Agrifarming, 2014). Chillies can be grown both as Kharif and Rabi crops. 

Sowing months are May to June for Kharif crop with cropping done from June-September 

and September to October for Rabi crops with cropping done from October-May. If they are 

grown as summer crops as practiced in the state of Goa, then January-February months are 

chosen for sowing and cropping is done from February – June (FAIFA, 2016). Chillies made 

their appearance in the mid-15
th

 century in Goa being introduced by the Portuguese from 

Brazil (Peter & Hazra 2012). The important indigenous red chilli cultivars of Goa are Aldona, 

Button/ Bootaon, Canacona/ Khola, Masouri, PiriPiri/ Portugal/ Tarvoti.  Khola chilli of Goa 

has been registered as a GI tag under agricultural products for its unique brilliant red colour 

coupled with a medium-pungent flavour (Kumar 2020). Apart from these various commercial 

varieties of green chillies such as Nisha, Sitara, G-4, Arka Meghana, and Pusa Jwala are also 

cultivated here. 

 

The carotenoid responsible for colour is “Capxanthin” which is known to have nutritional 

value. The pigment content increases (yellow to dark orange) as the fruit ripens and continues 

even after maturity. Compound Capsaicin (8-methyl-N-Vanillyl-6-enamide) is responsible for 

the pungency of chilli pepper, imparting the acrid and burning taste and is expressed in 

Scoville Heat Units (SHU) (Singh et al. 2009).  Apart from being appreciated for its colour 

and pungency, it is also an incredible antioxidant, anti-neuropathic, counter irritant and cancer 

defensive agent and its extracts are used in a lot of pharmaceutical and cosmetic products. 

They are rich in Vitamin C (ascorbic acid), E (tocopherols and tocotrienols), P (citrin), B1 

(thiamine), B2 (riboflavin), B3 (niacin) and provitamin A (β-carotene). They are also known 

to be a good source of flavonoids, carotenoids and xanthophylls (Gopalakrishnan 2007; 

Bosland et al. 2012). Capsaicin is used in allopathic creams to alleviate pain. It also 

demonstrates beneficial effects on metabolic and arterial function and helps reduce the long 

term inflammation and itching. Oleoresin is another high heat compound obtained from 
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chillies which is used in sprays for self-defence application (Carmichael 1991; Howard et al., 

2000; Marin et al., 2004; Matsufuji et al., 2007; Perucka & Materska, 2007). Because of the 

irreplaceable taste and the array of interesting phytochemicals, chilli pepper has become an 

economically important crop in the agricultural sector across the world. 

 

1.3 Disease-causing mycopathogens of chilli plants 

Asia shows the maximum chilli production worldwide, of which India is the largest producer 

of this spice (Surepeddi & Giridhar, 2015). Chilli now is the essential condiment in food and 

is indispensable in Indian cuisine. The colour and pungent levels of Indian chillies are 

regarded to be world famous commercial attributes. Though a leading producer, the yield of 

the chilli crop in the country is highly hampered due to the disease causing phytopathogens. A 

heavy loss is chilli pepper is observed due to various soil-borne rot and wilt pathogens which 

affect germination of seeds, growth of seedling and plant and the number and quality of the 

fruits (Güney & Güldür 2018). Disease symptoms have been noticed in seedlings, mature 

plants, fruit or leaves depending on the phytopathogen that attacks the plant. However root rot 

and wilt diseases are the most devastating plant diseases for pepper plants (Alaa Fathalla & 

El-Sharkawy 2020). The most obvious symptom of root rots is wilting and death of plants 

even when the soil has enough moisture. As disease progresses, the stem dries up and withers, 

die back occurs, leaves defoliate and the whole plant finally die (Mmbaga et al. 2018). Wilt 

symptoms  are characterized  initially  by  slight yellowing of  the  older leaves  followed by  

younger  leaves; the  leaves became chlorotic and desiccated and the whole plant withers and 

dies slowly (Khan et al. 2018). Living microbial pathogens that cause these diseases mostly 

include bacteria and fungi; of which fungal pathogens are most dreaded due to the significant 

loss of quantity and quality traits (Gachomo et al. 2003).  

 

Rotting and wilting symptoms are manifested in the mature plants by soil borne fungal 

pathogens belonging to the genera Macrophomina, Phytophthora, Rhizoctonia, Sclerotinia, 

Fusarium, Sclerotium and Verticillium. Rhizoctonia solani can cause several types of damage 

at multiple growth stages of chilli such as seed decay, pre and post emergence seedling 

damping off, wire stem, root rot and necrotic spots on hypocotyl or root (Mannai et al. 2018). 

R. solani induces disease by penetrating and tainting the roots and stem from which it attains 

nutrients. It is an asexually reproducing fungus which spreads in the host system by forming a 

network of its hyphae. In the soil, it colonizes organic material and produces sclerotia 

(compact form of hyphae) for its survival (Keijer 1996). Another fungus Macrophomina 
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phaseolina is a harmful seed and soil borne pathogen and cause many diseases like damping 

off, seedling blight, collar rot, stem rot, charcoal rot, wilt, root rot and reddish-brown 

discoloration and black streaks that can form in the pith and vascular tissues of the root and 

stem (Babu et al., 2007; Güney & Güldur, 2018 ). Hyphae of this pathogen penetrate the host 

epidermis by forming germ tubes in root cells through natural openings and grow intra-

cellular in the vascular tissue. Here it forms a network of dark mycelia and microsclerotia 

which leads to obstruction of the xylem. Eventually, the plant defoliates and wilts. The 

microsclerotia formed by the pathogen can survive for up to 15 years in the soil, which allows 

the fungus survive after the plants rot (Abawi & Corrales, 1990). It is difficult to control these 

soil-borne pathogens because of the wide host range and specialized structures of resistance 

produced by these fungi that can survive in soil for long periods in the absence of their hosts. 

Thus, many efforts are made for the control of these pathogens to reduce or avoid the loss of 

agricultural yields and the consequent economic damage. Apart from these, soil borne fungal 

pathogens belonging to genus Fusarium predominantly hamper a number of significant 

agricultural crops. Fusarium wilt disease caused by different species such as F. oxysporum, F. 

pallidoroseum, and F. solani produces morphological appearance such as wilting, chlorosis, 

necrosis, leaves fall, stunting and seedling crumbling in chilli plant (Okungbowa & Shittu 

2012). This fungus enters the plant via roots and grows from inside of the roots towards the 

cortex. Here it produces microconidia which enter the sap stream and travel upwards. 

Germination of these spores leads to the clogging of the vascular vessels resulting in wilting 

and eventually plant death. The fungus also produces multiseptate macroconidia for infecting 

neighbouring plants. It lives in the soil around the infested plants and survives in the form of 

chlamydospores (Bowers & Locke, 2000; Smith 2007). Genus Pythium previously classified 

as fungus is now separated as is a genus of parasitic oomycetes as its cell wall is made of 

cellulose instead of chitin. It is known to infect the host and spread by forming sexual 

oospores and asexual zoospores. This pathogen show damping off symptoms in seeds or 

young seedlings wherein the infected seeds fail to germinate and the damaged seedlings 

generally rot, causing the seedling to wilt and eventually die, or collapse from the ground line 

(Mishra et al. 2013). 
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1.4 Potential of hypersaline bacteria as BCAs 

An ideal BCA must confer high resistance in harsh conditions, display ubiquity in diverse 

habitats and maintain stability in formulated products. Extremophiles are known to satisfy all 

the above needs. Extremophilic microorganisms are known to grow and proliferate in extreme 

conditions like pressure, temperature, salinity, and depletion of micronutrients; with survival 

and proliferation often depending on the ability to produce biologically active compounds and 

enzymes which are highly stable in nature (Coker 2016). Since broad research has prompted 

to the revelation of a great many bioactive metabolites from conventional environments, new 

habitats must be screened with new methodologies keeping in mind the end goal to decrease 

the likelihood of rediscovering known (Arul Jose et al., 2011). Also marine derived 

microorganisms show more competence in fighting microbial infections because the 

terrestrial bacteria have not developed any resistance against them (Donia & Hamman 2003).   

 

Hypersaline niches are an example of extremophilic environments which have 3.5% (w/v) to 

35% dissolved salts and exist either as natural water bodies such as permanent saline lakes, 

ephemeral salt marshes or as artificial solar salt pans (Oren 2015, Oren 2016). Marine salt 

pans are man-made interconnected multi-pond systems originating from seawater. For 

commercial applications, the seawater from these ponds is evaporated for the production of 

crude salt (Kamat & Kerkar, 2011). A saltpan is one of the extreme environments 

characterized by high salinity, continuous harsh ionizing radiations and low oxygen 

concentration. Microorganisms inhabiting this niche have developed various methods to adapt 

to these harsh conditions and are collectively termed as hypersaline microorganisms 

(Rothschild & Mancinelli 2001; Voica et al. 2016; Jones & Baxter 2017; DasSarma et al. 

2020). They are further characterized as halophilic microorganisms which require salts for 

their viability and halotolerant microorganisms which are able to grow in both the presence 

and absence of the salts (Ventosa et al., 1998). Based on Kushner's classification, halophiles 

are classified into two physiological groups, depending on their optimal growth with respect 

to the salt content: extreme halophile (can grow in 2.5–5.2 M NaCl) and moderate halophile 

(can grow in 0.5–2.5 M NaCl) (Kushner & Kamekura 1988).  

 

Bacteria from salt pans have shown tremendous potential for numerous biotechnological and 

environmental processes such as the production of industrially important enzymes, probiotic 

potential, bioremediation of heavy metals, degradation of hydrocarbon and many more. A 

large number of hypersaline bacteria accumulate organic solutes (osmolytes) such as glycine, 
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betaine, sugar and ectoine under high salt concentration conditions. Among these solutes, 

ectoine is a stabilizing agent commercialized in the cosmeceutical industry with its ability to 

protect the skin from   A rays ( yyss l  et al. 2000).  everal industrial enzymes such as 

hydrolase, amylase, alkaline metalloprotease, cellulase and lipase can also be obtained from 

these bacteria (Coronado et al. 2000; Karbalaei-Heidari et al. 2013). Bacteriorhodopsin, a 

photochemical material for bioelectronics and other applications is produced by halophiles 

(Oren 2010). Moreover, halophile organisms accumulate a large number of carotenoids under 

high salinity and high light intensity conditions, to protect the cell against UV-related damage 

and oxidative stress. Because carotenoids show beneficial effects on human health, the 

cultivation of halophilic microorganisms to harvest their bioactive pigments is of increasing 

interest to the Blue economy (Giani et al. 2019). These bacteria can also be used in the 

treatment of saline wastewaters, in aquaculture for boosting the yield and disease suppression, 

in biodegradation of heavy metals and organic pollutants and as agents for preventing post-

harvest diseases of various fruits and vegetables (Nicholson & Fathepure 2004; Le Borgne et 

al. 2008;  adfi‐Zouaoui et al. 2008; Hao & Lu 2009; Blum et al. 2012; Fernandes et al. 2021).   

  

To conclude, hypersaline bacteria represent a wide source of yet undiscovered compounds 

that, besides unprecedented chemical structures, often possess interesting biological activities. 

Hence the application of halophilic and halotolerant marine bacteria in agriculture, to control 

plant pathogens for increasing the yield hold up as a promising application. Additionally, they 

have been tested for their ability of root colonisation, promotion of plant growth and 

induction of systemic resistance mechanism in plants which can add to their advantages. Soil 

salinization is also a detrimental and significant limiting factor of agricultural productivity 

and food security; hence the application of hypersaline bacteria in agriculture makes a perfect 

sense in this scenario (Daliakopoulos et al., 2016). Halophilic and halotolerant 

microorganisms from the Goan salt pans have been reported to be a source of several 

hydrolytic enzymes and bioactive metabolites having antimicrobial action against various 

clinical pathogens (Kamat & Kerkar 2011; Ballav et al. 2015). A study Fernandes et al. 

(2019) have revealed the anti-Vibrio activity of halotolerant bacteria isolated from Goan salt 

pan in aquaculture. Recently, the application of halotolerant Bacillus spp. from a Goan saltpan 

as antifungal agent against mushroom pathogens has also been reported (Fernandes et al. 

2021). However there have been no studies reporting the application of salt pan hypersaline 

bacteria against the fungal pathogens affecting chilli plant. Therefore this study aims at 

exploring the potential of salt pan bacteria as a biocontrol agent against the fungal pathogens 

that cause wilt and rot in chilli plants. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/oxidative-stress
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/photosynthetic-pigment
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The following objectives were thus formulated for the current work: 

1. Isolation of antagonist bacteria from water and sediment samples from saltpans and 

isolation of pathogen from chilli plants from fields of Goa. 

2. In-vitro screening of the isolates for antagonistic activity against pathogens causing root rot 

and wilt in chilli (Capsicum annuum L.). 

3. Evaluating the type of antagonism exhibited by the candidate bacteria. 

4. In-vivo testing of the antagonistic bacteria as a biocontrol agent. 

 

Significance of the thesis: 

India is amongst the top countries in the world to producing chilli (Capsicum annuum L.) 

spice. Rising demand for chillies across the world combined with a higher value 

acknowledgement in the domestic market has spurred farmers to expand areas under chilli 

cultivation for consumption as well as export. However, heavy loss in the yield of chillies is 

observed across the country due to diseases caused by microbial pathogens. Among the 

various diseases causing microbial agents, fungal pathogens are the most problematic which 

hamper the growth and fruit bearing capacity of the crop to a great extent. Synthetic 

fungicides have been used for quite some time in lessening the occurrence of plant infections; 

however, overutilization of these chemicals has raised various biological and ecological 

issues. Along these lines, late endeavours have been centred on utilizing sustainable 

biological remedies for inhibiting phyto-pathogens. As defined by Eilenberg et al. (2001), 

“biological control or biocontrol is the use of living organisms to suppress the population 

density or impact of a specific pest organism, making it less abundant or less damaging than it 

would otherwise be”. This phenomenon is based on the antagonism between the pathogen and 

the antagonistic microorganism which is known as biocontrol agent (BCA). As biocontrol 

agents are usually isolated from natural habitats, the risk posed by them to the environment is 

minimal. 

The potential of several rhizospheric and endophytic bacteria as a BCA has been previously 

studied; however inadequate resistance to fluctuating conditions and the inability in working 

up a stable formulation have limited their commercial use. In view of these restrictions, there 

is a need to divert attention to the isolation and characterization of extremophilic organisms 

which can be used as stable and effective BCAs in frequently altering the dynamics of the 

soil. Halophilic and halotolerant bacteria from hypersaline environments such as salt pans are 

known reservoirs of hydrolytic enzymes and have also been reported to produce potent 

antifungal and antibacterial bioactive metabolites. Some of the salt pan strains have also 
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shown plant growth promoting attributes and have been used in the formulation of bio-

fertilizers. Despite all these traits, the efficiency of these microorganisms as biocontrol agents 

remains unexplored in the agricultural sector. Our study exemplifies the use of such 

hypersaline microorganisms from the salt pan of Goa as BCAs against disease causing fungal 

pathogens of chilli crops. 
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Chapter 2  

Review of Literature 

Hypersaline bacteria generally thrive in ecosystems with a high concentration of salts, which 

are referred to as “Hypersaline environments”. These environments contain salt 

concentrations higher than seawater and their physico-chemical properties vary depending on 

the type of salts present in this ecosystem. Primarily it can be divided into two main types, 

thalassohaline and athalassohaline environments, based on whether they originated from 

Seawater or not, respectively. Salt pans are man-made thalassohaline environments that 

inhabit a rich biodiversity of halophilic microorganisms that require salt for their growth and 

viability and halotolerant microorganisms that can grow in high salinity but are not dependent 

on it. These microorganisms have received considerable recognition owing to their potential 

as whole cells and as biomolecules such as enzymes, antibiotics, pigments, bioplastics, 

biosurfactants etc. in various fields (Margesin & Schinner 2001; Setati 2010; Oren 2010; de 

Lourdes Moreno et al. 2013; Hamedi et al. 2013; Couto et al. 2015; Waditee-Sirisattha et al. 

2016; Enache et al. 2017; Gontia-Mishra et al. 2017; Dutta & Bandopadhyay 2022). 

 

2.1 Salt pan microbes and their antimicrobial potential  

Halophilic and halotolerant microorganisms from the salt pans have been reported to be a 

source of several hydrolytic enzymes and bioactive metabolites possessing antimicrobial 

properties (Kamat & Kerkar 2011; Ballav et al. 2015). A major application has been in 

aquaculture wherein hypersaline microorganisms have shown activity against Vibrio 

pathogens. A study reported the suppression of Vibrio harveyi, V. parahaemolyticus, V. 

anguillarum, V. alginolyticus and V. vulnificus by an alkaline protease producing strain of 

Bacillus cereus which was isolated from a salt pan in Tamilnadu, India (Donio et al. 2012). 

Similarly Sekar & Packyam (2014) proved the effectiveness of Bacillus sp. isolated from a 

salt pan, in inhibiting the shrimp pathogens V. paraheamolyticus and V. harveyi both in-vitro 

and in-vivo. Apart from these, a study by Fernandes and Kerkar, have revealed the anti-vibrio 

activity and production of lytic enzymes amylase, cellulase, protease and lipase of 

halotolerant bacteria B. subtilis, B. amyloliquefaciens, B. licheniformis and Pseudomonas sp. 

isolated from Goan salt pans (Fernandes et al. 2019). Furthermore John et al. (2020) isolated 

lipase and protease producing strains of Chromohalobacter and Halovibrio from Marakkanam 

salt pan in South India, showing antagonistic activity against pathogen V. parahaemolyticus.  
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Apart from its implementation in aquaculture, potential application of salt pan 

microorganisms and their metabolites in health sector has also been identified. Reports show 

that soil samples from the Ennore saltpan region of Bay of Bengal, Chennai, inhabited 

actinomycetes belonging to Genus Streptomyces exhibiting potential anti-dermatophytic 

activities against fungus T. rubrum and M. gypseum (Lakshmipathy & Kannabiran et al. 

2009). Yet another research indicated the strong antibiosis against fungal and Gram negative 

pathogens of Saccharopolyspora salina isolated from a salt pan (Suthindhiran & Kannabiran, 

2009). Similarly, a Gram-positive, moderately halophilic Streptomyces strain, isolated from 

salt pan soil collected at Tuticorin, India, showed inhibition of Candida albicans, Klebsiella 

pneumoniae, Methicillin-resistant Staphylococcus aureus (MRSA), Salmonella typhi, 

Staphylococcus aureus, Pseudomonas aeruginosa and Proteus vulgaris (Arul Jose et al. 

2011). Different actinomycetes isolated from the salt pan soils of Vedaranyam, Tamilnadu, 

India were tested for their antimicrobial activity against various pathogens such as 

Escherichia coli, Vibrio cholera, Salmonella typhi, Proteus vulgaris, Staphylococcus 

epidermidis, Cryptococcus neoformans, Salmonella typhimurium, Klebsiella pneumonia, 

Salmonella paratyphi B, Proteus mirabilis, Staphylococcus aureus and Candida albicans 

(Vijayakumar et al. 2012). Isolated from the same salt pan, a halophilic Streptomyces 

diastaticus showed promising activity against Gram positive pathogens Stapylocoocus aureus, 

Streptococcus pneumoniae, Vibrio parahaemolyticus, Enterococus faecalis and Gram 

negative pathogens Escherichia coli, Salmonella typhi, Klebsiella pneumoniae and 

Pseudomonas aeruginosa (Vigneshwari et al. 2022). Further, an isolate obtained from a salt 

pan in Tamilnadu, India, Streptomyces noursei exhibited inhibition of Escherichia coli, 

Klebsiella pneumoniae, Pseudomonas aeruginosa, Salmonella typhi, Shigella dysenteriae, 

Staphylococcus aureus and Vibrio cholera via production of a methyl substituted β-lactum 

compound (Dharumadurai et al. 2013). Another study showed potential of metabolites 

extracted from salt pan actinomycetes isolated from Marakanam district (Tamil Nadu, India) 

against fungal pathogens Aspergillus niger and Aspergillus fumigates and Staphylococcus 

aureus (Roshan et al. 2013). A compound isolated from halophilic Bacillus amyloliquefaciens 

isolated from Tuticorin coastal salt pan, Tamil Nadu, India showed activity against methicillin 

resistant Staphylococcus aureus (Jeyanthi & Velusamy, 2016). In addition, a study by 

Murugan and Murugan, identified the antibacterial potential of biosurfactants produced by 

Pseudomonas sp. isolated from soil samples collected from a salt pan of Puthalam, Tamil 

Nadu, India (Murugan and Murugan, 2018). Further, a report revealed a potent metabolite 

against drug-resistant strains of E. coli and K. quasivariicola, purified from halophilic strain 
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Pseudomonas aeruginosa isolated from the Tuticorin coastal salt pan, Tamil Nadu, India. 

This metabolite proved to be a promising antibacterial agent especially for diabetic foot 

infections (Henciya et al. 2020). The Streptomyces matensis and Streptomyces chilikensis 

isolated from salt pan environment of Thondi, Ramanathapuram showed effective 

antibacterial activity against six human pathogens, Staphylococcus aureus, Streptococcus 

pneumoniae, Serrtia sp., Pseudomonas sp., Vibrio cholera and Escherichia coli (Priya et al. 

2020).  

 

A brownish-yellow pigmented salt pan bacterium Aquimarina Spongiae, from Southern 

Taiwan, showed potent activity against the toxic cyanobacterium Microcystis Aeruginosa and 

controlled its harmful blooms thus exhibiting a potent environmental application (Chen et al., 

2011). Halocin, produced by an extremely halophilic archeon Natrinema sp. BTSH10 isolated 

from salt pan of Kanyakumari, Tamilnadu, India showed antibacterial activity against food 

spoilage-causing bacteria and hence, acted as a potential preservative in food industry. It is 

also used successfully as a potential preservative in the leather industry (Karthikeyan et al., 

2013). In addition to all these applications, salt pan bacteria have also been used in the 

agricultural sector as either plant growth promoters or as biocontrol agents. Chen et al. (2010) 

showed the antagonistic ability of moderately halophilic bacteria isolated from the Weihai 

Solar Saltern (China) against the phytopathogens Verticillium dahliae, Fusarium oxysporum 

f.sp. cucumerinum, Colletotrichum gloeosporioides and Alternaria solani. A study has 

demonstrated the plant growth promoting ability of salt tolerant microorganisms isolated from 

a Goan saltpan which significantly improve rice plant growth parameters, soil chemical 

properties and also the biological activity (Bhambure et al. 2018). Bacillus spp. isolated from 

Algeria exhibited the inhibition of B. cinerea, F. oxyporum, F. verticillioides and 

Phytophthora capsici by in-vitro studies (Menasria et al. 2019). Bacillus strains used in 

another study by Petrillo et al. (2021) were isolated from sand samples collected in the 

proximity of J. sabina plants growing in the salt pans of Formentera (Spain). Whole-genome 

analysis on these strains confirmed the presence of numerous gene clusters with plant growth 

promoting and biocontrol functions and of novel secondary-metabolite biosynthetic genes, 

which could have beneficial impact on plant growth and protection. From the same source 

another study carried out by Castaldi et al. (2021) has revealed the biocontrol of M. 

phaseolina by a Bacillus spp. 
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2.2 Management of phytopathogens  

The term „pesticide‟ in agriculture refers to a component or mixture of components used to 

prevent, control, reduce or inhibit a pest (bacteria, fungi, virus, nematodes, vectors and even 

unwanted species of plants or animals) interfering with the production, processing, storage or 

marketing of any agricultural commodity. Fungicides are pesticides that kill or control the 

growth of fungi and molds and their spores that damage plants, including rusts, mildews and 

blights (Brauer et al. 2019). Synthetic pesticides are those which are formulated or 

manufactured using chemical processes, using chemically synthesized components or by 

chemically changing any component derived from natural sources (Stoytcheva 2011). For any 

pest problem, chemical agents are usually preferred over organic ones as they are cheaper, 

readily available and have a longer shelf life than the later. They are mostly broad-spectrum 

agents and thus can be applied against various pests. They are even known to be more 

persistent in nature thus reducing the frequency of application in the field, which in turn saves 

time and economics (McCoy et al. 2020). However due to such properties of persistency and 

broad-spectrum activity, the indiscriminate use of synthetic pesticides has resulted in serious 

biological and ecological problems. As reported by Pimentel (1995), only < 0.3% of chemical 

pesticides showed interaction and inhibition only of target pathogens. Most chemical 

pesticides affect the beneficial organisms in the soil which assist in natural processes of 

mycorrhizal colonization, transformation or fixation of nitrogen, improvement of soil porosity 

and fertility (Aktar et al. 2009). Overuse of pesticides has also resulted in acquisition of 

resistance by the target pathogens, thus making its control further taxing. Some of the 

chemical agents are also seen to be converted to toxic by-products in the soil, thus hampering 

other plants, animals and even humans (Smith & Perfetti 2020). Considering these risks 

associated with synthetic pesticides, there is need to shift to biological ways of controlling 

phytopathogens. 

 

Biological control is a method of restricting harmful effects of pathogens using other 

antagonistic organisms that inhibit or suppress the population of harmful organisms. The 

method takes advantage of basic ecological interactions between organisms, such as 

predation, parasitism, pathogenicity and competition (Lahlali et al. 2022). Biocontrol agent 

(BCA) refers to the antagonist used for suppression of the pathogen (or pest) in the cropping 

system (Pal & Gardener 2006). A BCA should be easily available, easy to use, inexpensive 

and effective on even high densities of pests in any season and condition. It can be 

“permanent” for those BCAs that can survive in soil and become self-perpetuating. However 
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it should be disrupted by other pest management tactics in case of any emergency. And most 

important of all it should be pest-specific, not broad-spectrum (Bale et al. 2008). Single BCA 

may show different modes of action against a phytopathogen which may be expressed 

sequentially, concurrently or synergistically. There are three main modes of antagonism 

exhibited by a candidate BCA: direct antagonism, indirect antagonism and mixed path 

antagonism (Koul et al. 2022). Direct antagonism, involves the principle of parasitism or 

predation wherein a BCA kills the phytopathogen for its survival or lives on or inside the 

phytopathogen, thus harming the later (Köhl et al. 2019). Indirect modes of antagonism 

exhibited by BCAs can be either competition for space and nutrition with the pathogen or 

induction of systemic resistance (ISR) in the host against the pathogen. In mixed path 

antagonism BCAs produce secondary metabolites such as antibiotics, lytic enzymes, 

unregulated waste products and volatile compounds which are toxic to the target pathogens 

(Nega 2014). A BCA can also exhibit attributes that help in plant growth promotion (PGP) 

which makes the host more resistant towards the diseases caused by the pathogens (Beneduzi 

et al. 2012).  

 

2.3 Disease causing fungal pathogens in chilli plants 

India has been amongst the major countries producing, consuming and exporting chillies for a 

long time. A rising demand for chillies because of its colour, pungency and flavour combined 

with higher value acknowledgment in the domestic market has spurred farmers to expand 

areas under chilli cultivation for export (Mohanty et al. 2019). However fungal pathogens are 

known to cause a severe loss of the chilli yield. Fungi are responsible for damping off, fruit 

rot, die-back, anthracnose, leaf spot/ blight, powdery mildew, wilt and rot (soft rot, fruit rot, 

white, root rot and charcoal rot) in chilli plants (Pawaskar & Kerkar, 2021). The damping off 

caused by the Pythium aphanidermatum affects up to 90 % of the plantation and thus is one of 

the most destructive pathogen (Arora et al. 2021). In pre-emergence damping off, the growing 

points of the seeds are damaged in the initial stages of germination before they come out 

through the soil. In post-emergence damping off, the seedlings topple over the ground due to 

collar rotting and rapid shrinkage, followed by spreading to the cortical tissue of the 

hypocotyls, basal stem and developing taproot, thus resulting in death of plants (Majeed et al. 

2018). Next the wilt causing Fusarium species such as F. oxysporum, F. solani and F. 

pallidoroseum, not only reduces the growth but also affects the fruit quality and causes about 

10 – 80 % yield loss in the total global production (Bashir et al. 2018). Along with the wilting 

of the plant, leaf chlorosis and vascular discoloration is observed as result of the infection. 
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Symptoms may appear at two stages viz. seedling and adult plant stage. At the seedling stage, 

foliage turns yellow and then dries off. In an adult plant, initially slight drooping of leaves is 

seen which leads to the drying of leaves starting from lower ones and then extending to the 

apex region followed by wilting symptoms (Sanogo 2003, Suryanto et al. 2010). Apart from 

these diseases, a saprophytic pathogen Rhizoctonia solani causing rot shows up to 33.2 % 

disease incidence of the seedling in greenhouse conditions itself and 40.2 % in the main field 

(Rini & Sulochana 2007). This pathogen affects the seedling and mature plants and induces 

dry rot of the collar region and root rot which leads to wilting and death of chilli plants. It is 

easily identified by the presence of white mycelia in the infected plant. It also shows 

symptoms of damping off (Mannai et al. 2018).  Another pathogen Macrophomina phaseolina 

causing charcoal rot have been posing challenging task for its management. This pathogen 

remains viable in the soil for longer period without showing any symptoms of disease and 

eventually when the environment is conducive, can destroy the whole field. In this disease, 

blackening of lower stem and taproot is observed under the epidermis due to the numerous 

microsclerotia formed by the fungus. This gives the plant tissue a charcoal-sprinkled 

appearance and hence the name of the disease. As the disease advances, leaves turn yellow, 

then wilt, turning brown and eventually the plant dies off (Shahid & Khan 2016). Due to the 

infection of these disease causing pathogens, huge loss in crop yield is observed which 

increases the economics of the sold fruit in the market. 

 

2.4 Biological control of mycopathogens infecting chilli using 

microorganisms 

Among the different types of BCAs, microbial BCAs have become an alternative to chemical 

agents with increased target specificity and ecological safety so that they are used either 

directly or in combination with other pest management programmes. Microbial BCAs are 

perceived as being less demanding to the environment and their generally complex mode of 

action makes it unlikely that resistance will develop (Usta 2013). Majorly BCAs belonging to 

Pseudomonas, Bacillus and Trichoderma spp. have been applied for controlling the 

phytopathogens in chilli plants. Dating back to 1998, Perveen et al. has reported the reduction 

of infection of Meloidogyne javanica root knot nematode and root infecting fungi 

Macrophomina phaseolina, Rhizoctonia solani, Fusarium solani and Fusarium oxysporum by 

Pseudomonas aeruginosa and Paecilomyces lilacinus used alone or together. Later the 

observations made by Khan et al. (2003) demonstrated that Pseudomonas chlororaphis is able 

to suppress the development of Pythium aphanidermatum and root browning caused by the 
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pathogen, in chilli peppers grown in hydroponic trough units. A combined strategy to control 

chilli fruit rot caused by Colletotrichum capsici and powdery mildew caused by Leveillula 

taurica consisting of reduced fungicide dose and biological control with antagonistic 

Pseudomonas fluorescens was studied by Anand et al. (2010). In another study, Mojica-Marin 

et al. (2008) determined, in vitro, the antagonistic effectiveness of Bacillus thuringiensis 

against damping-off and root and stem rot caused by Rhizoctonia solani in chili pepper. Paul 

et al. (2013) pointed out the inhibition of Alternaria panax, Botrytis cinerea, Colletrotichum 

acutatum, Fusarium oxysporum and Phytophthora capsici by Bacillus tequilensis, 

Burkholderia cepacia and Pseudomonas aeruginosa isolated from healthy tissues of leaves, 

stems and roots of chili pepper plants. The severity index of Cercospora leaf spot on pepper 

plants caused by Cercospora capsici was significantly lower on Lactobacillus plantarum 

treated plant than on pepper without seed treatment (Adedire et al. 2019). Three root 

colonizing Bacillus spp. namely B. amyloliquefaciens, B. subtilis and B. tequilensis, exhibited 

broad-spectrum in-vitro antifungal activities against Aspergillus niger, A. flavus, Fusarium 

oxysporum, F. moniliforme, F. solani, Colletotrichum falcatum, Curvularia sp. and Rhizopus 

sp. (Shahid et al. 2021). Further another study by Zhou et al. (2021) revealed 34 Bacillus 

strains with antimicrobial activity against Rhizoctonia solani; Botrytis cinerea; Verticillium 

dahliae and Phytophthora infestans. Application of Trichoderma harzianum spores on chilli 

seeds led to a reduction of stem necrosis caused by Phytophthora capsici, which got reduced 

to nearly half as compared to the values observed in plants grown from non-treated seeds (Sid 

Ahmed et al. 2000). Ekefan et al. (2009) determined the potential of Trichoderma harzianum 

isolates as biocontrol agents of Colletotrichum capsici, causing anthracnose of pepper. This 

was supported by Brand et al. (2009) which pointed out the inhibition of Leveillula taurica by 

Trichoderma harzianum strain. Wani & Najar (2012) showed the antifungal potential of 

Trichoderma viride against F. pallidoroseum in chilli plants. Also Dar et al. (2015) evaluated 

Trichoderma, Pseudomonas fluorescens and Bacillus sp. against the pathogens responsible for 

wilt/root rot and damping off (Sclerotium rolfsii, Rhizotonia solani, F. pallidoroseum, 

Fusarium solani, F. oxysporium and Pythium sp.) in vitro and reported effective inhibition of 

the mycelia by these BCAs. Supporting this in another study, fungal antagonists Trichoderma 

harzianum and Trichoderma viride isolates completely overgrew F. solani and inhibited 

mycelia growth by 40–50 % in vitro (Bhat et al. 2016). Study by Lopez et al. (2019), 

investigated the effectiveness of Trichoderma asperellum and Metarhizium anisopliae in 

controlling pepper powdery mildew. The authors concluded saying that T. asperellum showed 

higher and persistent activity against Leveillula taurica in pepper. Apart from these various 
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scientific publications in the past have reflected the application of microorganisms as BCAs to 

inhibit various mycopathogens known to infect chilli crops which shows the interest of the 

community in the subject (Table 1).  

 

One of the fundamental constraints in the utilization of BCAs in the commercial market is its 

restricted resistance to fluctuating ecological conditions and the troubles in building up a 

stable formulated product. In view of these restrictions, there is need to divert attention to the 

isolation and characterization of extremophilic organisms (organisms thriving in extreme 

conditions such as temperature, pressure, radiation, salinity and pH) which can be used as 

stable and effective biocontrol agents. Also, massive urbanization is putting pressure on 

agricultural lands, resulting in the shrinking of land holdings. Hence there is the utmost need 

to restore the degraded lands for agricultural applications. The government of India has fixed 

a target of restoring 26 million ha of degraded lands, including salt-affected soils, by the year 

2030 to ensure food security for the people (Kumar & Sharma, 2020). Also Among the 

abiotic factors, soil salinization is the most detrimental and is considered one of the 

significant limiting factors of agricultural productivity and food security (Daliakopoulos et al. 

2016). Worldwide, about 20 % of the agricultural land is inundated with salt water, and this is 

continuously increasing (Gupta & Huang 2014). In this view, the application of hypersaline 

microorganisms from niches as BCA stands out as a promising option.  

 

Hypersaline bacteria isolated from different sources have been reported to be exhibiting 

antifungal activity against various plant pathogens. Sadfi et al. (2001) evaluated the potential 

of Bacillus spp. isolates from salty soils for the biocontrol of Fusarium dry rot of potato 

tubers. Similar study was undertaken by Sadfi‐Zouaoui et al. (2008) who demonstrated the 

ability of moderately halophilic bacteria isolated from salt lakes to control grey mould disease 

caused by Botrytis cinerea on tomato fruits. Later in 2009, Essghaier et al. proved the 

biological control of Botrytis cinerea in strawberry fruits by halophilic bacteria isolated from 

the same source. The antagonistic activity of the hypersaline bacteria against Botrytis cinerea 

on tomato fruits was further supported by Berrada et al. (2012). Exploration of antifungal 

activity of halophilic bacterial communities from saline soils of Iran against Aspergillus 

parasiticus affecting Pistachios nuts was done by Jafari et al. (2018). All these studies dealt 

with the post-harvest disease control.  
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Table 1: BCAs against plant pathogens affecting chilli crops and their suggested mode of action 

Sr. No. Pathogen  Diseases Biocontrol agents Source Suggested mode 

of action 

Reference 

1 Alternaria 

alternata 

Leaf spot/ blight Bacillus spp. 

 

Bacillus atrophaeus 

Brevibacterium 

frigoritolerans 

Sweet pepper 

rhizosphere 

 Soil 

Hyperparasitism 

 

Antibiosis 

Sid et al. 2003 

 

Chacón-López et 

al. 2021 

2 Colletotrichum 

acutatum 

Fruit rot/Die-

back/Anthracnose 

Bacillus vallismortis Chili pepper 

rhizosphere  

ISR Park et al. 2013 

3 Colletotrichum 

capsici 

Fruit rot/Die-

back/Anthracnose 

Pseudomonas aeruginosa 

Pichia guilliermondii  

 

Ophiocordyceps sobolifera 

 

Bacillus sp. 

Pseudomonas aeruginosa 

 

Rice rhizosphere 

Thai fruits and 

vegetables 

Dead cicada 

nymphs 

Soil 

Chilli 

Antibiosis 

ISR 

 

Antibiosis 

 

Antibiosis 

ISR/ Volatile 

compounds/ 

Kumar et al. 2005 

Chanchaichaovivat 

et al. 2007 

Nantawanit et al. 

2010 

Jaihan et al. 2016 

Srikhong et al. 

2018 
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 Hydrolytic 

enzymes 

Jisha et al. 2019 

4 Colletotrichum 

gloeosporioides 

Fruit rot/Die-

back/Anthracnose 

Bacillus subtilis 

 

 

Pseudomonas aeruginosa 

 

Streptomyces philanthi 

 

Trichoderma koningiopsis 

Soil, Chilli 

rhizosphere  

 

Soil 

 

Wheat seed 

 

Soil 

 

Antibiosis  

 

 

Competition 

 

Antibiosis 

 

Antibiosis 

 

Kim et al. 2010 

Ashwini & 

Srividya 2014 

Sasirekha & 

Srividya 2016 

Boukaew et al. 

2018 

Ruangwong et al. 

2021 

5 Colletotrichum 

scovillei 

Fruit rot/Die-

back/Anthracnose 

Paenibacillus polymyxa Soil Antibiosis Suprapta et al. 

2020 

6 Colletotrichum 

truncatum  

Fruit rot/Die-

back/Anthracnose 

Burkholderia rinojensis 

Trichoderma harzianum 

Trichoderma asperellum 

Paenibacillus dendritiformis 

Soil 

Chilli rhizosphere 

Hyperparasitism 

ISR 

Sandani et al. 2019 

Yadav et al. 2021 

7 Fusarium Wilt Pseudomonas aureofaciens Rice rhizosphere Competition Chaiharn et al. 
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oxysporum  

Bacillus subtilis  

Bacillus sp. 

Burkholderia tropica 

 

Bacillus amyloliquefaciens 

 

Bacillus cereus 

 

Soil 

Bean rhizosphere 

Plants 

 

Millet seeds 

endophyte 

Root nodules of 

Prosopis laevigata 

 

Competition 

Lytic enzymes 

Volatile 

compounds 

Antibiosis 

 

Volatile 

compounds 

2009 

Yu et al. 2011 

Kumar et al. 2012 

Tenorio-Salgado et 

al. 2013 

Verma & White 

2018 

Ramírez et al. 2022 

8 Fusarium 

pallidoroseum 

Wilt Trichoderma viride 

Chaetomium indicum 

Aspergillus flavus 

Gliocladium roseum 

Trichothecium roseum 

Paecilomyces variotic 

Trichoderma harzianum 

Apple rhizosphere 

Mushroom 

compost   

Tulip rhizosphere 

Mulberry 

rhizosphere 

Mulberry twigs  

Hyperparasitism/ 

Competition/ 

Antibiosis 

 

Munshi & Dar 

2004 

 

9 Fusarium solani Wilt Bacillus subtilis  

Pseudomonas fluorescens 

Coconut and 

Cotton 

ISR 

 

Sundaramoorthy et 

al. 2012 
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Bacillus sp. 

Pseudomonas fluorescens 

Bacillus subtilis  

Trichoderma viride 

Paecilomyces sp. 

 

 

Bacillus subtilis  

Pseudomonas fluorescence 

Bacillus spp. 

rhizosohere 

Bean rhizosphere 

Soil 

 

 

Aloe vera and 

Pomegranate 

rhizosphere 

Cucumber 

rhizosphere 

Soil and air 

samples 

 

Lytic enzymes 

Competition/ 

Volatile 

compounds 

Antibiosis 

 

 

Lytic enzymes/ 

Antibiosis 

Volatile 

compounds 

 

Kumar et al. 2012 

Narayanan et al. 

2015 

 

Hussain et al. 2016 

 

 

Al-Fadhal et al. 

2019 

Gutiérrez-Santa 

Ana et al. 2020 

10 Macrophomina 

phaseolina 

Charcoal Rot Pseudomonas cepacia 

 

Pseudomonas plecoglossicida 

Brevibacterium antiquum 

Bacillus altitudinis, 

Enterobacter ludwigii 

Caryopses of 

gamma grass 

Rice rhizosphere 

 

 

 

Volatile 

compounds 

Competition/ 

Unregulated 

waste product 

formation/ PGP 

Jayaswal et al. 

1993 

Gopalakrishnan et 

al. 2011 
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Acinetobacter tandoii  

Pseudomonas monteilii 

Bacillus sp. 

Streptomyces sp. 

 

 

Bean rhizosphere 

Soil 

 

Lytic enzymes 

Lytic enzymes 

and waste 

products/ PGP 

 

 

Kumar et al. 2012 

Alaa Fathalla & El-

Sharkawy 2020 

11 Phytophthora 

capsici 

Phytophthora 

blight/Fruit 

rot/root rot/leaf 

blight 

Bacillus subtilis  

Bacillus licheniformis 

Streptomyces halstedii 

 

Bacillus megaterium 

 

Bacillus subtilis 

 

Lysobacter antibioticus 

 

Streptomyces griseus 

 

Pepper 

rhizosphere 

Soil 

 

Chilli rhizosphere 

 

Pepper 

rhizosphere 

Soil 

 

Soil 

 

Hyperparasitism 

 

Hyperparasitism/ 

Mycophagy 

Antibiosis  

 

Antibiosis 

 

Lytic enzymes/ 

Antibiosis 

Hyperparasitism/ 

Lytic enzymes 

Sid et al. 2003 

 

Joo 2005 

 

Akgül & Mirik 

2008 

Lee et al. 2008 

 

Ko et al. 2009 

 

Nguyen et al. 2012 
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Bacillus vallismortis 

Pseudomonas fluorescens 

 

Trichoderma hamatum 

Pseudomonas aeruginosa 

Trichoderma virens 

Chilli rhizosphere 

Endophyte of 

strawberry 

Chilli rhizosphere 

 

Chilli rhizosphere 

ISR 

ISR 

 

Competition/ 

Antibiosis 

Hyperparasitism 

Park et al. 2013 

Kim et al. 2014 

 

Chemeltorit et al. 

2017 

Tomah et al. 2020 

12 Pythium 

aphanidermatum 

Damping off Pseudomonas sp. 

 

 

Bacillus subtilis 

Pseudomonas chlororaphis 

Bacillus subtilis  

 

Calothrix elenkenii 

Chickpea and 

green gram 

rhizosphere 

Soil 

 

Vegetable 

rhizosphere 

Rice fields 

Lytic enzymes 

 

 

ISR 

 

ISR 

 

Antibiosis  

Sindhu & 

Dadarwal 2001 

 

Kavitha et al. 2005 

 

Nakkeeran et al. 

2006 

Manjunath et al. 

2010 

13 Rhizoctonia 

solani 

Root rot Pseudomonas sp. 

 

 

Chickpea and 

green gram 

rhizosphere 

Lytic enzymes 

 

 

Sindhu & 

Dadarwal 2001 
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Pseudomonas fluorescens 

Pseudomonas putida  

Bacillus subtillis  

Bacillus sp. 

Pseudomonas aeruginosa 

Bacillus subtilis 

 

Bacillus subtilis 

 

Pseudomonas fluorescens 

Streptomyces sp. 

Chilli rhizosphere 

 

 

Bean rhizosphere 

Soil 

Almond 

rhizosphere 

Tomato 

rhizosphere 

Oilseed rape roots 

Soil 

Competition/ 

Antibiosis  

 

Lytic enzymes 

Lytic enzymes 

Hyperparasitism 

 

ISR/ Antibiosis 

 

Competition 

Lytic enzymes 

and waste 

products/ PGP 

Abeysinghe 2009 

 

 

Kumar et al. 2012 

Suryadi et al. 2014 

Khedher et al. 2015 

 

Wu et al. 2019b 

 

Chlebek et al. 2020 

Alaa Fathalla & El-

Sharkawy 2020 

14 Sclerotium rolfsii Wilt Pseudomonas fluorescens  

Pseudomonas putida 

Bacillus subtillis  

Chilli rhizosphere Competition/ 

Antibiosis 

Abeysinghe 2009 

 

15 Verticillium 

dahliae 

Wilt Pythium oligandrum Soil ISR Al-Rawahi et al. 

1998 
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As mentioned earlier, salt pans are a rich ecosystem with vast potential. Countrywide there 

are a handful of states with functional salt pans which have not been destroyed due to 

urbanization and industrialization. Goa is one such state with active research being carried out 

on the potential applications of hypersaline bacteria inhabiting these salt pans. Halophilic and 

halotolerant microorganisms from the salt pans of Goa have been reported to be a source of 

several hydrolytic enzymes and bioactive metabolites having antimicrobial action. Kamat & 

Kerkar (2011) demonstrated the inhibition of  clinical pathogens namely Acinetobacter 

baumanii, Aeromonas hydrophila, Citrobacter diversus, Citrobacter freundii, Escherichia 

coli, Klebsiella pneumoniae, Morganella morganii, Proteus mirabilis, Pseudomonas spp., 

Salmonella paratyphi A, Salmonella typhi, Salmonella typhimurium, Shigella boydii, Shigella 

flexneri, Vibrio cholerae, Methicillin Resistant Staphylococcus aureus (MRSA), Methicillin 

Sensitive Staphylococcus aureus (MSSA) and Staphylococcus citreus by bacteria isolated 

from Goan salt pans. Halophilic and halotolerant actinomycetes from Goan salt pans have 

been also studied as a potential source of anti-bacterial compounds against Staphylococcus 

aureus, Staphylococcus citreus, and Vibrio cholerae (Ballav et al. 2015). Bhambure et al. 

(2018) demonstrated the potential of salt tolerant Pseudomonas multiresinivorans, 

Microbacterium esteraromaticum and Bacillus subtilis individually and their consortium with 

amended farmyard manure (FYM) as promoters of rice growth and microbial activity in 

coastal saline soil. A study by Fernandes et al. (2019) have revealed the anti-Vibrio activity of 

halotolerant bacteria B. subtilis, B. amyloliquefaciens, B. licheniformis and Pseudomonas sp. 

isolated from Goan salt pan. Recently, the application of halotolerant Bacillus spp. from a 

Goan saltpan as antifungal agent against mushroom pathogens has also been reported 

(Fernandes et al. 2021). However there have been no studies reporting the application of 

hypersaline bacteria from Goan salt pans against the fungal pathogens affecting the chilli 

plant.  
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Chapter 3  

 Materials and Methods 

3.1 Sampling sites for the isolation of hypersaline bacteria  

Water and sediment samples were collected from three salt pans viz. Batim, Agarwado 

and Ribandar, in the month of February 2017. Two ponds were chosen from each salt 

pan for the sample collection. The locations of the study site were recorded by a hand 

held Global Positioning System (GPS) [eTrexVistaTM personal navigator®, Garmin 

International, Inc., USA]. The physicochemical parameters of the overlying saltpan 

water viz. temperature, salinity, dissolved oxygen, pH and total dissolved solids were 

measured on-site. Temperature was measured using a field thermometer (76 mm 

immersion, ZEAL, England), salinity was measured using a hand held refractometer 

(S/Mill-E, ATAGO Co. Ltd., Japan) and pH was measured using a digital pH meter 

(pH 700, Eutech instruments, Thermo Fisher Scientific, India). Dissolved oxygen and 

total dissolved solids were measured using a hand held multi-parameter device 

(CyberScan PC 650, Eutech Instruments, Thermo Fisher Scientific, India). 

 

3.2 Isolation of bacteria from salt pan water and sediment  

Water samples overlying the salt pans from two different ponds were collected in 

sterile disposable bottles. Sediment samples were collected using a 5.5 cm diameter 

corer and were sealed in sterile plastic bags. All the samples were transported to the 

laboratory for processing within 24 h (Kamat & Kerkar 2011). For the isolation of 

hypersaline bacteria, serial dilutions were carried out with sterile 0.85 % saline 

(Sodium chloride) and 0.1 mL of each sample was spread plated, in triplicates on 

Nutrient Agar (NA, Appendix I) and Zobell Marine Agar (ZMA, Appendix I) of 

different strengths (25 %, 50 % and 100 %). All the media components and chemicals 

used were of analytical grade. The plates were incubated at room temperature (28 ± 2 

°C) for 72 h. Morphologically different colonies were selected and their detailed 

colony characteristics were noted. Each isolate was assigned a culture code in the 

MPSK series. The strains isolated were then stored at 4 °C until further use. Glycerol 

(50 % w:v) stocks of each isolate were also prepared in their respective media and 

stored at –80 °C. Apart from these, additional bacterial cultures previously isolated by 
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Prof. Savita Kerkar’s research team from the salt pan water, sediments and associated 

biofilms samples were also used in the study. These isolates were previously coded as 

SK, BGUM and ABSK. 

 

3.3 Sample collection for the isolation of fungus from diseased 

chilli plants 

Chilli plant samples were collected from the fields of Bicholim, Saligao, Valpoi, 

Margao and Khola region of Goa in the months of April and May of 2017. Plants 

showing wilt and rot symptoms were uprooted from these fields and transported to the 

laboratory within 24 h. Three plant samples from each field were selected. Stems and 

roots of these plants were used as sample sources for the isolation of fungus.  

 

3.4 Isolation of fungus from diseased plant samples  

The lower stem region along with roots of the collected diseased chilli plants were first 

washed with tap water followed by a detergent (teepol) wash for 10-15 min to remove 

dirt and soil. Finally it was rinsed in distilled water (DW) to remove any traces of the 

wetting agent. Explants were then transferred to a laminar air flow (LAF, Medlab 

Biosafety Class II B2, Medlab Scientific Equipments, India) and dipped in 70 % 

ethanol for 60 sec. These were then surface sterilized using 0.1 % mercuric chloride 

for 10 - 15 min and finally washed thoroughly with sterile DW. Vertical slices of the 

internal tissue were cut using a sterile scalpel and were placed on Potato dextrose Agar 

(PDA, Appendix I) amended with 1 mg/mL of chloramphenicol (De, 2013). These 

plates were then incubated at 25 ºC till the appearance of the fungal mycelia. The 

fungal strains isolated, were then purified and screened out on the basis of their growth 

pattern on PDA plates incubated at 25 °C for 3 - 5 days. The fungal isolates with 

different morphological patterns were then identified. 

 

3.5 Identification of the fungal isolates 

Preliminary identification of the fungal isolates (5) based on their morphology was 

done at Indian type culture collection, ICAR- Indian Agricultural Research Institute 

(ITCC, New Delhi). These cultures were then deposited at their repository to obtain 

the registration number. Out of these five fungal isolates, three fungi which were chilli 

plant pathogens were then characterized by PCR amplification of ITS region at ITCC, 
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New Delhi. Maximum likelihood tree was constructed from the data obtained using 

MEGA 11 software (Molecular Evolutionary Genetics Analysis Version 11, 2021) 

with 1000 bootstrap replicates. 

 

3.6 Screening of salt pan bacteria for antifungal activity  

The preliminary screening of hypersaline bacteria (197) against the fungal isolates was 

done by dual culture technique (Karimi et al., 2016). The antifungal activity of the 

bacterial isolates was checked against three fungal cultures isolated in this study viz. 

Fusarium solani, Fusarium oxysporum and Macrophomina phaseolina. Besides these, 

three standard fungal chilli plant pathogens viz. Fusarium pallidoroseum (ITCC 7890), 

Rhizoctonia solani (ITCC 5338) and Pythium aphanidermatum (ITCC 4746) were 

procured from ITCC, New Delhi. The hypersaline bacteria were inoculated separately 

in Zobell Marine Broth (ZMB, HiMedia M385) (10 mL) and incubated at 28 ± 2 °C 

for 48 h on a shaker incubator (Remi CIS-24 plus, Remi Elektrotechnik Ltd., India) at 

120 rpm. An 8 mm plug (3 mm thick) from the leading edge of a fungal culture 

growing on PDA was removed with the help of a sterile cork borer. This plug was then 

placed at the center of a new PDA plate and the cell suspension of the hypersaline 

bacteria was streaked around the plug at a 2.5 cm distance on all four sides. Plates 

streaked with uninoculated broth around the fungal plug were used as a control. After 

the incubation period (48 h in case of M. phaseolina, R. solani and P. aphanidermatum 

and 120 h in case of F. solani, F. oxysporum and F. pallidoroseum) percent inhibition 

of the fungal mycelia by the hypersaline bacteria as compared to that of control, was 

calculated using the following formula: 

                                              L (%) = [(C − T)/C] × 100;  

Where, L is inhibition percentage; C is colony radius in the control plate and T is radial 

growth of the fungi in the presence of hypersaline bacteria.   

 

3.7 Screening for growth of salt pan bacteria in soil extract 

Soil extract (SE) was prepared by mixing 17.75 g of soil in 1 L of DW and kept on a 

shaker incubator at 150 rpm at 40 °C for 1 h (Liebeke et al., 2009). This was then 

filtered and the extract obtained was utilized for preparing SE agar (Appendix I). 

Bacterial cultures were streaked on these plates and incubated at 28 ± 2 °C and 

checked for growth within 5 days of incubation. 
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3.8 Evaluating type of antagonism by salt pan bacteria 

Hypersaline bacteria were assessed for various tests under the three modes of 

antagonism: Mixed path, Indirect and Direct. For antagonism tests, the antifungal 

activity of the hypersaline bacteria was checked against three fungal cultures viz. F. 

solani, M. phaseolina and R. solani, as these pathogens are responsible for the major 

yield loss of chillies and are predominant in Goan soils. 

 

3.8.1 Qualitative analysis of mixed path antagonism and indirect 

antagonism tests 

Ten hypersaline bacteria BGUM 14B, SK 473, MPSK 9, MPSK 14, MPSK 20, MPSK 

22, MPSK 23, MPSK 109, MPSK 186 and ABSK 9 which showed > 40 % inhibition 

of all the six fungal cultures and which were able to grow on SE agar were tested for 

mixed path antagonism and indirect antagonism tests. Under mixed path antagonism 

tests, the bacteria were screened for the production of volatile and diffusible 

metabolites, lytic enzymes and unregulated waste products and for plant growth 

promoting attributes. The production of siderophore and exopolysaccharide by the 

hypersaline bacteria were evaluated as a part of indirect antagonism.  

 

3.8.1.1 Production of volatile and diffusible metabolites  

The hypersaline bacteria were first tested for the production of antifungal 

metabolites of both volatile and diffusible nature; against F. solani, M. phaseolina 

and R. solani by inverted plate and well diffusion method respectively as 

described by Lim et al. (2017). 

a) Production of volatile metabolites 

Hypersaline bacteria were inoculated individually in 10 mL of ZMB and were 

incubated on a shaker incubator at 120 rpm at 28 ± 2 °C. After 48 h incubation, 

cell suspension of each bacterium was swabbed on individual ZMA plates (A). 

The fungi to be tested were previously grown on PDA plates, incubated at 25 ± 

2 °C (for 48 h in case of M. phaseolina and R. solani and for 120 h in case of 

F. solani). After the incubation period, a mycelial plug was removed using a 

sterile cork borer and was placed in the center of a sterile PDA plate (B). This 

was repeated for all the three fungi separately. Each plate A was then inverted 

on each of the plates B, sealed with parafilm and incubated at 25 ± 2 °C for the 

respective incubation period. For control, ZMA plates were swabbed with 
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uninoculated broth, inverted on the PDA plates containing the respective 

fungal plugs and sealed with parafilm and incubated under the same conditions 

as the test plates. Radial growth (R) of each fungal culture was recorded within 

2-5 days and the inhibition percentage of mycelial growth was calculated using 

the formula: 

R (%) = (rl - r2/rl) x 100  

Where, rl is radial growth of the fungus in control and r2 is the radial growth of 

the fungus in sets inoculated with the bacterium. 

 

b) Production of diffusible metabolites 

The production of diffusible metabolites was tested by the well diffusion 

method. Hyperasline bacteria were inoculated individually in ZMB (10 mL) 

and incubated at 28 ± 2 °C on a shaker incubator at 120 rpm. After 48 h 

incubation, culture broth of the bacteria was sonicated (VIA sonicator, Sonics 

& Materials Inc., USA) at a frequency of 20 kHz for 40 sec with pulse and 40 

sec without pulse. The sonicated sample was then centrifuged (in Eppendorf 

5804 R centrifuge, Eppendorf, Germany) at 10,000 rpm for 15 min at 28 ± 2 °C 

and the supernatant was assessed for antifungal activity. F.solani, R. solani and 

M. phaseolina were separately grown in 100 mL flasks with 50 mL Potato 

Dextrose Broth (PDB, HiMedia M403). The flasks were placed on an orbital 

shaker at 120 rpm, 25 ± 2 °C for an incubation period of 48 h in case of M. 

phaseolina, R. solani and 120 h in case of F. solani. Subsequently, the fungal 

cultured were spread plated with sterile cotton swabs (HiMedia) on PDA. On 

these plates, 8 mm agar wells were bored using a sterile cork borer. A total of 

100 µL of each of the hypersline bacterial cell free supernatant was added to 

the wells and incubated at 25 ± 2 °C for 48 / 120 h depending on the fungal 

culture. Antifungal activity was recorded from the diameter of the zone of 

inhibition (mm) of the mycelial mat around the wells. For the control, 100 µL 

of sterile ZMB was inoculated in the wells. 

 

3.8.1.2 Production of lytic enzymes  

The qualitative estimation of cell wall degrading enzymes chitinase, glucanase, 

amylase, cellulase, protease and lipase production was carried out by plate assays 

on 1X M9 Minimal Medium Salts (Appendix I) containing specific substrates. All 
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the results were recorded as: Solubilization index = Total zone diameter (mm) / 

Colony diameter (mm) (Shet & Garg, 2022). 

a) Chitinase 

Colloidal chitin was prepared by vigorously stirring 5 g of chitin flakes 

(HiMedia GRM1356) in 60 mL concentrated hydrochloric acid overnight at 4 

°C on a magnetic stirrer (Remi Q-19, Remi Elektrotechnik Ltd., India). 

Colloidal form of chitin was then precipitated using 95 % ice cold ethanol (2 L) 

at 4 °C overnight. This suspension was then centrifuged at 10,000 rpm for 10 

min at 4 °C and the pellet obtained was washed with DW repeatedly until its 

pH became neutral. This colloidal chitin was used to make 0.2 % colloidal 

chitin agar plates (Appendix I). To check the chitinase activity, individual 

hypersaline bacteria were streaked on these agar plates and incubated at 28 ± 2 

°C. After 7 days, the plates were flooded and incubated with 1 % congo red 

solution for 20 min and washed with 1 M NaCl solution. The results were 

recorded when a zone of clearance against a pink-red background was seen. 

 

b) Glucanase 

Individual hypersaline bacteria were spot inoculated on 0.2 % laminarin agar 

plates (Appendix I) and incubated at 28 ± 2 °C for 7 days. Subsequently the 

plates were flooded with 1 % congo red solution and incubated for 20 min. 

After washing with 1 M NaCl solution, the observations were recorded when a 

zone of clearance against a pink-red background was seen. 

 

c) Amylase 

Individual hypersaline bacteria were spot inoculated on 0.2 % starch agar 

plates (Appendix I) and incubated at 28 ± 2 °C for 2 days. The plates were 

flooded with Lugol’s iodine solution (Appendix II), decanted and incubated in 

1 M NaCl solution overnight at 4 °C. The observations were recorded when a 

zone of clearance against a blue-black background was seen. 

 

d) Cellulase 

Individual hypersaline bacteria were spot inoculated on 1 % Carboxymethyl 

cellulose agar plates (Appendix I) and incubated at 28 ± 2 °C for 2 days. The 

plates were flooded and incubated with 1 % congo red solution for 20 min, 
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subsequently washed with 1 M NaCl solution and the observations were 

recorded when a zone of clearance against a pink-red background was seen. 

 

e) Protease 

Individual hypersaline bacteria were spot inoculated on 1 % casein agar plates 

(Appendix I) and incubated at 28 ± 2 °C for 2 days. The plates were flooded 

with 20 % Trichloroacetic acid for 2 min and observed for a zone of clearance 

against a white opaque background. 

 

f) Lipase    

Individual hypersaline bacteria were spot inoculated on 1 % tributyrin agar 

plates (Appendix I) and incubated at 28 ± 2 °C until the appearance of growth. 

The plates were held against natural light and observed for opaque zones 

against a clear background. 

 

3.8.1.3 Formation of unregulated waste products  

Next the hypersaline bacteria were evaluated for their ability to form toxic waste 

products viz. ammonia and hydrogen cyanide according to the protocol given by 

Sahu et al. (2020). 

a) Ammonia  

The hypersaline bacteria were inoculated in 10 mL peptone water broth 

(Appendix I) and incubated at 28 ± 2 °C on a shaker incubator at 120 rpm. 

After 48 h incubation, 0.1 mL of culture supernatant was obtained by 

centrifuging the culture broth at 10,000 rpm for 10 min. The supernatant 

obtained was further diluted with DW to make the final volume to 5 mL. To 

this 0.5 mL of Rochelle’s salt solution (Appendix II) was added followed by 

0.5 mL of Nessler’s reagent (Appendix II). Orange-brown coloration or 

precipitate formation was an indicator of a positive ammonia test. 

 

b) Hydrogen cyanide (HCN)  

Sterile glass petri-plates (40 mm) with 15 mL ZMA media supplemented with 

4.4 g/L glycine were prepared, where the inner side of the lid of the petri-plates 

was lined with sterilized Whatman No. 1 paper. Hypersaline bacteria were 

streaked individually onto these plates, followed by the impregnation of the 
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Whatman paper with a solution containing 2 % sodium carbonate in 0.5 % 

picric acid. The plates were then sealed with parafilm and incubated in an 

upright position at 28 ± 2 °C for 48 h. A colour change in the Whatman paper 

to orange-red indicated HCN production. 

 

3.8.1.4 Assessing plant growth promoting attributes  

Growth promoting attributes were analyzed as part of mixed path antagonism, 

wherein a BCA impart the host plant with traits which boost the plant’s growth 

and help in disease suppression. The hypersaline bacteria were tested for their 

ability to solubilize nutrients, fix atmospheric nitrogen and produce indole-3-

acetic acid and 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase 

(Kayasth et al., 2014; Pirhadi et al., 2016; Chandrakala et al., 2019; Sahu et al., 

2020; Shet & Garg, 2022).  

a) Solubilization of nutrients (phosphate, zinc, potassium and silicate) 

The qualitative estimation of nutrient solubilisation was carried out by plate 

assays on specific media containing insoluble forms of mineral nutrients. For 

phosphate solubilisation, hypersaline bacteria were spot inoculated onto 

Pikovskaya’s agar plates (Appendix I) and incubated at 28 ± 2 °C for 7 days. 

Similarly for Zinc, Potassium and Silicate solubilisation, hypersaline bacteria 

were spot inoculated on Zinc Solubilizing medium (Appendix I), Aleksandrow 

medium (Appendix I) and Modified Bunt and Rovira medium (Appendix I) 

agar plates respectively. After the incubation period, the zone of clearance was 

measured and the results were recorded as the solubilization index. 

 

b) Production of indole-3-acetic acid (IAA)  

Each hypersaline bacteria was inoculated separately in 40 mL ZMB 

supplemented with 0.1 % tryptophan and incubated on a shaker incubator (120 

rpm) at 28 ± 2 °C for 48 h. The culture suspension was then centrifuged at 

5000 rpm, 4 °C for 10 min to obtain supernatant. To 2 mL of the supernatant in 

a test tube, 2 drops of 85 % orthophosphoric acid and 4 mL Salkowski reagent 

(Appendix II) was added and the tubes were incubated at room temperature in 

dark for 30 min. After the incubation period, a color change from colourless to 

light pink indicated a positive test. 

 



Chapter 3: Materials and Methods 
 

36 

Pawaskar M, 2023, Goa University 

c) Production of 1-aminocyclopropane-1-carboxylic acid (ACC) 

deaminase 

The ability of hypersaline bacteria to use ACC as a sole nitrogen source was 

assessed by spot inoculating each isolate on Dworkin-Foster salts medium with 

2.0 % agar (Appendix I) supplemented with 3 mM ACC or with 2 g/L 

ammonium sulphate as in case of growth control. These plates were then 

incubated at 28 ± 2 °C for 48 h and the growth was observed. 

 

d) Fixation of atmospheric nitrogen 

Hypersaline bacteria were spot inoculated on Jensen’s (N free) medium agar 

plates (Appendix I) and incubated at 28 ± 2 °C for 10 days and the growth was 

observed. 

 

3.8.1.5 Production of siderophores 

Universal chrome azurol S (CAS) agar plates were prepared to test the ability of 

the hypersaline bacteria to produce iron-binding siderophores. To 25 mL of CAS 

solution prepared by adding 30.25 mg CAS in DW, 5 mL of iron (III) solution (1 

mM FeCl3.6H20, 10 mM HCl) was added. To this mixture, 20 mL of cetrimonium 

bromide (CTAB) solution (prepared by adding 36.45 mg CTAB in DW) was 

slowly added with constant stirring to avoid any froth formation. This CAS 

reagent mixture was filter sterilized and 10 mL of it was added to 90 mL of sterile 

M9 Minimal Medium Salts (Appendix I) supplemented with 0.5 % glucose. The 

pH of this minimal salt mixture was maintained at 6.8 using PIPES buffer (3.24 g 

PIPES in the same solution). The media was solidified using 1.5 % agar and 

hypersaline bacteria were spot inoculated. After 7 days of incubation at 28 ± 2 °C, 

the plates were observed for the formation of orange halo around the colonies 

which indicated siderophore production (Chaiharn et al., 2009). 

 

3.8.1.6 Production of exopolysaccharide (EPS) 

To determine the EPS secretion, hypersaline bacteria were streaked on ZMA 

plates supplemented with 10 % sucrose and 0.01 % congo red dye. The plates 

were incubated at 28 ± 2 °C for 48 h and were observed for black coloration of the 

colonies which marked the EPS production by the bacteria (Chaudhari et al., 

2017). 
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3.8.2. Quantitative estimation of mixed path antagonism and indirect 

antagonism tests 

As part of mixed path antagonism, all the hypersaline bacteria which showed positive 

results for chitinase, glucanase, amylase, cellulase, protease and lipase were tested 

quantitatively to determine the enzyme activity of each of the above mentioned 

enzymes. Similarly quantitative estimation of ammonia, siderophore and IAA was also 

carried out by spectrophotometric analysis. Finally the amount of solubilized 

phosphate, zinc and silicate in the media was determined.  

 

3.8.2.1 Estimation of lytic enzyme activity  

Quantitative estimation of amylase, cellulase, protease and lipase produced by 

hypersaline bacteria MPSK 14, MPSK 20, MPSK 22, MPSK 23, MPSK 109, 

MPSK 186 and SK 473 was carried out using the protocol given by Fernandes et 

al. (2019). Additionally chitinase and glucanase produced by MPSK 22, MPSK 23 

and MPSK 186 was also estimated (Suryadi et al. 2014). 

a) Chitinase 

One unit of chitinase activity was defined as the amount of enzyme that 

released 1 μmole of N-Acetylglucosamine (NAGA) equivalent per min 

(Appendix III). Measurement of chitinase activity was carried out using 0.5 mL 

of 0.2 % colloidal chitin (dissolved in 0.05 M Phosphate buffer (pH 5.2) 

(Appendix II)) and 0.5 mL of crude enzyme. This reaction mixture was 

incubated at 50 °C for 20 min. The resulting NAGA was analyzed using the 

DNSA (DiNitro Salicylic Acid) method wherein to the reaction mixture 3 mL 

DNSA solution (Appendix II) was added and the reaction was terminated by 

placing the tubes in a boiling water bath (100 °C) for 10 min. After boiling, the 

tubes were cooled and absorbance was read at 575 nm in a spectrophotometer 

(Schimadzu UV spectrophotometer UV-1800, Shimadzu Corporation, Japan). 

 

b) Glucanase 

One unit of glucanase activity was defined as the amount of enzyme that 

released 1 μmole of glucose equivalent per minute under assay conditions 

(Appendix III). Cell free supernatant (0.5 mL) was added to 0.5 mL of 0.2 % 

laminarin prepared in 1 M acetate buffer (pH 5.0) (Appendix II), mixed and 
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incubated at 50 °C for 20 min. The resultant glucose was measured using the 

DNSA method and the absorbance recorded at 550 nm. 

 

c) Amylase 

One unit of amylase activity was defined as the amount of enzyme that 

released 1 μmole of maltose equivalent per minute under assay conditions 

(Appendix III). Cell free supernatant (0.5 mL) was added to 0.5 mL of 1 % 

starch prepared in 0.05 M phosphate buffer (pH 7.0) (Appendix II), mixed and 

incubated at 50 °C for 20 min. The resultant glucose was measured using the 

DNSA method and the absorbance noted at 540 nm.  

 

d) Cellulase 

One unit of cellulase activity was defined as the amount of enzyme that 

released 1μmole of glucose equivalent per minute under assay conditions 

(Appendix III). Cell free supernatant (0.5 mL) was added to 0.5 mL of 1 % 

carboxymethyl cellulose prepared in 0.5 M citrate buffer (pH 4.8) (Appendix 

II), mixed and incubated at 50 °C for 20 min. The resultant glucose was 

measured using the DNSA method and the absorbance noted at 540 nm. 

 

e) Protease 

One unit of protease activity was defined as the number of micromoles of 

tyrosine released per min. A calibration curve was prepared using Bovine 

serum albumin as a standard solution (Appendix III) to measure the 

concentration of tyrosine released according to Bradford (1976). Protease 

activity was measured by using 1 % casein as the substrate. The cell free 

supernatant solution (0.5 mL) was incubated with 0.5 mL of 1 % casein at 50 

°C for 20 min. To 0.5 mL of the above substrate-crude enzyme mixture, 5.5 

mL Coomassie Brilliant Blue G-250 solution (Appendix II) was added and 

after 10 min of incubation at room temperature the absorbance was read at 595 

nm. 

 

f) Lipase    

One unit was defined as the amount of enzyme liberating 1 μmole of p-

nitrophenyl per minute under the standard assay conditions (Appendix III). 
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Lipase activity was determined using p-nitrophenyl palmitate (p-NPP) as a 

substrate according to Winkler & Stuckmann (1979), with some modifications. 

The substrate p-NPP dissolved in 2-propanol was mixed with 0.05 M Tris-HCl 

buffer (pH 8.0) (Appendix II) containing gum acacia (0.1 %), Triton X-100 

(0.6 %) to give final concentration of 1 mM. The reaction was carried out at 70 

°C by adding 100 μL of cell free supernatant solution to 1200 μL of substrate 

solution after pre-incubation for 5 min. Incubation was continued for 10 min 

after adding 500 μL of Sodium carbonate solution (0.1 M) to stop the reaction. 

The amount of p-nitrophenol (p-NP) released was measured at 410 nm against 

a blank and comparing to the standard calibration curve of P-NP. 

 

3.8.2.2 Estimation of ammonia 

Ammonia estimation test was carried out as mentioned in section 3.8.1.3 a. The 

absorbance of the orange/brown-coloured complex formed was measured at 450 

nm using a spectrophotometer. The concentration of ammonia produced was 

estimated using the ammonium chloride standard curve (Appendix III) 

(Roychowdhury et al., 2019). 

 

3.8.2.3 Quantifying plant growth-promoting attributes  

Solubilisation of nutrients and production of IAA was measured as part of plant 

growth-promoting attributes following the protocols of Kamran et al. 2017; 

Roychowdhury et al. 2019 and Chandrakala et al. 2019. 

a) Solubilization of nutrients (phosphate, zinc and silicate) 

Hypersaline bacteria with the positive qualitative phosphate solubilisation test 

were grown in Pikovskaya's broth for 5 days at 28 ± 2 °C on a shaker incubator 

at 120 rpm. The culture supernatant obtained (0.1 mL) by centrifuging the 

broth at 10,000 rpm for 5 min, was diluted with DW to make the final volume 

of 25 mL. To this 0.5 mL of acidified ascorbic acid (Appendix II) and 0.5 mL 

of mixed reagent (Appendix II) were added. The reaction mixture was 

incubated for 20 min and the absorbance was recorded at 810 nm. A standard 

graph of Potassium dihydrogen phosphate (Appendix III) was prepared 

following the same protocol to determine the amount of phosphate solubilized 

by the bacteria.  
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For estimation of silicon, hypersaline bacteria were grown in Modified Bunt 

and Rovira broth for 5 days at 28 ± 2 °C on a shaker incubator at 120 rpm and 

0.1 mL of culture supernatant obtained in the manner as mentioned above, was 

diluted with DW to make the final volume to 25 mL. To this 1 mL of mixed 

reagent (Appendix II) was added and kept for reacting for 15 min after which 1 

mL of 10 % oxalic acid and 0.5 mL of 2.8 % ascorbic acid was added and 

absorbance was measured at 810 nm after 30 min. A standard graph of Sodium 

hexafluorosilicate (Appendix III) was prepared following the same protocol to 

determine the amount of silicate solubilized by the bacteria.  

For estimation of zinc solubilisation, the hypersaline bacteria were grown in 

Zinc Solubilizing medium at 28 ± 2 °C on a shaker incubator at 120 rpm. After 

7 days of incubation, the culture supernatant obtained by centrifuging the broth 

at 10,000 rpm for 5 min was diluted 100 times. Total soluble zinc content was 

estimated in the culture supernatant using atomic absorption spectrophotometry 

(4210- MP AES, Agilent Technologies, Australia) and was expressed in ppm. 

 

b) Production of indole-1-acetic acid (IAA) 

The IAA estimation was carried out as mentioned in section 3.8.1.4 b and the 

absorbance of the pink-coloured reaction mixture was recorded at 530 nm after 

the 30 min incubation in the dark. The amount of IAA produced by each 

hypersaline bacteria were then determined from the standard graph of pure 

IAA prepared in acetone (Appendix III). 

 

3.8.2.4 Percentile siderophore production  

Bacteria were inoculated in the minimal salt mixture (section 3.8.1.5) and were 

incubated at 28 ± 2 °C for 7 days on a shaker incubator at 120 rpm. Cell-free 

supernatant (0.5 mL) obtained by centrifuging the culture broth at 10,000 rpm for 

10 min was mixed and incubated with 0.5 mL of CAS reagent mixture (section 

3.8.1.5) for 5 min. A mixture of the uninoculated minimal salt mixture and CAS 

reagent was kept as control (Kumar et al., 2017). After the change in colour of the 

reaction mixture to orange, the absorbance of the mixture was measured at 630 

nm and percent of siderophore production was calculated using the formula:   

% Siderophore units = (Ar-As)/Ar; 

Where, Ar = Absorbance of control and As = Absorbance of sample 
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3.8.3. Screening for genes involved in the lipopeptide synthesis  

Antibiosis through the production of antifungal compounds is a part of mixed path 

antagonism exhibited by a BCA. The class of antifungal lipopeptides produced by the 

hypersaline bacteria was determined by the PCR analysis. Based on the results of the 

previous tests (section 3.8.1 and 3.8.2), three hypersaline bacteria (MPSK 22, MPSK 

23 and MPSK 186) were selected for the screening of the lipopeptide synthesis genes 

through Polymerase chain reaction (PCR) analysis. Genomic DNA of the three 

bacteria MPSK 22, MPSK 23 and MPSK 186 was isolated using the HiPurA
TM

 

Bacterial Genomic DNA Purification Kit (HiMedia, India). This DNA was then used 

as a template for PCR amplification of biosynthetic genes responsible for the 

production of fengycin A, B, C, D; lichenysin A, B, C; iturin A, C, D and surfactin. 

Specific PCR primer pairs were selected based on literature study for the detection of 

the genes mentioned in Table 2. PCR reaction mixture (25 µL) used contained 12.5 µL 

of 2X PCR Taq mix (BioLit™ Taq Mix (2X)), 10 µL of nuclease-free water, 1 µL of 

template DNA and 0.5 µL of each forward and reverse primer (0.5 µM each). PCR 

amplifications were carried out in a PCR thermal cycler (Sure cycler 8800, Agilent 

Technologies, Singapore) as per the reaction conditions given in Table 3. A total of 30 

cycles of amplification were run for each gene after which, 10 µL of each sample 

along with a 50 kb DNA ladder (HiMedia, MBT084) was loaded onto 2 % Agarose 

gel and visualized with an ultraviolet illuminator (UV transilluminator, Fotodyne 

incorporated, USA). 

 

3.8.4. Testing for direct antagonism  

Direct antagonism was studied through microscopic analysis of the interaction 

between the bacterial cells and fungal hyphae. Change in morphology of the mycelia 

of fungal cultures F.solani, R.solani and M.phaseolina, after interacting with the 

hypersaline bacteria MPSK 22, MPSK 23 and MPSK 186 were studied by both light 

microscopy and scanning electron microscopy (SEM). Hypersaline bacterial and 

fungal cultures were co-inoculated as in the dual culture assay protocol (section 3.6) 

with coverslips in the interaction zone (in case of test) or at the growing edge of the 

fungal cultures (in case of the control). After the growth of the fungus, the coverslips 

were picked and studied via microscopy techniques. For light microscopy, the mycelia 

were stained by Lactophenol cotton blue (Appendix II) and was observed at 100 X 

magnification under a light microscope (Lynx X52-N107T, Lawrance & Mayo, India). 
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For SEM analysis, the coverslips with the mycelium were fixed overnight at 4 °C in 

2.5 % glutaraldehyde followed by washing with sterile phosphate buffered saline 

(PBS, Appendix II) till the glutaraldehyde was washed off. This was followed by 

dehydration through a series of ethanol (10, 30, 50, 70, 80, 90 and 100 % (v:v)) with 

10 min for each concentration. Finally, the samples were air-dried and mounted onto 

stubs, coated with gold (SC7620 Mini sputter coater, Quorum technologies, UK) and 

the photomicrographs were captured at 1-5 K magnification under SEM (Evo 18, Carl 

Zeiss, Germany) (Mallikarjunaswamy & Noushad 2021). 

 

3.9 Identification of salt pan bacteria by classical and molecular 

approach  

The three hypersaline bacteria MPSK 22, MPSK 23 AND MPSK 186 were further 

characterized morphologically and biochemically and identified tentatively as 

described in Bergey’s Manual of Systematic Bacteriology. Further the molecular 

analysis of the bacteria was undertaken to confirm its identity Claus 1986; Holt et al. 

1994).   

 

3.9.1 Morphological characterization 

For preliminary identification: colony morphology, Gram character and SEM analysis 

of the hypersaline bacteria were carried out. Bacteria were streaked individually on 

ZMA and the characteristics of the individual colonies were noted. Further the 

bacterial cells were Gram stained according to Hans Christian Gram (Coico 1997) and 

cell morphology was determined. To determine the size of the bacterial cells by 

scanning electron microscopy, freshly grown bacterial culture (10 µL) was spread onto 

a clean glass slide (1 cm
2
), air dried and fixed with 2.5 % glutaraldehyde overnight at 

4 °C. The next day, the glutaraldehyde was washed off with sterile PBS followed by 

successive dehydration with 10, 30, 50, 70, 80, 90 and 100 % acetone (v:v) for 10 min 

each. The slides were subsequently attached to a stub, sputter coated with gold and 

viewed under a SEM with magnification from 15 K to 40 K (Bratbak 2018).  
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Table 2: Specific PCR primer pairs for the identification of lipopeptide biosynthetic 

genes 

Sr. 

No. 

Compound 

 

Gene Primer Sequence Product 

length 

Reference 

1.  Surfactin 

Sfp-f 

 

Sfp-r 

5’-ATG AAG ATT TAC 

GGA ATT TA-3’ 

5'-TTA TAA AAG CTC 

TTC GTA CG-3' 

675 
Hsieh et al., 

2004 

2.  Iturin 

ItuD-f 

 

ItuD-r 

5’-ATG AAC AAT CTT 

GCC TTT TT-3’ 

5’-TTA TTT TAA AAT 

CCG CAA TT-3' 

1203 
Hsieh et al., 

2004 

ItuC-f 

 

ItuC-r 

5’-GGC TGC TGC AGA 

TGC TTT AT-3’ 

5’-TCG CAG ATA ATC 

GCA GTG AG-3’ 

423 
Hsieh et al., 

2004 

ItuA-f 

 

ItuA-r 

5’-GAT GCG ATC TCC 

TTG GAT GT-3’ 

5’-ATC GTC ATG TGC 

TGC TTG AG-3’ 

647 
Kumar et 

al., 2017 

3. Fengycin 

FenA-f 

 

FenA-r 

5'-GAC AGT GCT GCC 

TGA TGA AA-3' 

5'-GTC GGT GCA TGA 

AAT GTA CG-3' 

964 
Athukorala 

et al., 2009 

FenB-f 

 

FenB-r 

5'-CAA GAT ATG CTG 

GAC GCT GA-3' 

5'-ACA CGA CAT TGC 

GAT TGG TA-3' 

670 
Płaza et al., 

2015 

FenC-f 

 

FenC-r 

5'-CCG CAA GAC TGA 

GAA ATA-3' 

5'-CGA CGA CCA AAT 

GAT GAA TG-3' 

964 

Ramarathn-

am et al., 

2007 

FenD-f 5’- GGC CCG TTC TCT 964 Ramarathn-
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FenD-r 

AAA TCC AT-3’ 

5’-GTC ATG CTG ACG 

AGA GCA AA-3’ 

am et al., 

2007 

4. Lichenysin 

LicA-f 

 

LicA-r 

5'-GTG CCT GAT GTA 

ACG AAT-3' 

5'- CAC TTC CTG CCA 

TAT ACC-3' 

735 
Madslein et 

al., 2013 

LicB-f 

 

LicB-r 

5'- TGA TCA GCC GGC 

CGT TGT CT-3' 

5'- GGC GAA TTG TCC 

GAT CAT GT-3' 

904 
Madslein et 

al., 2013 

LicC-f 

 

LicC-r 

5'- GCC TAT CTG CCG 

ATT GAC-3' 

5'- TAT ATG CAT CCG 

GCA CCA-3' 

1195 
Madslein et 

al., 2013 

 

Table 3: PCR amplification conditions for the screening of individual lipopeptide 

biosynthetic genes  

Gene 
Initial 

Denaturation 
Denaturation Annealing Extension 

Final 

Extension 

 (Temperature °C / Time sec) 

Sfp 94 / 240 94 / 60 46 / 30  72 / 60 72 / 300 

ItuA 95 / 300 94 / 60 50 / 60 72 / 60 72 / 300 

ItuC 94 / 240 94 / 60 58 / 60 70 / 60 70 / 300 

ItuD 94 / 240 94 / 60 50 / 60 72 / 90 72 / 300 

FenA 94 / 240 94 / 60 60 / 30 72 / 105 72 / 300 

FenB 94 / 240 94 / 60 60 / 30 72 / 105 72 / 360 

FenC 94 / 240 94 / 60 62 / 30 72 / 105 72 / 360 

FenD 95 / 240 94 / 60 58 / 60 70 / 60 70 / 300 

LicA 94 / 240 94 / 60 60 / 30 72 / 50 72 / 300 

LicB 94 / 240 94 / 60 60 / 30 72 / 50 72 / 300 

LicC 94 / 240 94 / 60 57 / 30 72 / 50 72 / 300 
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3.9.2 Biochemical characterization 

For biochemical analysis, sulphur and nitrate reduction, indole and enzymes (oxidase, 

catalase, gelatinase, and urease) production, citrate and O-nitrophenylbeta-D-

galactopyranoside (ONPG) utilization and Methyl Red-Voges Proskauer (MR-VP) 

tests were conducted. In addition, the oxygen requirement of the hypersaline bacteria 

was also assessed. Further the utilisation of an array of carbohydrates by the bacteria 

was checked using KB009 HiCarbo
TM

 kits. 

a) Sulfur reduction, Indole Production and Motility (SIM) Test 

SIM Media (Appendix I) was used to test the motility of the hypersaline bacteria along 

with the sulfide reduction and Indole formation. Sterile SIM media was poured in a 

test tube and allowed to solidify in a vertical position to obtain a butt. This media was 

then inoculated individually using a sterile stab and incubated at 28 ± 2 °C. After 48 h, 

the tubes were checked for bacterial growth or black precipitate formation. 

Additionally, ring formation was observed after the addition of Kovac’s Reagent 

(Appendix II) to test indole production. 

 

b) Nitrate Reduction Test 

Nitrate broth (Appendix I) was inoculated with bacterial cell suspension (50 µL) and 

incubated for 48 h at 28 ± 2 °C on a shaker incubator at 120 rpm. After the incubation 

period, a few drops of 0.8 % Sulphanilic acid (Appendix II) and α-Naphthylamine 

Reagent (Appendix II) were added and was the broth medium was observed for color 

change to pink. 

 

c) Oxidase Test 

To a sterile Oxidase disc (HiMedia DD018), pure colony of the hypersaline bacteria 

was applied individually with a help of a sterile toothpick. Upon the contact with the 

disc, immediate change in color of disc from white to purple was observed as an 

indicator of positive oxidase test. 

 

d) Catalase Test 

Using a sterile toothpick, purified colonies of hypersaline bacteria were picked and 

suspended into a drop of 3 % Hydrogen Peroxide placed on a clean glass slide. 

Effervescence formation was looked for immediately as an indicator of the positive 

result. 



Chapter 3: Materials and Methods 
 

46 

Pawaskar M, 2023, Goa University 

e) Urease Test 

Sterile 40 % urea solution was added to the autoclaved Urea Agar Base (Appendix I) 

and was solidified in a slanting position. These slants were inoculated with hypersaline 

bacteria and incubated for 48 h at 28 ± 2 °C. Color change of the medium from yellow- 

orange to magenta (pink) was observed after incubation period. 

 

f) Gelatinase Test 

Sterile gelatin media (Appendix I) was inoculated with 50 µL of bacterial cell 

suspension in a test tube and incubated at 28 ± 2 °C. After 48 h of incubation, the 

media tubes were kept at 4 °C for 30 min and checked for solidification or liquefaction 

of the media. 

 

g) Citrate Utilization Test 

Hypersaline bacteria were streaked onto Simmon Citrate Agar (Appendix I) slants and 

incubated at 28 ± 2 °C. After 72 h of incubation, the color change of the medium from 

green to blue was observed. 

 

h) ONPG Test 

Emulsion of the pure colony of hypersaline bacteria was prepared in a clean glass vial 

containing 0.85 % sterile saline and an ONPG disc (HiMedia DD008). After 

incubation of the vial at 28 ± 2 °C for 48 h, color change of the saline from colorless to 

yellow was noted. 

 

i) Methyl Red - Voges Proskauer (MR-VP) Test 

Bacterial cell suspension (50 µL) was inoculated individually in 5 mL of Methyl-Red 

Voges- Proskauer Broth (Glucose Phosphate Broth, Appendix I) and incubated on a 

shaker incubator at 120 rpm. After 48 h of incubation at 28 ± 2 °C, the broth was 

divided equally and poured into two different sterile vials. In one vial, few drops of 

Methyl red indicator (Appendix II) were added and the change of colour from 

colorless to red or yellow was noted for Methyl Red Test. To the second vial, a few 

drops of Barrit’s Reagent A (Appendix II) and Barrit’s Reagent B (Appendix II) were 

added and the formation of stable pink colour was observed as an indicative of 

positive Voges Proskauer test reaction. 
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j) Oxygen requirement 

Two thirds of a sterile screw-capped glass test tube was filled with autoclaved 

Anaerobic agar (Appendix I) and mixed with 0.5 mL of the bacterial culture 

suspension. The tubes were then tightly capped and incubated at 28 ± 2 °C for 5 days 

and growth pattern of the hypersaline bacteria was studied in the tube. 

 

k) Carbohydrate Utilization 

Carbohydrate utilization pattern was studied using KB009 HiCarbo
TM

 kits (HiMedia 

KB009A/ KB009B1/ KB009C) which contained a total of 35 carbohydrates. In each 

tubule of the kit strip, individual bacterial cell suspension (50 µL) was inoculated and 

incubated at 28 ± 2 °C. After 48 h the change in colour of the media in each tubule was 

noted and the utilization profile was determined as per the manufacturer’s instruction 

manual (HiMedia, India). 

 

3.9.3 Molecular characterization 

The genomic DNA of the hypersaline bacteria was extracted using HiPurA Bacterial 

Genomic DNA purification kit (HiMedia, India) according to the instruction manual. 

The 16S rRNA of each bacterium was amplified using the isolated DNA as the 

template by PCR using universal bacterial primers 27F (Forward): 

AGAGTTTGATCCTGGCTCCAG and 1492R (Reverse): 

TACGGTTACCTTGTTACGACTT. The PCR reaction mixture contained 20 µL 

nuclease-free water, 3 µL template, 1 µL forward primer, 1 µL reverse primer and 25 

µL PCR Taq mix (BioLit™ Taq Mix (2X)). PCR was carried out with an initial 

denaturation of 5 min at 95 °C followed by 30 cycles of 95 °C for 1 min; 54 °C for 1 

min and 72 °C for 1 min. A final extension was performed at 72 °C for 10 min. The 

PCR product of around 1500 bp thus obtained was sequenced (G3500 Genetic 

Analyzer, Applied Biosystem, Hitachi Ltd., Japan) and the obtained raw sequences 

were used to assemble the contigs using DNA baser software. These contigs were then 

matched with the GenBank database using NCBI-BLAST and the phylogenetic tree 

(Maximum likelihood tree) was constructed using MEGA11 software with 1000 

bootstrap replicates. The sequences of the three hypersaline bacteria were deposited in 

GenBank and accession number was obtained. 
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3.10 Safety evaluation of salt pan bacteria  

A primary evaluation of the safety of the hypersaline bacteria MPSK 22, MPSK 23 

and MPSK 186 was assessed by blood hemolysis test wherein the hemolytic activity 

of the bacteria on human erythrocytes was analyzed. The individual hypersaline 

bacteria were also screened for their susceptibility to various antibiotics.  

 

3.10.1 Blood hemolysis test  

The above mentioned hypersaline bacteria were streaked on plates containing Blood 

agar base (Appendix I) supplemented with 6 % human sterile blood. The plates were 

incubated at 28 ± 2 °C for 48 h and zone of clearance around the colonies were noted. 

Slight destruction of erythrocytes producing a green zone around the bacterial colony 

indicated α- hemolysis. A clear hemolysis zone around the bacterial colony indicated β 

– hemolysis, while no change in agar around the colony was recorded as γ – hemolysis 

(Chang et al., 2000). Vibrio sp. and Streptococcus sp. cultures were used as positive 

control which shows β and α hemolysis respectively. 

 

3.10.2 Antibiotic sensitivity test  

The susceptibility of the hypersaline bacteria was assayed according to the Kirby-

Bauer disk diffusion method (Vivekanandhan et al. 2002). The antibiotic containing 

discs (HiMedia) were placed on Muller Hinton agar (Appendix I) plates previously 

swabbed with the individual bacterial culture suspension. The antibiotics tested were 

Amikacin (30 μg), Amoxyclav (30 μg), Ampicillin:Sulbactam (20 μg), Cephalexin (30 

μg), Cephalothin (30 μg), Cephotaxime (30 μg), Chloramphenicol (30 μg), 

Ciprofloxacin (5 μg), Co-trimoxazole (25 μg), Clindamycin (2 μg), Doxycycline 

hydrochloride (30 μg), Erythromycin (15 μg), Gentamycin (10 μg), Kanamycin (30 

μg), Levofloxacin (5 μg), Lincomycin (10 μg), Nalidixic acid (30 μg), Neomycin (30 

μg), Nitrofurantoin (300 μg), Ofloxacin (5 μg), Streptomycin (10 μg), Tetracyclin (30 

μg), Tobramycin (10 μg) and Vancomycin (30 μg). The diameters of the zone of 

inhibition were measured after incubating the plates at 28 ± 2 °C for 24 h. The strains 

were then categorized as sensitive (S), intermediate (I) or resistant (R) as 

recommended by the Clinical and Laboratory Standards Institute (CLSI, USA, 2013). 
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3.11 Influence of the selected salt pan bacteria on in-vitro 

germination of chilli seeds  

Chilli seeds of two different cultivars viz. Khola and Sitara were used in this study 

which was procured from Don Bosco College of Agriculture - Sulcorna, Goa. The 

effectiveness of the bioagents (MPSK 22, MPSK 23 and MPSK 186) was assessed 

against F. solani, as this pathogen contributes majorly to the yield loss of the chilli 

plant. For the preparation of fungal spore suspension, F. solani culture was inoculated 

onto a PDA slant and was incubated at 25 ± 2 ºC. After 5 days of incubation, the slant 

was flooded with sterile 0.01 % tween 20 solution and spores were dislodged in this 

solution by scraping the mycelia with help of a nichrome loop. The obtained solution 

was then filtered through muslin cloth and individual spores were counted using a 

hemocytometer (Kuske et al. 1998). The spore suspension was adjusted to the count of 

10
6
 spore/mL and was used for further experiments. 

 

3.11.1 Bioagent - Biopolymer compatibility assessment 

Three polysaccharides i.e. sodium alginate (SA), carboxymethylcellulose (CMC) and 

gum acacia (GA) were selected based on the literature as adjuvants for coating the 

chilli seeds with the cells of the bioagents MPSK 22, MPSK 23 and MPSK 186. These 

biopolymers were prepared in concentrations of 0.5, 1.0, and 1.5 % (w:v) in DW and 

were sterilized for 20 min. Hypersaline bacteria MPSK 22, MPSK 23 and MPSK 186 

were inoculated individually in ZMB and incubated at 28 ± 2 ºC. After 48 h, the 

culture broth was centrifuged at 10,000 rpm for 10 min and the bacterial pellet 

collected was washed twice with sterile PBS. Subsequently, the cell pellet obtained 

was re-suspended in a biopolymer solutions and vortexed vigorously to obtain a 

uniform suspension. Cell pellet re-suspended in PBS was used as control. The initial 

viable count of the bioagent cells in this suspension was determined by serial dilution 

in 0.85 % saline and spread plating on ZMA and was expressed as colony forming 

units (CFU/mL). These mixed suspensions were then incubated for 24 h at 28 ± 2 ºC 

and the change in CFU/mL was recorded (Chin et al., 2022). The concentration of 

biopolymer that enabled the highest increase in the viable count of the bioagent was 

considered as the most compatible biopolymer and chosen for subsequent assessments. 
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3.11.2 Coating efficacy of biopolymer in seed biopriming 

After determining the compatible type and concentration of biopolymer with the 

bioagent cells, the coating efficacy of that particular biopolymer was calculated in 

accordance with Chin et al. (2022). To achieve this, chilli seeds (Khola and Sitara) of 

uniform size and shape which did not show any visible deformity were handpicked. 

These were then dipped in tap water and seeds which floated on top were discarded. 

Seeds which settled down were transferred to the LAF and dipped in sterile DW 

followed by dipping in 70 % ethanol for 60 sec. Seeds were then surface sterilized 

using 1 % sodium hypochlorite solution for 1 min and were finally rinsed thoroughly 

with sterile DW. Bioagent–biopolymer suspension was prepared and its viable count 

was enumerated as mentioned in the above section (3.11.1). The air-dried seeds were 

then bioprimed by imbibing the seeds in this suspension for 1 h. The coated seeds 

were then removed out, air-dried in the LAF for 15 min and then vigorously vortexed 

in 1 mL sterile PBS to release the coated bacterial cells. The viable count of the 

bacterial cells in this suspension was determined and enumerated as CFU/mL. The 

coating efficacy of the biopolymer was calculated using the formula: 

                Percentage of bacteria trapped (E %) = log (Ci-Cv/Ci) × 100;  

Where, Ci: initial CFU; Cv: CFU after 1 h 

 

3.11.3  Effect of bioagent - biopolymer on seed germination and growth 

To check the effect of bioagent – biopolymer suspension on seed germination and 

growth, the chilli seeds of both the cultivars were first surface sterilized (as mentioned 

in section 3.11.2). Seeds were now bioprimed with the bioagent – biopolymer 

suspension for 1 h and allowed to air dry. Seeds coated with sterile PBS and 1 % GA 

were kept as control. After air drying, the seeds were then exposed to F. solani spore 

suspension prepared earlier (3.11) for 1 h. The exposed bioprimed seeds of each set 

(total of 15 seeds each of MSPK 22 + 1 % GA, MPSK 23 + 1 % GA, MPSK 186 + 1 

% GA and PBS + 1 % GA) were then allowed to germinate using the paper towel 

method in a growth chamber. The chamber was moistened every day with sterilized 

DW and germination and growth of the seedlings were studied over a period of 30 

days (Kumar et al., 2011). The Number of seeds germinated every day was noted 

down and Germination Percentage, Germination Energy and Mean Germination Time 

were calculated using the given formulas. Additionally, the shoot and root length of 
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the germinated Khola and Sitara seedlings was also measured with the help of a scale 

(expressed in cm) after 30 days and Vigour Index was calculated using this data.  

Germination Percentage (GP %)        = (Number of seeds germinated / total number of  

seeds) × 100 

Germination Energy (GE %)              = (Number of seeds germinated on day 15 / total  

number of seeds) × 100 

Mean Germination Time (MGT day) = ∑(n × d) / N  

Where, n = number of seeds germinated on each 

day, d = day of germination from the beginning 

of the test, and N = Sum number germinated 

Vigour Index (VI)                               = Seedling length × Germination percentage 

 

3.12 Effect of carbon and nitrogen sources, salinity, pH and 

temperature on growth of the salt pan bacterium MPSK 23  

Based on the results of the germination tests, hypersaline bacterium MPSK 23 was 

selected for further studies. Bacterial cell suspension (100 µL of 10
10 

CFU/mL) of 

MPSK 23 was inoculated in the media with varying carbon and nitrogen sources, 

concentrations of sodium chloride (NaCl) and pH and was incubated on an orbital 

shaker at 120 rpm at different temperatures. The growth of the bacterium was assessed 

after 48 h of incubation by recording the absorbance at 600 nm and uninoculated 

media was used as blank (Vasanthakumari, 2009). The carbon and nitrogen sources 

were selected based on literature and availability.  

 

3.12.1 Effect of carbon sources 

The effect of different carbon sources (Trehalose, Dextrose, Galactose, Sucrose, 

Mannitol and Arabinose) on the growth of MPSK 23 were studied at 1 % (w:v) 

concentration. Each carbon source (1 %) was added to the basal media containing 0.5 

% Peptone and 2 % NaCl concentration with the pH of the media maintained at 7.6 ± 

0.2. MPSK 23 was inoculated and incubated at 28 ± 2 ºC for 48 h.  

 

3.12.2  Effect of nitrogen sources 

The effect of different nitrogen sources (Casein, Peptone, Tryptone, Potassium nitrate, 

Ammonium sulphate and Ammonium chloride) on the growth of MPSK 23 was 
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studied at 1 % (w:v) concentration. Each nitrogen source (1 %) was added to the basal 

media containing 0.5 % Sucrose and 2 % NaCl concentration with the pH of the media 

maintained at 7.6 ± 0.2. MPSK 23 was inoculated and incubated at 28 ± 2 ºC for 48 h. 

 

3.12.3 Effect of salinity 

The effect of the NaCl on the growth of MPSK 23 was assessed at varying 

concentrations of NaCl in the basal media (containing 1 % peptone and 1 % sucrose, 

pH 7.6 ± 0.2) ranging from 0 to 20 % (w:v) with increments of 4 units. MPSK 23 was 

inoculated and incubated at 28 ± 2 ºC for 48 h. 

 

3.12.4 Effect of pH 

The tolerance of MPSK 23 towards pH was studied by varying the pH of the basal 

medium (containing 1 % peptone, 1 % sucrose and 2 % NaCl). The pH of the medium 

was adjusted from 2.0 to 14.0 with increments of 2 units. MPSK 23 was inoculated 

and incubated at 28 ± 2 ºC for 48 h. 

 

3.12.5 Effect of temperature 

The tolerance of MPSK 23 towards various temperatures was studied by varying the 

incubation temperature after inoculation of MPSK 23 in the basal medium (containing 

1 % peptone, 1 % sucrose and 2 % NaCl, pH 7.6 ± 0.2). The temperatures tested were 

5, 10, 20, 30, 40, 50 and 60 ºC. 

 

3.13 Continuous assessment of growth and antifungal activity of 

MPSK 23  

The growth profile of the hypersaline bacterium MPSK 23 was studied over a period 

of 48 h. The bacterium was inoculated in ZMB and incubated at 37 ± 2 °C on an 

orbital shaker at 120 rpm and the initial absorbance was noted at 600 nm. The culture 

broth (2 mL) was withdrawn aseptically every 2 h and absorbance was measured at 

600 nm (Zwietering et al., 1990). Simultaneously, the antifungal activity against F. 

solani was studied every 2 h by the well diffusion assay (previously described in 

3.8.1.1 b).  
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3.14 Growth and viability of MPSK 23 in soil 

For studying the growth of the MPSK 23 bacterium in the soil, agricultural soil was 

obtained from Green Essentials, Socorro, Goa and was autoclaved at 15 Psi for 1 h, 

consecutively for three days. Portions (100 g) of sterile soil were then placed in sterile 

150 mL milk dilution bottles and inoculated with 1.0 mL of 10
10

 CFU/mL cell 

suspension of MPSK 23. The soil was moistened everyday with sterile DW and the 

bottles were held at 37 ± 2 °C (Acea et al, 1988). Viable count of MPSK 23 in the soil 

was estimated by the spread plating technique for a period of 9 weeks. 

 

3.15 In-vitro assessment of the growth of F. solani in presence of  

MPSK 23   

To determine the inhibitory effect of varying cell concentrations and volumes of the 

bacterial cell suspension of MPSK 23 on the growth of F. solani, co-inoculation of the 

bacterium and the fungi was carried out in the liquid media (Swain et al., 2008). 

 

3.15.1 Preparation of cell suspension of MPSK 23 

Cell suspensions of MPSK 23 were prepared by inoculating the bacterial isolate in 

ZMB and incubating at 37 ± 2 °C on a shaker incubator at 120 rpm. After 48 h, the 

culture broth was centrifuged at 10,000 rpm for 10 min and cell pellet was collected. 

This pellet was washed twice with sterile PBS and the viable count was determined by 

serial dilution. A standard graph of CFU/mL v/s Optical density at 600 nm of the 

bacterial suspension was prepared. The final count was adjusted to 10
4
 to 10

10
 

CFU/mL as required, by diluting with PBS in accordance with the standard graph. 

 

3.15.2 Co-inoculation of F. solani and MPSK 23 

In Erlenmeyer flasks containing 50 mL of PDB; one plug (8 mm) of F. solani from the 

growing edge of PDA containing the fungi was inoculated and incubated at 25 ± 2 °C 

at 120 rpm on a shaker incubator. After 24 h of incubation; 5 mL, 10 mL, 15 mL, 20 

mL and 25 mL of cell suspension of MPSK 23 of viable count 10
4
, 10

6
, 10

8
 and 10

10
 

were added individually to these flasks and incubated at 37 ± 2 °C for more 4 days. 

After incubation, the broth was filtered through the pre-weighed Whatman filter paper 

No. 1 and the fungal mass was collected. The fresh weight of this mass was measured 

using an electronic weighing balance (Quintix 224-101N, Sartorius Lab Instruments, 
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Germany) and was expressed in grams. Further, the dry weight (g) of the fungal mass 

was determined after drying the filter paper with the fungal mass in a preheated oven 

at 60 ºC for 6 h. Weight of sterile PDB and inoculated only with fungus were kept as 

controls. The weight of the bacterial inoculum was also determined and subtracted 

from the final fungal mass weight. From these weights, the percentage inhibition of 

F.solani by MPSK 23 cell suspension was determined using the formula:  

Inhibition (%) = [(Weight in control - Weight in test) / Weight in control] × 100 

 

3.16 In-vivo pathogenicity testing of F. solani in Khola and Sitara 

chilli cultivar  

To prove the pathogenicity of the isolated F. solani fungi to the chilli cultivars Khola 

and Sitara, an experiment was set up in accordance with the protocol given by Nelson 

& Toussoun (1989) with some modifications. 

 

3.16.1 Preparation of sick soil 

Sick soil was prepared by mixing the agricultural soil with sorghum flour (25 g/ kg 

soil) followed by autoclaving at 15 psi for 1 h consecutively for 3 days. To this 

amended sterile soil, spore suspension of F. solani was added (5 mL of 10
6
 spores/mL 

suspension per kg of soil) and the soil was kept covered with a plastic sheet for 5 days. 

The soil was moistened everyday with sterile DW for boosting the growth of the 

pathogen. 

 

3.16.2 Inoculation and re-isolation of F. solani from chilli plants 

Chilli seeds of both varieties were surface sterilized as mentioned in section 3.11.2 and 

germinated. After germination, 15 days old seedlings were uprooted and incisions 

were made on the roots of the seedlings using a scalpel. These seedlings were then 

dipped in spore suspension of F. solani (prepared as mentioned in section 3.11) for 30 

min and were transplanted in plastic pots (8 inches) filled with 2 kg sick soil with two 

drainage holes at the bottom. Plants dipped in sterile DW were kept as control. These 

plants were then transplanted in sterilized agricultural soil and allowed to grow. 

Continuous assessment of the growth of the plants and disease (wilt) appearance was 

done over a period of 15 days. On the appearance of the wilt symptoms, the pathogen 

was re-isolated from diseased plants as mentioned in Section 3.4. Further to prove 
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Koch’s postulate the isolated fungus from the diseased plants was identified 

morphologically by lactophenol cotton blue staining. The experiment was repeated 

thrice, each time with 5 seeds of both varieties to ensure the pathogenicity of F. solani 

to Khola and Sitara varieties of chilli. 

 

3.17 In-vivo testing of MPSK 23 as a BCA against Fusarium wilt 

in chilli plants 

In-vivo pot studies were conducted at Don Bosco College of Agriculture-Sulcorna, 

Goa, to evaluate the potential of the hypersaline bacterium MPSK 23 in controlling the 

Fusarium wilt and boosting the growth of chilli plants. Experiments were carried out 

with two varieties of chilli (Capsicum annuum L.): a local dry red chilli variety, Khola 

and a commercial fresh green chilli variety, Sitara. Two separate pot culture 

experiments were conducted; 1
st
 set in the months of February – March 2021 and the 

2
nd

 was in January – June 2022. In the first trial, defense enzymes expressed in plants 

after pathogen exposure and treatment application was estimated and second the trial 

focused on monitoring the growth of the plant. In both the experiments, disease 

assessment was carried out throughout the period. The agricultural soil used for both 

the experiments was procured from Green Essentials, Socorro, Goa and its properties 

were checked at the soil testing laboratory of Don Bosco College of Agriculture-

Sulcorna, Goa. The soil was then thoroughly sieved and mixed with sand and 

farmyard manure to give a final ratio of 2:1:1 (soil: sand: manure). For exposing the 

chilli plants to F. solani, sick soil was prepared as mentioned in section 3.16.1 and 

then mixed with the soil and manure. Plastic pots (size-8 inch diameter) with two 

drainage holes at the bottom were filled with 2 kg of this soil mixture each and were 

used for the experiments.  

 

3.17.1 Experiment I: Assessment of the efficacy of MPSK 23 in 

regulation of defense enzymes and phenols in chilli plants against 

F. solani  

This experiment was carried out for a period of 15 days and the disease severity, total 

length and expression of defense enzymes in the leaves of the plants were assessed 

(Sundaramoorthy et al., 2012; Zagade et al., 2012, Rais et al., 2017). 
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3.17.1.1 Experimental details 

Crop plant: Capsicum annuum L.  

Variety: Khola and Sitara 

Treatments: Four 

Replications: Five 

Design: Completely Randomized Design (CRD) 

 

3.17.1.2 Treatment details and preparation 

A total of four treatments were used in this experiment. First treatment (T1) was a 

negative control wherein sterile 1X PBS was used as treatment. The second 

treatment, a commercially available powdered form of biocide Trichoderma (T2) 

along with the third treatment, a commercial fungicide Trophy (T3); were used as 

positive controls. These were prepared in sterile DW to give the final 

concentration of 2 %. Final treatment (T4) was the 10
10

 CFU/mL cell suspension 

of the bacterial isolate MPSK 23 which was used as the test bioagent. Cell 

suspension of MPSK 23 was prepared as mentioned in section 3.15.1 to get the 

desired final viable count. 

 

Table 4: Description of the treatments used for pot trial (Experiment I) 

Treatment Code Treatment Detail 

T1 Buffer Control (PBS) 

T2 Biological Control (Trichoderma) 

T3 Chemical Control (Carbendazim 12 % + Mancozeb 63 %) 

T4 Test culture (MPSK 23) 

 

3.17.1.3 Pathogen exposure and treatment application 

Trials were carried out on a 15 day old seedling of both the varieties. The 

seedlings were exposed to the F. solani spores as mentioned in section 3.16.2 

prior to treatment application, followed by the treatment application by root dip 

and soil drenching method. Roots of the seedlings were dipped in 10 mL of 

treatments for 1 h followed by pouring the 10 mL of same treatments in each pot 

at the time of transplant as soil drenching application. One seedling was 

transplanted in each pot with sick soil mixture and five pots were kept under each 
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treatment. Each pot was watered daily in the evening to maintain desired moisture 

in the soil and was kept under natural conditions of light. 

 

3.17.1.4 Observations recorded 

After carrying out the experiment, the following observations were recorded. Also 

the correlation between the observations recorded was also determined using the 

statistical software.  

a) Disease severity in chilli plants 

For assessing the wilt caused by F. solani in the chilli plants, disease severity 

was studied over a period of 15 days in the leaves of the plants under the four 

treatment groups. Wilting was assessed on 0 - 5 scale with zero representing no 

sign of wilting and 5 representing complete wilting and death of the plant. 

Disease severity ratings were categorized as follows: 

0  No symptom 

1  <25 % leaves show symptom 

2  26-50 % leaves show symptom 

3  51-75 % leaves show symptom 

4  76-100 % leaves show symptom 

5  Dead plant 

On day 0, each and every plant of the four treatment groups were categorized 

in accordance with the above ratings and number of plants falling under each 

rating were counted. This was repeated on day 3, day 6, day 9 and day 15. 

From this data, Disease Severity Index (DSI) was calculated using the formula: 

DSI = {[(n×0) + (n×1) + (n×2) + (n×3) + (n×4) + (n×5)] / [t×N]}; 

Where n: number of plants in each rating, t: total number of plants, N: 

maximum rating.  

Using DSI, Disease severity (%) in each treatment group was calculated using 

the formula: 

Disease severity (%) = DSI × 100 

 

b) Total length of the chilli plants 

To check the effect of pathogen on growth, the plants of each treatment were 

uprooted at the end of the 15 days and washed carefully in running tap water, 

then with DW and the surface moisture was absorbed on a cushion of blotting 
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paper. The plant length (root length + shoot length) was measured with the 

help of a scale and expressed in centimeters. 

 

c) Estimation of plant defense enzymes and total phenolic content (TPC) 

Induced defense mechanism involves the production of reactive oxygen 

species, phytoalexins, phenolic compounds, or an enormous number of 

enzymes involved in plant defense, like polyphenol oxidase, β-1,3-glucanase, 

chitinase, phenylalanine ammonia lyase, peroxidase which get stimulated due 

to BCA application after the pathogenic infection (Kaur et al. 2022). To check 

the stimulation of these compounds, leaves from the lower nodes of plants 

were randomly collected from each treatment at day 0, 5, 10 and 15 after 

pathogen challenge for the analysis. The collected leaf samples were washed 

under running tap water, dried on blotting paper and used as the sample for 

enzyme / phenol extraction. 

i. Phenylalanine ammonia-lyase (PAL) assay  

PAL (EC 4.1.3.5) activity was assayed by a method devised by Brueske 

(1980). Leaf sample (0.1 g) from each treatment was homogenized 

uniformly at 4 ºC in 2 mL of 0.1 M borate buffer (pH 7.0) (Appendix II) 

containing 1.4 mM mercaptoethanol and 1.0 mM Polyvinylpyrrolidone, 

followed by centrifugation (Lab-i-fuge C series, Lab India Instruments, 

India) at 13,000 rpm at 4 ºC for 15 min. The supernatant obtained acted as 

an enzyme source. The reaction mixture consisted of 200 μL of enzyme 

extract, 500 μL of 0.2 M borate buffer (pH 8.7) (Appendix II) and 1.3 mL of 

water. To this 1 mL of 0.1 M L-phenylalanine (pH 8.7) was added to 

instigate the reaction followed by incubation at 32 ºC for 30 min. The 

reaction was terminated by the addition of 0.5 mL trichloroacetic acid (1 

M). Enzyme activity was measured by the formation of transcinnamic acid 

at 290 nm and was expressed in terms of Activity U/min/g fresh weight 

(FW).  

ii. Peroxidase (PO) assay  

PO (EC 1.11.1.7) activity was assayed according to the method of 

Hammerschmidt et al. (1982) with minor alteration. The leaf sample (0.1 g) 

was homogenized separately from each treatment in 2 mL of 0.1 M 

phosphate buffer (pH 7.0) (Appendix II) at 4 ºC followed by centrifugation 
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at 13000 rpm at 4 ºC for 15 min. The supernatant obtained acted as an 

enzyme source. The reaction mixture comprised of 1.5 mL pyrogallol (0.05 

M), 0.5 mL H2O2 (1 % v:v) and 0.05 mL enzyme extract. A reaction 

mixture without enzyme extract served as control. Change in the absorbance 

was measured at 420 nm for 5 min at every 30 sec intervals and enzyme 

activity was expressed as change in the Activity U/min/g FW. 

iii. Polyphenol oxidase (PPO) assay  

PPO (EC 1.14.18.1) activity was determined according to Gauillard et al. 

(1993). The leaf sample (0.1 g) was homogenized in 2 mL of ice cold 0.1 M 

phosphate buffer (pH 6.5) (Appendix II). The mixture obtained above was 

centrifuged at 13,000 rpm for 30 min at 4 ºC and the supernatant thus served 

as an enzyme source. The reaction mixture comprised 0.4 mL of enzyme 

extract and 0.4 mL catechol (1 mM) in 3 mL of 0.05 M phosphate buffer 

(pH 6.5) (Appendix II). The control consisted of a reaction mixture without 

any enzyme extract. Absorbance was recorded at 405 nm at 30 sec intervals 

for 5 min and PPO enzyme activity was expressed as a change in Activity 

U/min/g FW.  

iv. Total phenol content (TPC) assay 

Total of 0.1 g of leaf sample from each treatment was homogenized in 5 mL 

of 95 % ethanol followed by incubation for 48 h. This was then centrifuged 

at 13,000 rpm for 10 min and the supernatant was obtained. To 1 mL of 

supernatant, 1 mL of 95 % ethanol, 0.5 mL of 50 % Folin-Ciocalteau 

reagent (HiMedia RM10822) and 5 mL of sterile DW were added, followed 

by thorough mixing of the content. After incubation of 5 min, 1 mL of 5% 

sodium carbonate was added followed by incubation for 1 h and the colour 

developed in the reaction mixture was determined by recording the 

absorbance at 725 nm.  A Standard curve for this assay was prepared using 

various concentrations of gallic acid dissolved in 95 % ethanol. Absorbance 

values were then converted and expressed as TPC U/min/g FW (Zheng & 

Shetty, 2000). 
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3.17.2 Experiment II: Efficacy of MPSK 23 in suppressing the wilt and 

boosting the growth of chilli plants against F. solani  

This experiment was carried out for a period of 98 days. In this experiment assessment 

of wilt was done in all the treatment groups and the growth parameters of the plants 

were also studied (Etebarian et al., 2000; Poornima, 2011; Ahmed et al., 2022). 

 

3.17.2.1 Experimental details 

Crop plant: Capsicum annuum L.  

Variety: Khola and Sitara 

Treatments: Five 

Replications: Nine 

Design: Completely Randomized Design (CRD) 

 

3.17.2.2 Treatment details and preparation 

In addition to the four treatments mentioned in Table 4, one more set of plants not 

exposed to F. solani was also maintained. This set was denoted as T5 and was 

given no treatment. Rest all the treatments were prepared in a similar manner as 

described earlier in section 3.16.2.2. 

 

Table 5: Description of the treatments used for pot trial (Experiment II) 

Treatment Code Treatment Detail 

T1 Buffer Control (PBS) 

T2 Biological Control (Trichoderma) 

T3 Chemical Control (Carbendazim 12 % + Mancozeb 63 %) 

T4 Test culture (MPSK 23) 

T5 Unexposed  

 

3.17.2.3 Pathogen exposure and treatment application 

Inoculation of the pathogen F. solani and treatment application was done as 

previously described in section 3.16.2.3. However, here the treatments were re-

applied at 45 and 90 days after planting. Each treatment had three seedlings in 

different pots and the treatments were replicated thrice (total 9 pots) in a 

Completely Randomized Design (CRD). 
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3.17.2.4 Observations recorded 

Following observations were recorded from the Experiment II and correlation 

between disease incidence (DI), disease suppression, disease severity, number of 

leaves and the plant height was established using the statistical software. 

a) Disease assessment in chilli plants  

Wilting disease was assessed based on the incidence of disease and the 

suppression of disease in different treatment groups. In the groups which 

showed the incidence of wilting, the severity of the disease was assessed. 

Finally, the biocontrol ability also termed as the Protective value of the 

Biological control (T2), Chemical control (T3) and the Test culture MPSK 23 

(T4) against F. solani was evaluated. 

i. Disease incidence and disease suppression 

Disease incidence and disease suppression was assessed at the end of a 

month after transplanting the seedlings, in the different treatment groups. 

The plants were observed for disease development after pathogen exposure 

and the number of plants that showed wilting symptoms was counted. From 

this data, disease incidence (DI) was calculated using the formula: 

DI (%) = (Number of infected plants / Total number of plants) × 100 

From the DI values, Disease suppression in each treatment group was also 

calculated by subtracting the DI values from 100. 

ii. Disease severity and Protective Value 

Severity of wilting was also monitored for three months after transplanting 

with an interval of 15 days and Disease severity (%) was calculated as 

described previously in section 3.16.2.4 a. Disease severity (%) values were 

used to derive the protective value three treatments groups (T2, T3 and T4) 

using the formula: 

Protective Value = [(Disease severity of control- Disease severity of test) / 

Disease severity of control] × 100 

 

b) Analysis of growth parameters 

Along with the disease assessment, analysis of the growth of the plants in all 

treatment groups was also carried out. 
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i. Total plant height and number of leaves 

The total plant height and the number of leaves were studied continuously 

for a period of 98 days with an interval of 14 days after transplantation. The 

height of the plant was measured in cm from the base of the plant (ground 

level) to the tip of the plant's main axis after stretching the plant with the 

help of a meter scale and was expressed in cm. The total number of leaves 

(both symptomatic and non-symptomatic) were also counted and noted 

down. 

ii. Root and Shoot length and weight (wet and dry) 

For determining the length and weight (dry and wet) of the root and shoot, 

sampling was done randomly on day 7, day 35, day 63 and day 98 by 

sacrificing a plant. No data was recorded in a treatment group where there 

was no survival of any plant. One plant from each treatment was carefully 

uprooted, washed carefully in running tap water, then with DW and the 

surface moisture was absorbed on a cushion of blotting paper. The 

morphological growth parameter i.e. total plant length (root length + shoot 

length) was measured with the help of a scale and expressed in cm. The 

same plant was used for determining the physiological growth parameters 

(wet and dry weight). The fresh (wet) weight of the roots and shoot was 

measured by weighing them on an electronic balance and the value was 

expressed in grams. After measuring the fresh weight, plant samples were 

kept in a pre-heated hot air oven at 60 ºC for 6 h and the dry weight was 

recorded in grams. Weight of roots and shoot were combined to obtain the 

total weight of the plant.  

 

3.18 Assessing the shelf-life of MPSK 23  

Bacterial isolate MPSK 23 was inoculated in ZMB and incubated at 37 ± 2 °C on a 

shaker incubator at 120 rpm. After 48 h, the pellet obtained by centrifuging the broth 

at 10,000 rpm for 10 min, was washed twice with sterile PBS and subjected to 

lyophilization (ScanVac Coolsafe Lyophilizer, Labogene, Denmark) to obtain the 

powdered form. The shelf life of this powder was studied at room temperature (28 ± 2 

°C) and refrigerator temperature (4 ± 2 °C) after every 7 days for one month and then 

every 30 days for 12 months. The viable count (CFU/mL) of the lyophilized cells was 
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estimated by spread plating technique after re-suspended it in sterile tap water and 1 % 

gum acacia (Bartakke, 2018).  

 

3.19 Statistical analysis of data 

Statistical analysis was performed by using IBM© SPSS version 23.0 statistical 

software (IBM Corporation, USA, 2015). The results were expressed as mean with 

their corresponding standard deviation (SD). The data wherever applicable was log 

transformed to improve linearity prior to analysis. The results of screening for 

antifungal activity (n=3), germination tests (n=5), in-vitro inhibition of F. solani by 

MPSK 23 (n=3), pot trials (n=5, n=9) and shelf-life study (n=3) were subjected to one-

way analysis of variance (ANOVA) followed by Levene‘s test to check homogeneity 

of variance. Subsequently, post-hoc with Duncan’s multiple range test (DMRT) was 

used to assess the significant difference between the treatment groups. The data were 

considered to be statistically significant at p < 0.05. Pearson's correlation analysis was 

used to study the correlation between the different parameters during the pot trials. 
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Chapter 4  

Results 

4.1 Location and physico-chemical parameters of the sampling 

site 

The location of the three salt pans viz. Batim, Agarwado and Ribandar (two sampling 

sites from each) are tabulated below, giving the geographical coordinates along with 

the physico-chemical parameters of the water overlying the salt pan ponds from where 

the samples were collected for the isolation of the hypersaline bacteria (Table 6).  

 

Table 6: Geographical co-ordinates and physico-chemical parameters of the sampling sites 

 

Sr. 

No. 
Saltpan Site 

Geographical 

coordinates 

Temp 

(ºC) 

TDS 

(ppt) 

DO 

(mg/L) 
pH 

Salinity 

(psu) 

1 Batim 

S1 

 

S2 

N15º27’29.6”E

073º52’50.4” 

N15º27’29.9”E

073º52’49.0” 

37.1 

± 2.5 

37.8 

± 3.2 

90.84 

± 2.1 

149.3 

± 4.3 

9.17    

± 0.3 

7.85    

± 0.7 

7.68  

± 0.05 

8.30  

± 0.01 

60.5       

± 0.3 

98.5       

± 0.5 

2 Ribandar 

S1 

 

S2 

N15º29’57.7”E

073º50’49.6” 

N15º29’58.0”E

073º50’49.5” 

36.7 

± 1.8 

36.2 

± 1.3 

94.24 

± 1.4 

175.3 

± 2.2 

4.48    

± 0.9 

4.43    

± 0.6 

7.29  

± 0.02 

8.63  

± 0.04 

62.07     

± 0.8 

102.6     

± 1.0 

3 Agarwado 

S1 

 

S2 

N15º38’36.6”E

073º45’56.4” 

N15º38’30.4”E

073º45’56.2” 

30.1 

± 3.1 

33.1 

± 2.5 

64.04 

± 0.9 

139.6 

± 3.2 

5.93    

± 0.4 

4.61    

± 0.1 

7.66  

± 0.03 

8.90  

± 0.02 

52.25     

± 0.4 

86.52     

± 0.3 

Each value is the mean ± Standard deviation (SD) of the triplicates (n=3) 
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Plate 1: Ribandar salt pan 

 

4.2 Bacteria from salt pan water and sediment  

A total of 89 bacterial colonies were isolated from three different salt pans. The 

visualized trend of the number of bacterial isolates obtained from each salt pans was 

Agarwado > Batim > Ribandar; where the highest number was from Agarwado salt 

pan (32) followed by Batim (29) and Ribandar (28). Figure 2 shows the abundance of 

the bacterial isolates in water and sediment samples collected from each salt pan. 

 

 

 

Figure 2: Abundance of bacteria in the salt pans 
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4.3 Critical examination of the diseased chilli plants for isolation 

of fungi  

The infected chilli plants showed the symptoms like stunted planted growth, drooping 

of foliage, yellowing and loss of turgidity of the leaves and discoloration of the roots 

and lower portions of the stem. Thirty diseases plant samples revealing the above 

symptoms were uprooted from different fields of Goa and sectioned for the isolation 

of the fungus. Plate 2 (A and B) depicts the plant samples exhibiting the root rotting 

and wilting symptoms selected for the study. 

 

 

 

 

 

 

 

 

 

Plate 2: Plant samples uprooted from fields showing symptoms of root rotting (A) and 

wilting (B) 

 

4.4 Fungal isolates obtained from the diseased chilli plant 

samples  

After inoculation of the sections from the stem and root regions of the diseased chilli 

plants, fungal mycelia appeared on PDA plates from day 2 till day 7 as seen in plate 3. 

A total of 14 fungi were isolated from different fields of Goa (4 from Bicholim, 3 from 

Saligao, 2 from Valpoi, 3 from Margaon and 2 from Khola). Isolates were 

morphologically distinguished from each other based on the mycelial growth period 

(time taken to cover petriplates, i.e., slow or fast), colour of the mycelia after growth 

(front colour of mycelium and on the reverse of the petriplates) and spores formation 

(if formed, shape and size of the spores and if not, appearance of any specialized 

structures) under in-vitro conditions. Based on these characters, five morphologically 

A B 
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different isolates were selected for further studies (Plate 4). Fungal isolate F1 showed 

white mycelia on PDA plate and light orange coloration on the reverse of the 

petriplates with concave spores under the microscope. Similar spores were produced 

by F3 and F5 isolates; however the colour of the mycelia varied. F3 isolate formed 

light pink mycelia with purple coloration on the reverse side of the plate and F5 

formed white mycelia with orange-brown coloration. In case of fungal isolates F6 and 

F14, no spores were observed. F6 isolate formed a hard compact mycelial structure 

with black color on both the sides, whereas F14 which initially formed white mycelia 

eventually got covered with black sclerotia like structures.  

 

 

 

 

 

 

 

 

 

 

Plate 3: Isolation of fungus from the root and the stem sections 

 

Isolate Fungal morphology on PDA plates Micrographs of stained fungi 

F1  

 

 

 

 

 

 

F3  
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Isolate Fungal morphology on PDA plates Micrographs of stained fungi 

F5 
 

 

 

F6 
 

 

 

F14 
 

 

 

 

 

 

 

 

 

Plate 4: Morphology and microphotographs of stained fungi on PDA isolated from diseased 

chilli plants  

 

4.5 Characterization of the fungal isolates obtained  

Based on the growth period, morphological variations and the spores; the five fungi 

which were isolated from the diseased chilli plants were identified as Fusarium solani, 

Fusarium oxysporum, Fusarium chlamydosporum, Boeremia exigua and 

Macrophomina phaseolina. Further these cultures were deposited in Indian type 

culture collection (ITCC) and registration number (featuring in the IX Edition) was 

obtained as seen in Table 7. This morphological characterization of isolates Fusarium 

solani (F1), Fusarium oxysporum (F3) and Macrophomina phaseolina (F4) which 

have been previously reported as chilli plant pathogens; was supported by the 

sequencing  of the ITS region. The sequences obtained were then submitted to 

GenBank and accession number was obtained. The phylogenetic tree obtained by 
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sequence analysis of ITS region of the three isolates and the sequences of 11 other 

fungal species obtained from NCBI, GenBank is given below in Figure 3. 

Table 7: Morphological identification of the fungal isolates with the deposition 

number 

 

Isolate 

Code 
Identification ITCC number 

F1 Fusarium solani 8299 

F3 Fusarium oxysporum 8302 

F5 Fusarium chlamydosporum 8300 

F6 Boeremia exigua 8301 

F14 Macrophomina phaseolina 8303 

 

 

 

Figure 3: The phylogenetic tree obtained by sequence analysis of the ITS region of 

fungal isolates with 1000 bootstrap replicates 
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4.6 Antifungal activity of salt pan bacteria  

A total of 76 out of 197 hypersaline bacteria (89 bacteria isolated in this study and 108 

from culture collection) which were tested for their antifungal activity by dual culture 

method, were inhibitory towards at least one of the six tested fungal pathogens. Thirty 

of these hypersaline bacteria were isolated from water samples, 25 were from 

sediment samples and 21 from biofilm samples as depicted in Figure 4. Maximum 

number of hypersaline bacteria (60) obtained from all the three sources, showed 

inhibitory activity against M. phaseolina, followed by 40 hypersaline bacteria which 

were antagonistic to F. solani, F. oxysporum, F. pallidoroseum and R. solani and the 

least number of isolates (38) inhibited P. aphanidermatum (Figure 5). From these, 22 

hypersaline bacteria inhibited all the six fungal pathogens tested. Percentage inhibition 

of the fungal mycelia exhibited by these hypersaline bacteria is depicted in Table 8. 

Isolates BGUM 14B, ABSK 9, MPSK 9, MPSK 14, MPSK 20, MPSK 22, MPSK 23, 

MPSK 109, MPSK 186 and SK 473 showed > 40 % mycelial inhibition of all the six 

fungal pathogens. The highest 60 ± 0.5 % inhibition of F. pallidoroseum was by SK 

473; MPSK 109 inhibited R. solani by 65.9 ± 1.2 % and F. oxysporum by 60.5 ± 1.5 % 

and MPSK 23 showed the maximum inhibition of P. aphanidermatum (61 ± 1.1 %), F. 

solani (59.38 ± 1.5 %) and M. phaseolina (72.5 ± 0.7 %). 

 

 

 

Figure 4: Hypersaline bacteria showing antifungal activity by Dual culture assay 
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Figure 5: Hypersaline bacteria showing inhibition of the fungal pathogens 
 

Table 8: Percentage inhibition of the fungal mycelia by the hypersaline bacteria 

 

Isolates 

Inhibition (%) 

R. solani 

P. 

aphanid-

ermatum 

F. 

oxyspor-

um 

F. 

pallidor-

oseum 

F. solani 

M. 

phaseol-

ina 

BGUM 14B 
54.3 ± 

1.6
gh

 

52.2 ± 

1.3
ghi

 

47.4 ±  

1.8
ef

 

49.0 ±  

0.3
d
 

56.25 ± 

0.4
g,h

 

67.5 ± 

0.5
j
 

BGUM 93 
47.0 ± 

1.3
cd

 

44.0 ±   

1.9
b
 

42.1 ± 

1.3
d
 

40.0 ±   

1.5
c
 

56.25 ± 

1.0
g,h

 

30.0 ±   

0.2
b
 

BGUM 136 
47.2 ± 

2.2
cd

 

46.9 ± 

2.3
bcd

 

42.1 ±  

0.8
d
 

32.0 ±   

1.6
a
 

40.25 ± 

1.5
c
 

12.5 ± 

1.8
a
 

BGUM 256 
47.6 ± 

1.3
de

 

44.4 ± 

2.5
b
 

47.4 ±   

2.0
ef

 

32.0 ±   

2.2
a
 

40.25 ± 

0.7
c
 

50.15 ± 

1.3
g
 

BGUM 359 
44.5 ± 

0.5
c
 

45.0 ±   

0.5
b
 

42.1 ±  

1.3
d
 

32.0 ±   

1.3
a
 

37.25 ± 

1.7
c
 

45.25 ± 

0.6
e,f

 

BGUM 370 
36.0 ±  

0.5
b
 

45.5 ± 

1.5
bc

 

47.4 ± 

0.9
ef

 

40.0 ±   

0.7
c
 

45.15 ± 

0.9
d
 

33.35 ± 

1.4
b
 

BGUM 440 
45.0 ± 

2.2
cd

 

44.4 ±    

2.0
b
 

34.2 ±  

1.7
b
 

36.0 ±  

0.6
b
 

35.21 ± 

2.1
b
 

48.25 ± 

0.5
f,g

 

SK 473 
61.6 ± 

2.3
ij
 

54.0 ±      

1.5
ij
 

54.2 ±  

1.8
hi

 

60.0 ±  

0.5
h
 

53.13 ± 

1.2
f,g

 

70.0 ± 

0.5
j
 

MPSK  6 
37.0 ±  

1.1
b
 

40.0 ±   

0.5
a
 

32.0 ±     

1.0
b
 

34.2 ±  

0.9
ab

 

30.6 ± 

0.9
a
 

50.0 ±   

1.6
g
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Isolates 

Inhibition (%) 

R. solani 

P. 

aphanid-

ermatum 

F. 

oxyspor-

um 

F. 

pallidor-

oseum 

F. solani 

M. 

phaseol-

ina 

MPSK  8 
29.5 ± 

1.8
a
 

40.0 ±   

1.5
a
 

29.0 ±   

2.2
a
 

35.4 ± 

1.6
b
 

37.5 ± 

0.4
b,c

 

12.51 ± 

1.1
a
 

MPSK  9 
42.5 ± 

0.8
c
 

41.0 ±   

1.5
a
 

49.25 ± 

1.2
f
 

45.4 ± 

1.8
c,d

 

47.6 ±  

2.0
d,e

 

40.5 ± 

3.1
c,d

 

MPSK 14 
55.5 ± 

1.9
h
 

53.0 ±  

1.5
hi

 

52.6 ± 

1.6
ghi

 

51.0 ±  

2.1
de

 

53.13 ± 

2.0
f,g

 

67.5 ± 

1.8
j
 

MPSK 20 
51.0 ±   

1.1
f
 

50.0 ± 

1.7
efg

 

45.0 ±   

1.5
e
 

50.0 ± 

1.3
de

 

56.25 ± 

1.9
g,h

 

55.0 ±    

2.0
h
 

MPSK 22 
51.4 ± 

1.8
ef

 

56.0 ±    

1.2
j
 

52.0 ± 

2.1
gh

 

54.2 ±  

1.9
fg

 

53.13 ± 

0.7
f,g

 

60.0 ± 

2.3
i
 

MPSK 23 
63.2 ± 

0.9
j
 

61.0 ±   

1.1
k
 

54.2 ± 

1.7
hi

 

56.3 ± 

1.9
g
 

59.38 ± 

1.5
h
 

72.5 ± 

0.7
k
 

MPSK 28 
52.4 ± 

1.2
fg

 

49.7 ± 

1.8
efg

 

50.0 ±  

0.7
fg

 

49.6 ± 

2.2
de

 

49.6 ± 

1.3
e,f

 

12.5 ± 

2.7
a
 

MPSK 51 
52.5 ±  

0.6
 fg

 

51.0 ± 

0.5
fgh

 

39.0 ±   

0.5
c
 

34.2 ±  

1.1
ab

 

37.5 ± 

0.9
b,c

 

50.0 ±   

2.1
g
 

MPSK 109 
65.9 ± 

1.2
k
 

56.0 ±    

1.5
j
 

60.5 ± 

1.5
j
 

55.0 ±  

1.6
fg

 

53.13 ± 

1.8
f,g

 

62.5 ± 

2.1
i
 

MPSK 186 
56.7 ± 

1.3
h
 

51.0 ± 

1.8
fgh

 

55.3 ± 

2.1
i
 

56.0 ±  

0.6
g
 

56.25 ± 

1.1
g,h

 

70.0 ± 

2.3
j,k

 

ABSK   9 
50.0 ±  

1.7
ef

 

49.0 ± 

0.7
def

 

47.4 ± 

1.8
ef

 

40.0 ±   

0.5
c
 

47.5 ± 

2.1
d,e

 

42.5 ± 

3.1
d,e

 

ABSK 11 
37.4 ± 

1.8
b
 

45.0 ±   

1.3
b
 

47.4 ± 

1.2
ef

 

40.0 ±   

1.5
c
 

37.5 ± 

1.4
b,c

 

37.5 ± 

2.2
c
 

ABSK 171 
37.6 ± 

0.5
b
 

48.0 ± 

1.4
cde

 

47.4 ± 

1.2
ef

 

34.5 ±  

0.5
ab

 

37.5 ± 

1.7
b,c

 

50.0 ± 

2.5
g
 

Values are mean ± SD of three independent experiments (n=3). Means followed by same 

letter within columns are not significantly different (ANOVA; p<0.05) according to Duncan’s 

Multiple Range Test (DMRT) statistics. 

 



Chapter 4: Results 

73 

Pawaskar M, 2023, Goa University 

 Control Test 

A 

  

B 

 

 

 

 

 

 

 

C 

  

D 

  

F
u

n
g
i 

B
acteria  

F
u
n

g
i 



Chapter 4: Results 

74 

Pawaskar M, 2023, Goa University 

E 

  

F 

  

 

Plate 5: Bacteria MPSK 109 showing inhibition of fungus R. solani (A), P. aphanidermatum 

(B), F. oxysporum (C), F. pallidoroseum (D), F. solani (E) and M. phaseolina (F) 

 

4.7 Growth assessment of salt pan bacteria in soil extract  

The hypersaline bacteria normally grow in salt enriched soil or water. To evaluate 

their effectiveness and growth in the terrestrial environments, soil extract (SE) was 

used. Out of the 76 hypersaline bacteria which showed antifungal activity, all the 

isolates except MPSK 51 and ABSK 11 showed growth on SE agar plates after 5 days 

of incubation (as seen in Plate 6). 

 

 

 

 

 

 

 

 

Plate 6: Growth of hypersaline bacteria on the SE agar plates 

MPSK 51 MPSK 14 

BGUM 370 ABSK 9 
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4.8 Antagonism type exhibited by selected salt pan bacteria 

Selected hypersaline bacteria were studied for their mode of antagonism (Mixed path, 

indirect and direct). 

 

4.8.1 Analysing salt pan bacteria qualitatively for mixed path 

antagonism and indirect antagonism tests 

Ten hypersaline bacteria BGUM 14B, SK 473, MPSK 9, MPSK 14, MPSK 20, MPSK 

22, MPSK 23, MPSK 109, MPSK 186 and ABSK 9 were tested for mixed path 

antagonism and indirect antagonism tests. Under this, screening for the release of the 

metabolites, secretion of the lytic enzymes, production of hydrogen cyanide (HCN), 1-

aminocyclopropane-1-carboxylic acid (ACC) deaminase, siderophore and 

exopolysaccharide, solubilization of nutrients and fixation of atmospheric nitrogen 

was done by plate method. Culture broth was analyzed for the presence of ammonia 

and indole-3-acetic acid (IAA) produced by the hypersaline bacteria. 

 

4.8.1.1 Assessing the volatile and diffusible metabolites 

antagonistic to fungi  

Among the 10 hypersaline bacteria tested for the production of metabolites, three 

isolates viz. BGUM 14B, MPSK 9 and ABSK 9 inhibited M. phaseolina, R. solani 

and F. solani by inverted plated method (Plate 7). The remaining seven isolates 

MPSK 14, MPSK 22, MPSK 23 MPSK 109, MPSK 186, MPSK 20 and SK 473 

inhibited the three fungal pathogens by well diffusion method (Plate 8). Table 9 

depicts the inhibition (%) and Table 10 depicts the zone of inhibition (mm) of the 

fungal pathogens tested by the hypersaline bacteria. 

 

Table 9: Percentage inhibition of the fungal mycelia by volatile metabolites produced by the 

hypersaline bacteria  

 
Percentage inhibition of fungal mycelia (%) 

Isolate M. phaseolina R. solani F. solani 

BGUM 14B 44.44 ± 1.5 22.22 ± 1.0 45.44 ± 0.9 

MPSK 9 11.11 ± 1.7 15.75 ± 1.1 11.11 ± 1.5 

ABSK 9 11.11 ± 2.0 11.11 ± 1.8 20.25 ± 0.5 

Each value is the mean ± SD of three replicates (n=3) 
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Table 10: Zone of inhibition of the fungal pathogens by the diffusible metabolites produced 

by the hypersaline bacteria  

 

 
Zone of inhibition (mm) 

Isolate M. phaseolina R. solani F. solani 

MPSK 14 11 ± 2.0 12 ± 1.0 15 ± 3.0 

MPSK 22 20 ± 3.0 18 ± 2.0 22 ± 1.0 

MPSK 23 24 ± 1.0 27 ± 1.0 25 ± 3.0 

MPSK 109 19 ± 3.0 16 ± 3.0 20 ± 2.0 

MPSK 186 25 ± 2.0 25 ± 1.0 22 ± 3.0 

SK 473 17 ± 5.0 15 ± 1.0 19 ± 5.0 

MPSK 20 18 ± 1.0 14 ± 2.0 18 ± 5.0 

Each value is the mean ± SD of three replicates (n=3) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Plate 7: Antifungal activity exhibited by BGUM 14B by the volatile metabolite production 

against R. solani (A), M. phaseolina (B) and F. solani (C) by inverted plate method 

 

 

 

 

A B C 
Control Control Control 

Test Test Test 
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Plate 8: Antifungal activity exhibited by MPSK 23 against M. phaseolina (A), F. solani (B) 

and R. solani (C) by well diffusion method (carried out in triplicates) 

 

4.8.1.2 Secretion of chitinase, glucanase, amylase, cellulase, 

protease and lipase enzymes 

Out of 10 hypersaline bacteria, SK 473, MPSK 14, MPSK 20, MPSK 22, MPSK 

23, MPSK 109 and MPSK 186 tested positive for amylase, protease, lipase and 

cellulase. In addition to this, MPSK 22, MPSK 23 and MPSK 186 also showed 

production of chitinase and β-glucanase enzymes (Plate 9). After measuring the 

zone of clearance, the solubilisation index which is the resultant of the assessed 

lytic activity, was calculated and tabulated (Table 11).  

 

Table 11: Production of extracellular lytic enzymes by the selected hypersaline bacteria 

 

 
Solubilisation Index 

Chitinase Glucanase Amylase Cellulase Protease Lipase   

BGUM 14B - - - - - - 

ABSK 9 - - - - - - 

MPSK 9 - - - - - - 

MPSK 20 - - 1.0 ± 0.75 1.6 ± 0.70 2.1 ± 0.30 1.8 ± 1.14 

MPSK 22 1.2 ± 0.50 1.2 ± 0.75 2.0 ± 0.50 1.4 ± 0.40 1.5 ± 0.40 1.6 ± 0.77 

MPSK 23 1.5 ± 0.40 1.2 ± 0.55 1.7 ± 0.90 1.6 ± 0.70 1.4 ± 0.60 1.8 ± 0.85 

MPSK 186 1.1 ± 0.30 2.0 ± 0.35 2.5 ± 0.70 1.9 ± 0.50 3.0 ± 0.50 2.8 ± 1.30 

MPSK 109 - - 3.0 ± 0.30 1.9 ± 0.20 3.1 ± 0.90 2.4 ± 0.77 

MPSK 14 - - 2.1 ± 0.30 2.3 ± 0.30 1.6 ± 0.75 2.4 ± 0.48 

SK 473 - - 2.2 ± 0.80 1.9 ± 0.40 1.7 ± 0.51 2.6 ± 0.85 

Each value is the mean ± SD of three replicates (n=3); -: Not observed 

Control Control 
Control 

A B C 
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Plate 9: Production of extracellular enzymes amylase (A), protease (B), lipase (C), chitinase 

(D), glucanase (E) and cellulase (F) by hypersaline bacteria 

 

4.8.1.3 Production of ammonia and hydrogen cyanide 

All the hypersaline bacteria except MPSK 20 produced ammonia, indicated by the 

orange coloration of the peptone water broth in which they was grown 

individually (Plate 10). However, none of the hypersaline bacteria tested positive 

for production of hydrogen cyanide.  

 

 

 

 

 

 

 

 

 

 

 

Plate 10: Ammonia production test of the hypersaline bacteria 

 

A B 

D E F 

MPSK 109 MPSK 20 Control MPSK 23 

C 
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4.8.1.4 In-vitro production of plant growth promoting attributes  

All the hypersaline bacteria tested positive for IAA and ACC deaminase 

production. They were also able to grow on nitrogen free media indicating the 

ability to fix atmospheric nitrogen. Out of the 10 hypersaline bacteria, only ABSK 

9 solubilized phosphate and MPSK 9 solubilized silicate and all the hypersaline 

bacteria except BGUM 14B and ABSK 9 solubilised the insoluble zinc from the 

medium. Further, none of the hypersaline bacteria tested positive for solubilisation 

of potassium. The solubilisation index was calculated from the zone of clearance 

(mm) indicating the solubilisation of zinc, silicate and phosphate, which is 

represented in Table 12. 

 

Table 12: In-vitro plant growth promoting attributes of the hypersaline bacteria 

 

 

IAA 

product-

ion 

ACC 

deaminase 

production 

N2 

fixation 

Solubilisation Index 

Zinc  Silicate  Phosphate  

BGUM 14B + + + - - - 

ABSK 9 + + + - - 1.6 ± 0.5 

MPSK 9 + + + 1.3 ± 1.0 2.8 ± 0.5 - 

MPSK 20 + + + 1.4 ± 0.2 - - 

MPSK 22 + + + 1.3 ± 0.1 - - 

MPSK 23 + + + 1.6 ± 0.3 - - 

MPSK 186 + + + 1.4 ± 0.1 - - 

MPSK 109 + + + 2.4 ± 0.3 - - 

MPSK 14 + + + 2.2 ± 0.1 - - 

SK 473 + + + 1.1 ± 0.1 - - 

Each value is the mean ± SD of three replicates (n=3); +: Positive test; -: Not observed 
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Plate 11: In-vitro plant growth promoting attributes IAA production (A), AAC deaminase 

production (B), N2 fixation (C), Silicate solubilisation (D), Zinc solubilisation (E) and 

Phosphate solubilisation (F) by hypersaline bacteria 

 

4.8.1.5 Siderophore production  

ABSK 9, MPSK 109 and MPSK 186 were positive for siderophore production 

indicated by an orange halo around the colony (Plate 12 A). 

 

 

 

 

 

A D 

E F 

B 

C 
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4.8.1.6 Exopolysaccharide (EPS) production  

Black coloration of all the bacterial colonies except that of BGUM 14B and 

MPSK 9 was observed on Congo red ZMA plates supplemented with sucrose. 

This marked a positive test for exopolysaccharide secretion by bacteria (Plate 12 

B). 

 

 

 

 

 

 

 

 

 

 

Plate 12: Production of siderophore (A) and exopolysaccharide (B) by hypersaline bacteria 

 

4.8.2. Quantitative estimation of mixed path antagonism and indirect 

antagonism tests 

All the hypersaline bacteria which tested positive for specific qualitative tests viz. lytic 

enzymes secretion, ammonia production, IAA production, solubilization of nutrients 

and siderophore production were quantitatively estimated. 

 

4.8.2.1 Estimation of chitinase, glucanase, amylase, cellulase, 

protease and lipase enzymes activity 

Quantitative estimation of the extracellular lytic enzymes secreted by the 

hypersaline bacteria MPSK 20, MPSK 22, MPSK 23, MPSK 186, MPSK 109, 

MPSK 14 and SK 473 was carried out and represented as enzyme activity (U/min) 

(Table 13). Highest amylase and protease activity was observed in MPSK 109 

(3.00 ± 0.25 U/min and 3.08 ± 0.91 U/min respectively). MPSK 186 showed 

highest activity of lipase and glucanase (2.81 ± 1.30 U/min and 2.00 ± 0.35 U/min 

respectively). Highest chitinase activity was observed in MPSK 23 (1.50 ± 0.40 

U/min) and highest cellulase activity was seen in MPSK 14 (2.25 ± 0.25 U/min). 

 

A B 
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Table 13: Quantitative estimation of the extracellular lytic enzymes secreted by the 

hypersaline bacteria 

 

 
Chitinase 

(U/min) 

Glucanase 

(U/min) 

Amylase 

(U/min) 

Cellulase 

(U/min) 

Protease 

(U/min) 

Lipase 

(U/min) 

MPSK 

20 
ND ND 1.00 ± 0.75 1.57 ± 0.70 2.14 ± 0.30 1.81 ± 1.14 

MPSK 

22 
1.20 ± 0.50 1.15 ± 0.75 2.00 ± 0.50 1.42 ± 0.40 1.45 ± 0.40 1.61 ± 0.77 

MPSK 

23 
1.50 ± 0.40 1.15 ± 0.55 1.67 ± 0.90 1.57 ± 0.70 1.40 ± 0.60 1.83 ± 0.85 

MPSK 

186 
1.10 ± 0.25 2.00 ± 0.35 2.50 ± 0.65 1.88 ± 0.50 3.00 ± 0.50 2.81 ± 1.30 

MPSK 

109 
ND ND 3.00 ± 0.25 1.86 ± 0.16 3.08 ± 0.91 2.44 ± 0.77 

MPSK 

14 
ND ND 2.10 ± 0.30 2.25 ± 0.25 1.57 ± 0.75 2.36 ± 0.48 

SK 473 

 
ND ND 2.17 ± 0.80 1.85 ± 0.40 1.67 ± 0.51 2.55 ± 0.85 

Each value is the mean ± SD of three replicates (n=3); ND: Not detected 

 

4.8.2.2 Ammonia estimation  

Ammonia production by hypersaline bacteria BGUM 14B, SK 473, MPSK 9, 

MPSK 14, MPSK 22, MPSK 23, MPSK 109, MPSK 186 and ABSK 9 was 

estimated by spectrophotometric method and represented as mg/mL (Table 14). 

Highest ammonia was estimated in the supernatant of MPSK 186 (526.01 ± 14.51 

mg/mL), followed by MPSK 22 (414.39 ± 3.48 mg/mL) and MPSK 23 (392.18 ± 

16.84 mg/mL). Least production was seen in ABSK 9 (36.07 ± 5.14 mg/mL). 

 

4.8.2.3 Estimating solubilized nutrients and produced IAA 

Among MPSK 9, MPSK 20, MPSK 22, MPSK 23, MPSK 186, MPSK 109, 

MPSK 14 and SK 473; highest amount of soluble zinc was detected in the 

supernatant of MPSK 14 (217.00 ± 4.24 ppm) which was almost the twice of what 

was detected in uninoculated media. In the supernatant of MPSK 9, 3.94 ± 0.44 

mM/L of soluble silicon was traced and in the supernatant of ABSK 9, 6.47 ± 0.11 

mM/L of soluble phosphate was detected; which were the only isolates exhibiting 
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solubilisation of silicate and phosphate respectively. All the hypersaline bacteria 

exhibited IAA production, highest being estimated in SK 473 (8.70 ± 0.21 µg/mL) 

and least production was estimated in MPSK 109 (0.46 ± 0.06 µg/mL) (Table 14). 

 

Table 14: Quantitative estimation of ammonia, IAA, solubilised zinc, silicon and phosphate 

in the culture supernatant of selected hypersaline bacteria 

 

 
Ammonia 

(mg/ml) 

IAA  

(µg/ml) 
Zinc (ppm) 

Silicon 

(mM/L) 

Phosphate 

(mM/L) 

BGUM 14B 293.47 ± 2.3 1.48 ± 0.08 ND ND ND 

ABSK 9 36.07 ± 5.1 0.90 ± 0.02 ND ND 6.47 ± 0.11 

MPSK 9 117.50 ± 1.6 2.26 ± 0.15 185.0 ± 8.49 3.94 ± 0.44  ND 

MPSK 20 ND 2.47 ± 0.13 184.5 ± 6.36 ND ND 

MPSK 22 414.39 ± 3.5 1.93 ± 0.07 190 ± 12.73 ND ND 

MPSK 23 392.18 ± 1.7 2.41 ± 0.11 177.5 ± 3.54 ND ND 

MPSK 186 526.01 ± 1.5 2.42 ± 0.09 189.5 ± 2.12 ND ND 

MPSK 109 170.27 ± 3.2 0.46 ± 0.06 200 ± 14.14 ND ND 

MPSK 14 40.05 ± 3.3 7.69 ± 0.20 217.0 ± 4.24 ND ND 

SK 473 345.48 ± 4.8 8.70 ± 0.21 204.0 ± 5.66 ND ND 

Each value is the mean ± SD of three replicates (n=3); ND: Not detected 

 

4.8.2.4 Quantifying the siderophores produced 

Among the three hypersaline bacteria which showed orange halo formation on 

CAS agar plates, highest siderophore was estimated in ABSK 9 (96.70 % 

siderophore units), followed by MPSK 109 (76.02 % siderophore units) and then 

in MPSK 186 (72.03 % siderophore units) assessed by the CAS-shuttle assay. 

 

4.8.3. PCR amplification of genes of lipopeptide synthesis 

Out of 11 genes screened in the three hypersaline bacteria, both MPSK 22 and MPSK 

23 showed the amplification of LicA and LicC genes of lichenysin family and FenC 

gene of fengycin family. A crisp band was observed of 735 bp and 1195 bp for LicA 

and LicC respectively (Lane 7 and 9 of Plate 13 A and B) and 964 bp for FenC (Lane 3 

of Plate 13 A and B), which matched with the expected product size. Similarly, 

amplification product of MPSK 186 revealed a crisp band of 964 bp which matched 



Chapter 4: Results 

84 

Pawaskar M, 2023, Goa University 

with the expected product size of FenB gene of the fengycin family (Lane 4 of Plate 13 

C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Plate 13: PCR amplification products of MPSK 22 (A), MPSK 23 (B) and MPSK 186 (C) 

Lane- 1:ItuA 2:FenD 3:FenC 4:FenB 5:FenA 6:50 kb ladder 7:LicA 8:LicB 9:LicC 10:Sfp 

11:ItuC 12:ItuD 

 

4.8.4. Direct antagonism by interaction between fungal mycelia and salt 

pan bacteria 

In Plate 14, the red boxes depict the fungal mycelia interacting with the hypersaline 

bacteria (Plate 14 A: F. solani, Plate 14 B: R. solani and Plate 14 C: M. phaseolina) and 

the green boxes depict the mycelia from the leading edge of the respective fungus 

(control mycelia). Light microscopy study of F. solani revealed leakage of cellular 

contents of the mycelia after interacting with the hypersaline bacteria (Plate 15 A). In 

case of R. solani, light microscopy revealed an abnormal swelling of the fungal hyphae 

(Plate 15 B) and M. phaseolina showed thinning and curling pattern in light microscopy 

(Plate 15 C). SEM microphotographs showed disintegrated and empty hyphae of F. 

solani which was not observed in the control (Plate 16 A). In case of R. solani and M. 

 1       2       3      4       5      6      7       8      9      10    11     12 

 1       2       3      4       5      6      7       8      9      10    11     12  1       2       3      4       5      6      7       8      9      10    11     12 

A 

B C 
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phaseolina, SEM analysis displayed thinning and curling of the hyphae as compared to 

the control (Plate 16 B and C).  

 

 

 

 

 

 

 

 

 

Plate 14: Fungal mycelia interacting with hypersaline bacteria (red boxes) and the control 

non-inhibited mycelia (green boxes) of F. solani (A), R. solani (B) and M. phaseolina (C) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Plate 15: Light Microscopy images of test (highlighted in red boxes) and control mycelia 

(highlighted in green boxes) of F. solani (A), R. solani (B) and M. phaseolina (C) 

 

Morphology of fungi in presence of hypersaline bacteria (Test) 

Morphology of fungi without the hypersaline bacteria influence (Control) 

 

A B C 

A B C 
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Plate 16: SEM Microscopy microphotographs of test (highlighted in red boxes) and control 

mycelia (highlighted in green boxes) of F. solani (A), R. solani (B) and M. phaseolina (C) 

 

4.9 Identification of salt pan bacteria MPSK 22, MPSK 23 and 

MPSK 186 

Colony morphology and Gram character of MPSK 22, MPSK 23 and MPSK 186 is 

depicted in Plate 17. MPSK 22 and MPSK 23 grew as creamish-white colonies on 

ZMA which were mucoidy in texture. MPSK 186 formed creamish-white but flaky 

colonies on the same media. All the bacterial cells stained purple (Gram positive) and 

were rod shaped (Plate 17). SEM microphotographs confirmed that all the isolates 

were rods of varying dimensions (Plate 18). The length of the MPSK 22 cells was 

found to be 2.56 µm and width was 753.9 nm. The dimension of MPSK 23 was also 

similar (2.56 µm × 889.5 nm) to that of the former. MPSK 186 cells were 

comparatively smaller with 2.179 µm × 735.5 nm dimensions. Table 15 and Table 16 

further summarize the results of the biochemical tests and carbohydrate utilization 

pattern of each individual hypersaline bacteria respectively. Further, the molecular 

A B C 

Morphology of fungi in presence of hypersaline bacteria (Test) 

Morphology of fungi without the hypersaline bacteria influence (Control) 
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identification revealed a close match (100 % similarity) of MPSK 22 to Bacillus 

licheniformis, MPSK 23 to Bacillus paralicheniformis and MPSK 186 to Bacillus 

subtilis subsp. inaquosorum. These sequences have been submitted to the GenBank 

database under accession numbers MZ400680 (MPSK 22), MZ052210 (MPSK 23) 

and MZ400681 (MPSK 186). The taxonomic position of the three hypersaline bacteria 

in the phylogenetic tree along with their closest relatives is illustrated in Figure 6. 

Maximum Likelihood method was used to infer the evolutionary history of the 

respective bacteria with 1000 bootstrap replicates depicted next to the nodes. The 

figure validates the results of identification as the bootstrap values were found to be 

close to 100.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Plate 17: Colony morphology and Gram staining images of MPSK 22 (A), MPSK 23 (B) and 

MPSK 186 (C) 

A 

B 

C 



Chapter 4: Results 

88 

Pawaskar M, 2023, Goa University 

 

 

 

 

 

 

 

 

Plate 18: Scanning electron microphotographs of MPSK 22 (A), MPSK 23 (B) and MPSK 

186 (C) 

 

 

Table 15: Biochemical characteristics of the selected hypersaline bacteria 

 

Biochemical Tests MPSK 22 MPSK 23 MPSK 186 

Oxidase Test + + + 

Catalase Test + + + 

ONPG Test + + - 

Urease Test + + - 

SIM Test 

Sulfur Reduction 

Indole Production 

Motility 

 

- 

- 

+ 

 

- 

- 

+ 

 

- 

- 

+ 

Gelatinase Test - - - 

Citrate Utilization + + + 

MR-VP Test 

Methyl Red 

Voges-Proskauer 

 

- 

+ 

 

- 

+ 

 

+ 

+ 

Nitrate Test + + + 

Oxygen requirement 
Facultative 

aerobes 

Facultative 

aerobes 

Obligate 

aerobes 

+: Positive test; -: Negative test 

 

 

C B A 
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Table 16: Carbohydrate utilization pattern of the selected hypersaline bacteria 

 

Carbohydrate 
MPSK 

22 

MPSK 

23 

MPSK 

186 
Carbohydrate 

MPSK 

22 

MPSK 

23 

MPSK 

186 

Lactose - - - 
Sodium 

Gluconate 
+ + - 

Xylose - + + Salicin + + + 

Maltose + + + Dulcitol + - - 

Fructose - + + Ionistol + - - 

Dextrose + + + Sorbitol - + - 

Galactose + + + Mannitol - + + 

Raffinose + + + Adonitol - + - 

Trehalose + + + Arabitol - - - 

Melibiose - - + Erythritol - - - 

α-Methyl D-

Mannoside 
- + - 

α-Methyl D-

Glucoside 
- - - 

L- Arabinose + - + Rhamnose + + - 

Malonate - - - Cellobiose + + + 

Mannose + - + Melezitose + + + 

Inulin + - + Sucrose + + + 

Glycerol + - - Xylitol - + + 

D- Arabinose + + + Sorbose + + - 

+: Positive test; -: Negative test 
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Table 17: Percent inhibition of the fungal pathogens, antagonism test results and the 

identification of the three shortlisted hypersaline bacteria 

 

 MPSK 22 MPSK 23 MPSK 186 

Inhibition (%) 

F. solani 

F. oxysporum 

F. pallidoroseum 

R. solani 

P. aphanidermatum 

M. phaseolina 

 

53.13 ± 0.7 

52.00 ± 2.1 

54.20 ± 1.9 

51.40 ± 1.8 

56.00 ± 1.2 

60.00 ± 2.3 

 

59.38 ± 1.5 

54.20 ± 1.7 

56.30 ± 1.9 

63.20 ± 0.9 

61.00 ± 1.1 

72.50 ± 0.7 

 

56.25 ± 1.1 

55.30 ± 2.1 

56.00 ± 0.6 

56.70 ± 1.3 

51.00 ± 1.8 

70.00 ± 2.3 

ACC deaminase production + + + 

Nitrogen fixation + + + 

Exopolysaccharide secretion + + + 

Lytic enzyme production (U/min) 

Amylase 

Protease 

Lipase 

Chitinase 

Glucanase 

Cellulase 

 

1.57 ± 0.08 

0.38 ± 0.03 

2.58 ± 0.49 

0.57 ± 0.02 

0.15 ± 0.01 

0.72 ± 0.01 

 

0.80 ± 0.04 

0.37 ± 0.02 

3.91 ± 0.57 

0.70 ± 0.04 

0.15 ± 0.01 

0.74 ± 0.01 

 

1.79 ± 0.08 

0.43 ± 0.14 

4.83 ± 0.24 

0.47 ± 0.02 

0.29 ± 0.01 

0.91 ± 0.02 

IAA (µg/ml) 1.93 ± 0.07 2.41 ± 0.11 2.42 ± 0.09 

Siderophore (% siderophore units) ND ND 72.03 ± 1.40 

Ammonia (mg/ml) 414.39 ± 3.48 392.18 ± 1.68 526.01 ± 1.45 

Zinc solubilization (ppm) 190 ± 12.73 177.5 ± 3.54 189.5 ± 2.12 

Antifungal compound genes LicA, LicC, FenC LicA, LicC, FenC FenB 

Direct antagonism + + + 

Gram character and morphology Positive rods Positive rods Positive rods 

Sequence similarity to Bacillus 

licheniformis 

Bacillus 

paralicheniformis 

Bacillus 

subtilis 

subsp. 

inaquosorum 

Each value is the mean ± SD of three replicates (n=3); +: Positive test; ND: Not detected 
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Figure 6: Phylogenetic tree depicting the sequence similarity of the three hypersaline 

bacteria with other bacteria based on 16S rRNA analysis 

 

4.10 Blood hemolysis and antibiotic sensitivity tests of MPSK22, 

MPSK 23 and MPSK 186 

All the three hypersaline bacteria MPSK 22, MPSK 23 and MPSK 186 exhibited 

gamma hemolysis on human blood agar plates (Plate 19 A). This was carried out as a 

primary safety evaluation criterion to assess the toxicity of the hypersaline bacteria to 

human blood cells. Table 18 represents the sensitivity of the three hypersaline bacteria 

to 24 antibiotics along with the interpretive criteria according to Clinical and laboratory 

standards institute. MPSK 22 and MPSK 23 were sensitive to 18 out of 24 antibiotics 

with an intermediate susceptibility to 5 antibiotics. MPSK 186 was sensitive to 14 and 

showed intermediate susceptibility to 7 antibiotics (Plate 19 B). MPSK 186 showed 

susceptibility to β-lactam, Chloramphenicol, Fluoroquinolones, Tetracycline, Quinolone 

and Macrolide class of antibiotics. MPSK 22 and MPSK 23 also showed susceptibility 
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to these groups of antibiotics and in addition were also susceptible to Aminoglycoside, 

Lincomycin, Sulfonamides and Nitrofuran. 

 

Table 18: Antibiotic sensitivity of the hypersaline bacteria 

 

Sr. No. Antibiotics 
Zone of Inhibition (mm) 

MPSK 22 MPSK 23 MPSK 186 

1. Amikacin (30 μg) 26 
S
 19

 S
 15

 I
 

2. Amoxyclav(30 μg) 14 
I
 15

 I
 18

 S
 

3. Ampicillin: Sulbactam (20 μg) 25
 S

 15
 S

 23
 S

 

4. Cephalexin (30 μg) 18
 S

 21
 S

 18
 S

 

5. Cephalothin (30 μg) 17
 I
 15

 I
 17

I
 

6. Cephotaxime (30 μg) 11
 R

 11
 R

 10
 R

 

7. Chloramphenicol (30 μg) 18
 S

 18
 S

 27
 S

 

8. Ciprofloxacin (5 μg) 24
 S

 27
 S

 24
 S

 

9. Clindamycin (2 μg) 24
 S

 22
 S

 17
 I
 

10. Co-Trimoxazole (25 μg) 29
 S

 28
 S

 15
 I
 

11. Doxycycline hydrochloride (30 μg) 27
 S

 31
 S

 27
 S

 

12. Erythromycin (15 μg) 15
 I
 18

 I
 25

 S
 

13. Gentamycin (10 μg) 20
 S

 20
 S

 19
 S

 

14. Kanamycin (30 μg) 20
 S

 20
 S

 17
 I
 

15. Levofloxacin (5 μg) 30
 S

 27
 S

 26
 S

 

16. Lincomycin (10 μg) 18
 S

 20
 S

 12
 I
 

17. Nalidixic Acid (30 μg) 20
 S

 19
 S

 21
 S

 

18. Neomycin (30 μg) 14
 I
 14

 I
 11

 R
 

19. Nitrofurantoin (300 μg) 20
 S

 21
 S

 12
 R

 

20. Ofloxacin (5 μg) 28
 S

 26
 S

 22
 S

 

21. Streptomycin (10 μg) 15
 S

 15
 S

 12
 I
 

22. Tetracycline (30 μg) 28
 S

 33
 S

 24
 S

 

23. Tobramycin (10 μg) 22
 S

 16
 S

 15
 S

 

24. Vancomycin (30 μg) 16
 I
 15

 I
 15

 I
 

Superscript: ‘S’ represents susceptible, ‘I’ represents intermediate and ‘R’ represents resistant 

(according to the Clinical and Laboratory Standards institute, 2013)  
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Plate 19: Primary safety evaluation by Blood agar hemolysis (A) and Antibiotic sensitivity 

test (B) of MPSK 22, MPSK 23 and MPSK 186  

 

4.11 Effect of bioagents MPSK 22, MPSK 23 and MPSK 186 on 

the in-vitro germination of chilli seeds  

For coating the cells of the salt pan bacteria MPSK 22, MPSK23 and MPSK 186 onto 

the seeds of the Khola and Sitara variety of chilli, three biopolymers sodium alginate, 

carboxymethylcellulose and gum acacia were selected as adjuvants. 

 

4.11.1 Bioagent - Biopolymer compatibility assessment 

Sodium alginate (SA), carboxymethylcellulose (CMC) and gum acacia (GA) showed 

compatibility to the cells of bioagents MPSK 22, MPSK 23 and MPSK 186 and 

increased the cell viability from the initial count, after 24 h of incubation as compared to 

the control (Figure 7). Among the three biopolymers, GA (1% w: v) reported significant 

increment (p < 0.05) in viable bacterial count of MPSK 22 (2.1 × 10
12 

CFU/mL) from 

an initial count of 0.8 × 10
10 

CFU/mL. Similarly it also increased the viable count of 

MPSK 23 from 1. × 10
11 

CFU/mL to 4.5 × 10
13 

CFU/mL. Whereas in case of MPSK 

186, maximum viable count was observed with 1 % CMC (4.6 × 10
14

 CFU/mL) as 

compared to initial count of 1.3 × 10
13

 CFU/mL. However, the increase in the viable 

count of MPSK 186 with 1 % CMC was significantly similar (p > 0.05) to that of 1 % 

GA (4.4 × 10
14 

CFU/mL). Thus 1 % GA was evaluated as the best biopolymer, since the 

proliferation of the hypersaline bacteria was maximal in comparison to the other 

biopolymers evaluated. 

MPSK 22 
MPSK 23  

Streptococcus sp. 
Vibrio sp. 

MPSK 186 A B 
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Different letters represent statistical significance for respective isolates (ANOVA p < 0.05), 

followed by Duncan’s Multiple Range Test (DMRT) post hoc test (n=3) 

 

Figure 7: Initial and final viable count of MPSK 22, MPSK 23 and MPSK 186 after 

incubating with different biopolymers as compared to control 

 

4.11.2 Coating efficacy of 1 % gum acacia in seed biopriming 

The coating efficacy of 1 % GA was calculated by coating the cell pellet of MPSK 22, 

MPSK 23 and MPSK 186 onto the Khola and Sitara seeds of chilli and tabulated (Table 

19). It was observed that 1 % GA successfully coated > 95 % of the total cells of MPSK 

22, MPSK 23 and MPSK 186 cells onto both Khola and Sitara seeds (Plate 20). 

 

 

 

 

 

 

 

 

 

 

 

Plate 20: Khola and Sitara seeds coated with the cells of MPSK 23 using 1 % Gum 

acacia 
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Table 19: Coating efficacy (E %) of 1 % Gum acacia to coat chilli seeds with bacterial cells 

 

Bioagent-Biopolymer  E (%) Khola seeds E (%) Sitara seeds 

MPSK 22 + 1%  GA 97.85 ± 1.03 95.91 ± 1.63 

MPSK 23 + 1%  GA 98.22 ± 0.07 96.52 ± 1.08 

MPSK 186 + 1%  GA 98.09 ± 0.05 97.74 ± 0.09 

Each value is the mean ± SD of three replicates (n=3) 

 

4.11.3 Germination and growth of chilli seeds exposed to F. solani spores 

after coating with bioagent-biopolymer  

Plate 21 represents the coated seeds of chilli germinated after fungal spore exposure in 

growth chamber with the wet paper towel. MPSK 23 showed the maximum 

Germination Percentage (GP, 100 %) in case of both Khola and Sitara variety, wherein 

all the 15 seeds successfully germinated at the end of 30 days. It was followed by 

MPSK 22 with 80 % GP in case of Khola seeds and 86.7 % GP in Sitara. MPSK 186 

showed the least GP among the bacterial treatment (60 % in Khola and 66.7 % in 

Sitara). Only 4 seeds out of 15 of Khola variety germinated in the control with 26.7 % 

GP and 1 in Sitara with 20 % GP (Figure 8). Thus all the three bacterial treatments 

exhibited significantly higher GP (p < 0.05) as compared to control. 

 

 

 

 

 

 

 

 

 

 

Plate 21: Growth chamber containing the wet paper towel for germination of seeds 

Control MPSK 22 
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Different letters represent statistical significance for respective treatments (ANOVA, p < 0.05, 

n=5), followed by Duncan’s Multiple Range Test (DMRT). 

 

Figure 8: Graph of Germination Percentage (GP) of Khola and Sitara seeds 

 

Next, Germination Energy (GE) was analyzed which accounts the number of seeds 

germinated on the day where at least 1 seed of every set has germinated. For Khola 

seeds the GE was calculated on the 15
th

 day when one seed from control showed 

germination. On the same day 11, 9 and 6 coated seeds of MPSK 23, MPSK 22 and 

MPSK 186 respectively showed germination. Similarly for Sitara GE on 14
th

 day was 

calculated with 11, 8 and 7 seeds coated with MPSK 23, MPSK 22 and MPSK 186 

germinating respectively (Figure 9). Thus all the three bacterial treatments exhibited 

significantly higher GE (p < 0.05) as compared to control. The Mean Germination Time 

(MGT) was statistically lesser (p < 0.05) in case of bacterial coatings as compared to the 

control seeds. Khola seeds primed with MPSK 23 germinated on the 9
th

 day and seeds 

primed with MPSK 22 and MPSK 186 germinated on the 10
th

 day. A similar trend was 

seen in the Sitara variety, with MPSK 23 coated seeds germinating on 8
th

 day, MPSK 22 

seeds germinating on 10
th

 day and MPSK 186 treated seeds germinating on the 11
th

 day 

(Figure 10).  
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Different letters represent statistical significance for respective treatments (ANOVA, p < 0.05, 

n=5), followed by Duncan’s Multiple Range Test (DMRT). 

 

Figure 9: Graph of Germination Energy of Khola and Sitara seeds 

 

 Different letters represent statistical significance for respective treatments (ANOVA, p< 0.05, 

n=5), followed by Duncan’s Multiple Range Test (DMRT). 

 

Figure 10: Graph of Mean Germination Time of Khola and Sitara seeds 
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Both the hypocotyl and the root length of the seedling emerged from the seeds primed 

with hypersaline bacteria MPSK 23 were statistically higher than that of other 

hypersaline bacteria and the control (p < 0.05, Plate 21). The total length of the 

seedlings emerged from the seeds coated with MPSK 23 (7.59 ± 0.63 cm of Khola and 

7.81± 0.27 cm of Sitara) was higher than the other bacterial isolates (MPSK 22 primed: 

4.36 ± 0.90 cm of Khola and 3.09 ± 0.31 cm of Sitara seedling and MPSK 186 primed: 

3.93 ± 0.56 cm of Khola and 4.06 ± 0.32 cm of Sitara seedling) and control (1.13 ± 0.55 

cm of Khola and 1.5 ± 0.55 cm of Sitara) (Figure 11). Finally the seed vigour index of 

Khola and Sitara variety was calculated from the seedling length and GP. The vigour 

index of the seeds primed with MPSK 23 was statistically (p < 0.05) much higher (760 

in the case of Khola seeds and 780.7 in the case of Sitara seeds) than that of MPSK 22 

(348.7 in the case of Khola seeds and 343.3 in the case of Sitara seeds), MPSK 186 

(236.7 in the case of Khola seeds and 270.7 in the case of Sitara seeds) and that of the 

control (30 for both Khola and Sitara seeds) (Figure 12). Thus MPSK 23 was selected 

for in-vivo trials against F. solani infection in Khola and Sitara varieties of chilli plant.  

 

 

 

Plate 21: Growth chamber containing the wet paper towel for germination of seeds 

coated with cells of MPSK 23 (A), MPSK 22 (B), MPSK 186 (C) and control PBS 

coated seeds (D) 

 

A B C D 
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Different letters represent statistical significance for respective treatments (ANOVA, p<0.05, 

n=5), followed by Duncan’s Multiple Range Test (DMRT). 

 

Figure 11: Graph of Hypocotyl and Root length of germinated Khola and Sitara seedlings  

 

 

Different letters represent statistical significance for respective treatments (ANOVA, p<0.05, 

n=5), followed by Duncan’s Multiple Range Test (DMRT). 

 

Figure 12: Graph of Vigour Index of Khola and Sitara seeds 
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4.12 Growth of MPSK 23 in different carbon and nitrogen 

sources at varying salinity, pH and temperature  

The hypersaline bacterium MPSK 23 was further studied for its growth characteristics. 

Among the various C sources tested, sucrose supported the maximum growth of 

MPSK 23 (Figure 13 A) and among the various N sources tested; peptone was the 

preferred source (Figure 13 B). MPSK 23 could tolerate a pH range of 6 to 12, 

showing an optimal growth at pH 6 (Figure 13 C). When assessed for salinity 

tolerance, the isolate exhibited growth from 0 - 16 % NaCl with optimal growth at 0 % 

NaCl indicating MPSK 23 was a halotolerant bacterium (Figure 13 D). Further the 

maximum temperature showing growth of MPSK 23 was 50 °C, however it could also 

grow at 10 °C which was the minimal growth temperature tolerated. The optimal 

growth of MPSK 23 was measured at 40 °C (Figure 13 E).  
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Figure 13: Growth of the hypersaline bacterium MPSK 23 at varying carbon sources (A), 

nitrogen sources (B), pH (C), NaCl concentrations (D) and temperatures (E) 

 

4.13 Growth profile of MPSK 23 and the antifungal activity 

MPSK 23 was assessed for its growth and production of the antifungal metabolite by 

the growth curve (Figure 14). A sigmoidal growth curve was observed with a lag 

phase which lasted for about 6 h, after which the log phase initiated and culminated 

within 24 h into the stationary phase. The growth was assessed till 48 h till which 

consistent optical density was observed. Maximum antifungal activity (20 mm zone of 

inhibition against F. solani) was observed between 24 - 32 h which related to the 

stationary phase of the growth curve of MPSK 23.  

 

4.14 The stability and viability of MPSK 23 in soil 

When assessed for its growth in the actual soil, an increase in the viable count from 

the initial 10
10

 CFU/mL of MPSK 23 was observed for a period of 96 h (12.1 × 10
12

 

CFU/mL), after which a steady minimal decline until 40 days was observed (66.31 × 

10
9
 CFU/mL). Further a substantial decrease in viability was observed; however the 

culture remained viable even after 60 days in low numbers (2.5 × 10
7
 CFU/mL) in the 

same soil (Figure 15). 
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Figure 14: Growth profile and antifungal activity exhibited by the bacterium MPSK 23  

 

 

 

Figure 15: Viable count of the hypersaline bacterium MPSK 23 in the soil 

 

4.15 Inhibition of F. solani by MPSK 23 in-vitro 

The co-inoculation of the fungi and the bacterium in liquid broth resulted in decrease 

of both the dry and wet weight of the F. solani mycelia. This decrease was inversely 

proportional to the volume of the viable cells of MPSK 23 added (Figure 16). As seen 

in the graph, when 5 or 10 mL of the MPSK 23 cells with the viable count of 10
4
, 10

6
 

and 10
8 

CFU/mL were added separately, the fungal weight (wet and dry) did not 

decrease significantly (p < 0.05) as compared to the control. However, 5 and 10 mL of 

10
10
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and 25 mL) of viable count 10
4
, 10

6
 and 10

8 
CFU/mL exhibited decrease in the fungal 

mycelial weight but
 
the highest inhibition of F. solani (% inhibition) was observed in 

25 mL of 10
10

 CFU/mL of MPSK 23. This volume of 10
10 

CFU/mL resulted in 

94.71% decrease in the wet weight and 94.12 % decrease in the dry weight of the 

fungus as compared to the control. However, 10 mL of 10
10

 CFU/mL viable cells also 

showed a statistically (p > 0.05) similar decrease (93.45 % decrease in wet weight and 

90.56 % decrease in dry weight), therefore was selected as the best concentration of 

MPSK 23 for in-vivo trials. 

 

   

 

 

 

 

 

 

 

 

 

 

Different letters represent statistical significance for respective volume (ANOVA, p<0.05, 

n=3), followed by Duncan’s Multiple Range Test (DMRT). 

 

Figure 16: Weight of the F. solani measured as dry weight (A) and wet weight (B) in 

presence of MPSK 23 in liquid broth 
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4.16 Pathogenicity of F. solani in Khola and Sitara chilli cultivars 

Agricultural soil on inoculation with fungal spores of F. solani was converted into sick 

soil after 5 days of incubation. When transplanted into this soil, within 15 days chilli 

seedlings of both the varieties showed manifestation of the disease as leaves of the 

plants started wilting. All the 15 seedlings of Sitara variety wilted gradually, dying at 

the end of 15 days, whereas one of Khola seedling survived the infection. The 

pathogen was then successfully re-isolated from the collar region of the diseased 

plants on PDA; where the growth of the white mycelia was observed after 5 days of 

incubation. Further, staining of this fungal mycelia exhibited the characteristic curved 

spores of Fusarium (macroconidia), confirming the pathogenicity of F. solani in both 

the chilli varieties (Plate 22).  

 

 

 

 

 

 

 

 

 

 

Plate 22: Pathogenesis of F. solani exhibiting wilting symptoms in chilli plant (A), re-

isolation of the fungus (B) and lactophenol cotton blue staining of the fungus (C) 

 

4.17 Establishing the potential of MPSK 23 as a biocontrol agent 

by in-vivo pot trials 

The pot trials were carried out at the polyhouse of Don Bosco College of Agriculture-

Sulcorna, Goa; wherein the three pots of each treatment were arranged in completely 

randomized design (Plate 23). Table 20 summarizes the characteristics of the soil used 

for the experiments before turning it into the sick soil. 
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Plate 23: The polyhouse used for the pot trials (A) and the arrangement of the pots in 

polyhouse (B) 

 

Table 20: Characteristics of the agricultural soil used in the pot trials 

 

pH 
EC 

dS/m 

Organic Carbon 

% 

Available N 

Kg/ha 

Available P 

Kg/ha 

Available K 

Kg/ha 

5.41 0.059 2.57 150.5 12.65 163 

 

4.17.1 Experiment I: Regulation of defense enzymes and phenols by MPSK 

23 in chilli plants after F. solani exposure 

a) Severity of wilt symptoms in chilli plants 

Disease severity seen as wilting of leaves in chilli plants of both the varieties, 

increased soon after the pathogen exposure in the plants of the control group 

T1 (buffer). At the end of 15 days, 93.33 % disease severity was observed in 

T1 of Khola variety and 95.56 % disease severity was observed in T1 of Sitara 

variety. Disease severity in biological control group (T2) and chemical control 

group (T3) of both the varieties also increased after the pathogen exposure but 

the increase was significantly lesser (p < 0.05) as compared to T1. In the last 

treatment group (T4), where hypersaline bacterium MPSK 23 was applied 

before transplantation of the chilli plant, did not show any wilting symptom 

during the study period (15 days). Thus the severity of disease was the least 

(almost negligible) in both the varieties of chillies in this group (Figure 17). 

BA
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Different letters represent statistical significance for respective days between each treatment 

(ANOVA, p<0.05, n=5), followed by Duncan’s Multiple Range Test (DMRT) post hoc test. 

 

Figure 17: Progression of disease severity (wilting) in Khola (A) and Sitara (B) chilli plant 

varieties over a period of 15 days 
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b) Length of the plant at the end of 15 days 

At the end of the study period, none of the chilli plants of T1 group survived 

due to the wilting. Whereas plants from other T2 and T3 treatment group, 

exhibited the wilting of leaves but survived till the end. T4 treatment group not 

only evaded the infection but also showed the highest total length which was 

statistically significant compared to other treatments (p < 0.05). The total 

length (root length + shoot length) of T4 plants of Khola variety was 21.8 cm 

and of Sitara variety was 31.7 cm. After T4; T2 group showed the higher total 

length as compared to T3 (Khola: T2 18.7 cm and T3 20.5 cm, Sitara: T2 27.5 

cm and T3 26.5 cm) (Figure 18).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Different letters represent statistical significance for respective treatments 

(ANOVA, p<0.05, n=5), followed by Duncan’s Multiple Range Test (DMRT) 

post hoc test. 

 

Figure 18: Length of chilli plants after 15 days of pathogen exposure to F. solani 
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c) Defense enzymes and phenols produced in plants of different 

treatments 

i. Phenylalanine ammonia-lyase (PAL)  

An increase in PAL activity in the plant leaves of all the treatment groups 

was observed subsequent to the pathogen exposure and the trend of enzyme 

activity was similar in both the varieties. In case of T1 treated plants, an 

initial increase in PAL activity was observed but, at day 15 compared to 

other treatments, the enzyme activity was significantly lower (p<0.05) 

(Khola: 184.45 U/min/g FW and Sitara: 142.45 U/min/g FW). Plants of this 

treatment showed complete wilting at the end of the study period. Whereas 

accumulation of PAL at Day 15, in the plants with T4 treatment was 

significantly higher (p<0.05) which was 243.91 U/min/g FW in Khola and 

214.04 U/min/g FW in Sitara variety, as compared to T3 and T2 treatments 

respectively (Khola T3: 224.68 U/min/g FW, Khola T2: 218.12 U/min/g 

FW, Sitara T3: 201.20 U/min/g FW and Sitara T2: 185.35 U/min/g FW) 

(Figure 19).  

 

ii. Peroxidase (PO)  

Treatment T4 showed spiked PO activity after the exposure to the pathogen 

from day 0 in both the varieties. This activity remained significantly higher 

(p<0.05) in T4 treatment as compared to other treatments, up till 15 days 

(Khola: 39.62 U/min/g FW and Sitara: 26.42 U/min/g FW). After an initial 

rapid increase in PO activity, T3 and T2 treatments showed a slower 

increase after 5 days. At day 15, enzyme activity of T2 treated plants was 

estimated to be 28.20 U/min/g FW in the case of Khola and 20.80 U/min/g 

FW in the case of Sitara variety and that of T3 treated plants was 24.02 

U/min/g FW in the case of Khola and 18.05 U/min/g FW in the case of 

Sitara variety. In T1, an initial increase in PO activity was observed which 

thereon remained constant till day 15, where complete wilting was observed 

(Khola: 11.33 U/min/g FW and Sitara: 10.17 U/min/g FW). At the end of 

the study period as compared to the T1 control, T4 treatment showed 3.5 

fold increase in PO activity in case of Khola variety and 2.5 fold increase in 

Sitara variety (Figure 20).  
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Different letters represent statistical significance for respective days 

between each treatments (ANOVA, p<0.05, n=5), followed by Duncan’s 

Multiple Range Test (DMRT) post hoc test. 

 

Figure 19: Phenylalanine ammonia lyase activity in Khola (A) and Sitara 

(B) plants over a period of 15 days after pathogen exposure  

 

0

50

100

150

200

250

0 5 10 15

A
ct

iv
it

y
 U

/m
in

/g
 F

W
 

Number of days 

T1

T2

T3

T4

a 

a 

a 
a 

0

50

100

150

200

250

300

0 5 10 15

A
ct

iv
it

y
 U

/m
in

/g
 F

W
 

Number of days 

T1

T2

T3

T4

b 

a,b a,b 

a 

b 

a 

a 

a 

a 

b 

b 

c 

a 

a,b 

a,b 

b 

b 

c 

d 

a 

b 

b 

b 

a 

b 

c 

d 

a 

b 

c 

d 

A

B



Chapter 4: Results 

110 

Pawaskar M, 2023, Goa University 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Different letters represent statistical significance for respective days 

between each treatments (ANOVA, p<0.05, n=5), followed by Duncan’s 

Multiple Range Test (DMRT) post hoc test. 

 

Figure 20: Peroxidase activity in Khola (A) and Sitara (B) plants over a 

period of 15 days after pathogen exposure  
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iii. Polyphenol oxidase (PPO)  

As observed in the case of first two defense enzymes, the PPO activity was 

also significantly higher (p<0.05) in the plants of T4 treatment group as 

compared to control T1, T2 and T3 treatments in both the varieties. At the 

end of 15 days, the enzyme activity in the plants of T4 treatment was 

calculated to be 0.29 U/min/g FW in the Khola and 0.27 U/min/g FW in the 

Sitara variety. This was followed by T3 treated plants (0.17 U/min/g FW) in 

the Khola variety and T2 treated plants (0.19 U/min/g FW) in the Sitara 

variety. Least activity was observed in the plants with T1 treatment (Khola: 

0.14 U/min/g FW and Sitara: 0.11 U/min/g FW), where wilting and death 

was observed 15 days post pathogen exposure (Figure 21).  

 

iv. Total phenol content (TPC)  

There was an increase in the total phenolic content in the plants of all the 

treatments after the pathogen exposure; however T1, T2 and T3 treated 

plants showed steady increase as compared T4 treated plants. Total phenolic 

content in the plants treated with MPSK 23 (T4), was two times higher in 

both the varieties as compared to that of PBS control (T1) at the end of 15 

days. These values of T4 treated plants (Khola: 164.41 U/min/g FW and 

Sitara: 167.68 U/min/g FW) were also significantly higher (p<0.05) than the 

plants of T2 (Khola: 115.11 U/min/g FW and Sitara: 130.38 U/min/g FW) 

and T3 (Khola: 124.86 U/min/g FW and Sitara: 114.88 U/min/g FW) 

treatment group. T1 group showed steady and least increase in total phenols 

(Khola: 77.96 U/min/g FW and Sitara: 79.72 U/min/g FW) at day 15 

(Figure 22).  
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Different letters represent statistical significance for respective days between 

each treatments (ANOVA, p<0.05, n=5), followed by Duncan’s Multiple 

Range Test (DMRT) post hoc test. 

 

Figure 21: Polyphenol oxidase activity in Khola (A) and Sitara (B) plants 

over a period of 15 days after pathogen exposure  
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 Different letters represent statistical significance for respective days 

between each treatments (ANOVA, p<0.05, n=5), followed by Duncan’s 

Multiple Range Test (DMRT) post hoc test. 

 

Figure 22: Total phenolic content in Khola (A) and Sitara (B) plants over a 

period of 15 days after pathogen exposure  
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The correlation between the defense enzymes, total phenolic content, disease severity 

and the total length of the plants analyzed by Pearson’s correlation coefficient is 

presented in Table 21. A positive correlation was seen between defense enzymes and 

TPC and total length of the plants (p<0.01). The disease severity showed negative 

correlation with all the parameters tested. 

 

Table 21: Correlation matrix of defense enzymes, total phenolic content, disease severity and 

the plant total length of Khola (A) and Sitara (B) chilli plants in pot trials  

 

(A) Pearson’s Correlation 

 
PO PPO PAL TPC Disease severity Total length 

PO 1 
     

PPO 0.960
**

 1 
    

PAL 0.958
**

 0.991
**

 1 
   

TPC 0.965
**

 0.998
**

 0.982
**

 1 
  

Disease severity -0.902
**

 -0.924
**

 -0.967
**

 -0.902
**

 1 
 

Total length 0.857
**

 0.882
**

 0.934
**

 0.855
**

 -0.988
**

 1 

**. Correlation is significant at the 0.01 level, n=5 

 

(B) Pearson’s Correlation 

 
PO PPO PAL TPC Disease severity Total length 

PO 1 
     

PPO 0.983
**

 1 
    

PAL 0.913
**

 0.916
**

 1 
   

TPC 0.994
**

 0.991
**

 0.883
**

 1 
  

Disease severity -0.921
**

 -0.888
**

 -0.980
**

 -0.876
**

 1 
 

Total length 0.926
**

 0.877
**

 0.957
**

 0.879
**

 -0.995
**

 1 

**. Correlation is significant at the 0.01 level, n=5 
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4.17.2 Experiment II: Suppression of the disease incidence in chilli plants 

infected with F. solani and growth enhancement by MPSK 23  

a) Disease assessment 

i. Disease incidence and disease suppression 

In-vivo bacterial inoculation of chilli seedlings with biocontrol agent MPSK 

23 (T4) caused a complete reduction in the disease incidence (100 %) in 

both the varieties. The efficacy of disease suppression was also prompted 

following MPSK 23 application in comparison to Trophy (T3) and 

Trichoderma (T2) treated plants. In control PBS treated plants (T1) of 

Khola variety there was 100% disease incidence, whereas in Sitara variety 

there was 88.89% disease incidence. There was very low disease 

suppression in this treatment for both the varieties (Figure 23). 

 

 

 

Figure 23: Graph of Disease Incidence and Disease Suppression among different treatments 

in Khola and Sitara chilli plants 
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ii. Disease severity and Protective Value 

Disease severity increased, soon after the pathogen exposure in the plants of 

buffer control (T1) group. At the end of 90 days, highest disease severity 

(100 %) was observed in T1 treatment of both Khola and Sitara variety. 

Disease severity in biological control T2 treatment (Khola: 48.9 % and 

Sitara: 56.7 %) and chemical T3 treatment (Khola: 48.9 % and Sitara: 

46.6%) of both the varieties also increased after the pathogen exposure but 

the increase was significantly lesser (p < 0.05) as compared to T1. In the last 

group (T4) where hypersaline bacterium MPSK 23 was used as treatment, 

plants did not show any wilting symptoms over the period of study. Thus 

the disease severity was negligible in both the varieties (Figure 24).  

 

Also from the graph of protective value v/s number of days (Figure 25) it 

was observed that out of the three treatments, antagonistic bacteria MPSK 

23 (T4) showed significantly higher (p < 0.05) protective value (100 %) in 

both the varieties followed by T3 treatment (Khola: 51.11 % and Sitara 

53.33 %) and T2 treatment (Khola: 51.11 % and Sitara 41.85 %). As the 

control T1 treatment showed no additional protection to plants, the 

protective value of this group was assumed to be negligible. Hence it was 

seen that the MPSK 23 treatment showed the highest biocontrol efficacy 

against wilting caused by Fusarium solani in both the Khola and Sitara 

cultivars of the chilli plants which was statistically significant compared to 

other treatments (p < 0.05).  
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Different letters represent statistical significance for respective days of each treatment 

(ANOVA, p<0.05, n=9), followed by Duncan’s Multiple Range Test (DMRT) post hoc 

test.  

 

Figure 24: Graph of Disease Severity in Sitara (A) and Khola (B) plants caused by F. solani 

over a period of 98 days 
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Different letters represent statistical significance for respective days of each treatment 

(ANOVA, p<0.05, n=9), followed by Duncan’s Multiple Range Test (DMRT) post hoc 

test. 

 

Figure 25: Graph of Protective Value of different treatments against the F. solani infection in 

Sitara (A) and Khola (B) chilli plants over a period of 98 days 
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b) Analysis of growth parameters 

i. Total plant height and number of leaves 

The antagonistic bacteria significantly enhanced (p < 0.05) the foliage and 

the total height of chilli plants as compared to that of PBS treated control 

plants (T1) (Plate 24, 25). Within 15 days, 7 out of 9 of Khola and 8 out of 9 

of Sitara variety plants exhibited wilting in the T1 treatment. Wilting was 

also observed in two plants of each variety in biological control treatment 

(T2) and in one of Khola and two of Sitara in chemical control treatment 

group (T3). However none of the plants inoculated with the hypersaline 

bacterium MPSK 23 (T4) showed any major disease symptoms. At the end 

of 98 days, plants treated with hypersaline bacterium MPSK 23 (T4) had the 

maximum height (Khola: 50.64 cm and Sitara: 57.29 cm), followed by the 

T3 (Khola: 42.08 cm and Sitara: 45.5 cm) and T2 (Khola: 40.30 cm and 

Sitara: 45.4 cm) treated plants respectively (Figure 26). Also the height of 

MPSK 23 treated plant was comparable to that of plants which were 

unexposed to the fungal pathogen designated as T5 treatment (Khola: 52.71 

cm and Sitara: 57.29 cm).  

 

The average number of leaves of plants from T4 treatment (Khola: 90.57 

and Sitara: 75.86) was also not significantly different (p > 0.05) from those 

in T5 treatment (Khola: 91.43 and Sitara: 74.14). Plants from T2 treatment 

showed 59.6 leaves in Khola and 56.4 leaves in Sitara variety and from T3 

treatment showed 61.5 leaves in Khola and 56.4 leaves in Sitara variety. 

Whereas at the end of 98 days all the plants from T1 treatment had wilted 

completely. Figure 27 depicts the number of leaves of both Sitara and Khola 

variety plants over a period of 98 days.  
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Different letters represent statistical significance for respective days of each treatment 

(ANOVA, p<0.05, n=9), followed by Duncan’s Multiple Range Test (DMRT) post hoc test. 

 

Figure 26: Graph of change in Khola (A) and Sitara (B) chilli plant height over a period of 98 

days 
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Different letters represent statistical significance for respective days of each treatment 

(ANOVA, p<0.05, n=9), followed by Duncan’s Multiple Range Test (DMRT) post hoc test. 

 

Figure 27: Graph of change in number of leaves of Khola (A) and Sitara (B) chilli plants over 

a period of 98 days 
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Plate 24: Growth of plants at day 0 (A), 7 (B), 15 (C) and 63 (D) days after transplantation 
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Plate 25: Plants of Khola (A) and Sitara (B) variety at day 84 after transplantation 
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The correlation between the disease incidence (DI), disease suppression, disease severity, 

number of leaves and the plant height determined by Pearson’s correlation coefficient is 

presented in Table 22. A strong negative correlation (-1.00) was observed between disease 

suppression and DI in both the varieties and between DI and plant height in case of Sitara 

variety. Disease suppression also showed negative correlation with disease severity and 

positive correlation with number of leaves and plant height. A positive correlation was also 

observed between DI and disease severity and between plant height and number of leaves, 

whereas negative correlation was observed between DI and number of leaves and between 

disease severity and plant height and number of leaves (p<0.01).  

 

Table 22: Correlation matrix of disease incidence (DI), disease suppression, disease severity, 

number of leaves and the plant height of Khola (A) and Sitara (B) chilli plants in pot trials  

 

(A) Pearson’s Correlation 

 
DI 

Disease 

suppression 

Disease 

severity 
Plant height 

Number of 

leaves 

DI 1 
    

Disease 

suppression 
-1.000

**
 1 

   

Disease severity 0.926
**

 -0.926
**

 1 
  

Plant height -0.997
**

 0.997
**

 -0.934
**

 1 
 

Number of 

leaves 
-0.976

**
 0.976

**
 -0.982

**
 0.983

**
 1 

**. Correlation is significant at the 0.01 level, n=9 

(B) Pearson’s Correlation 

 
DI 

Disease 

suppression 

Disease 

severity 
Plant height 

Number of 

leaves 

DI 1 
    

Disease 

suppression 
-1.000

**
 1 

   

Disease severity 0.949
**

 -0.949
**

 1 
  

Plant height -1.000
**

 1.000
**

 -0.940
**

 1 
 

Number of 

leaves 
-0.994

**
 0.994

**
 -0.977

**
 0.991

**
 1 

**. Correlation is significant at the 0.01 level, n=9 
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ii. Root and Shoot length and weight (wet and dry) 

Both root length and shoot length increased linearly from day 7 to day 98 in 

all treatments except in T1 which died due to wilting (Khola and Sitara). 

Maximum root length was recorded in T5 treatment of Khola plants (25 cm) 

followed by plants primed with MPSK 23 in T4 treatment (21.5 cm), but the 

above two treatments did not vary significantly (p > 0.05). While the 

Trichoderma treated plants recorded the least root length (T2: 15 cm) at 98 

days after transplantation. A similar trend was observed in Sitara variety 

(T5: 25.5 cm; T4: 24 cm; T3: 20 cm and T2: 18.5 cm). Shoot length was 

maximum in T5 treatment of Khola and Sitara plants (T5: 58.5 cm in both 

varieties), followed by plants primed with MPSK 23 (T4: 50.5 cm of Khola 

and 55 cm of Sitara variety), but the difference was not significant (p > 

0.05). While control PBS treated plants wilted after 7 days (T1) (Figure 28). 

Both wet and dry weight of root and shoot of Khola and Sitara variety 

increased linearly from day 7 to day 98 in all treatments, except in T1 which 

exhibited wilting. Maximum wet weight was recorded in unexposed Khola 

plants (T5: 34.6 g) followed by plants primed with MPSK 23 (T4: 31.8 g), 

but the above two treatment did not vary significantly (p > 0.05). While the 

minimum wet weight was recorded in Trichoderma treated plants (T2: 23.8 

g) which were almost similar to the wet weight of plants treated with 

Trophy (T3: 24.3 g) at 98 days after transplantation. Least dry weight was 

observed in plants of T2 treatment (2.9 g), followed by T3, T4 and T5 

treatments (3.2 g, 5.0 g and 5.6 g respectively). Similarly in case of Sitara 

variety both wet and dry weight was highest in T5 treatment (34.9 g and 5.8 

g respectively), followed by T4 treatment (33.5 g and 5.3 g respectively). 

Least wet weight was observed in T2 treatment (28.2 g) and least dry weight 

was observed in T3 treatment (4.2 g). Plants with T1 treatment resulted in 

wilting and death in Sitara variety as well (Figure 29). 
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Figure 28: Graph of total length of Khola (A) and Sitara (B) chilli plants over a period of 98 

days 
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Figure 29: Graph of total wet and dry weight of Khola (A) and Sitara (B) chilli plants over a 

period of 98 days 
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4.18 Shelf life and viability of MPSK 23  

MPSK 23 was found to be viable at both the temperatures (FT: 4 ± 2 ºC and RT: 28 ± 

2 °C) without varying significantly (p > 0.05). However a higher count was observed 

when the cells were activated by re-suspending them in 1 % GA as compared to tap 

water (Figure 30). Although at the end of 12 months, there was a decrease in viable 

count as compared to initial, the cells of MPSK 23 still remained viable at both the 

above mentioned temperatures (RT TW: 8.2 logCFU/mL, FT TW 8.26 logCFU/mL, 

FT GA 9.75 logCFU/mL and RT GA 9.46 logCFU/mL).  

 

Different letters represent statistical significance for respective days of each treatment 

(ANOVA, p<0.05, n=3), followed by Duncan’s Multiple Range Test (DMRT) post hoc test. 

 

Figure 30: Viability of MPSK 23 stored at room temperature (RT, 28 ± 2 °C) and 

refrigerator temperature (FT, 4 ± 2 °C) after resuspending in tap water (TW) and 1 % 

Gum acacia (GA) 

 

6

7

8

9

10

11

12

13

14

0 7 14 21 28 35 60 90 120 150 180 210 240 270 300 330 360

lo
g
 C

F
U

/m
L

 

Number of days 

RT TW FT TW FT GA RT GA

a 

a 

b 

b,c 



Chapter 5: Discussion 

129 

Pawaskar M, 2023, Goa University 

Chapter 5  

Discussion 

In the last century, the world population reached a size three times greater than any previous 

value across the whole history of humanity. To cope with the rising request for food, current 

agricultural practices are based on the wide use of fertilizers and pesticides. As a result, 

agrochemical multinationals have gradually acquired control of the global food production. In 

India, the agriculture sector employs nearly half of the workforce in the country and 

contributes to 17.5% of the GDP (Deshpande 2017). To guarantee country wide access to safe 

and economical food in sufficient quantity to the country’s ever increasing population, 

agricultural production must also increase. Along with the food grain production, India is also 

the largest producer of 1.7 M tonnes of Chilli (Capsicum annuum L.) spice in the world, 

followed by Thailand and mainland China (FAOSTAT 2020). India also ranks first in the 

world in terms of consumption and export of this commercial spice. The variable climatic 

conditions in India with respect to the different ecological zones, makes this spice crop 

susceptible to diseases by various microbial pathogens. In the light of present day constraints 

on plant disease control practices, the losses incurred in agriculture due to plant diseases, 

sums up to around 16% globally, leading to the increase in the prices of agricultural 

commodities (Oerke 2006).  

 

5.1 Wilt and Rot causing fungal pathogens of Chilli plants and 

their control 

Chilli plants are susceptible  to  several  diseases  and  pests,  which  become  major  

constraints  in  its production. Most devastating are fungal pathogens causing plant wilt and 

rot which considerably lower the yield of chilli crops annually (Khan et al. 2018). In our study 

three fungal strains namely Fusarium solani, Macrophomina phaseolina and Fusarium 

oxysporum were isolated from the diseased chilli plants exhibiting rotting and wilting 

symptoms. F. solani, M. phaseolina and F. oxysporum are known phytopathogens with 

several reports proving its pathogenicity to Capsicum annuum L. causing wilt and rot in 

plants (Hussain et al. 2013; Gurung et al. 2016; Polapally et al. 2022). Apart from these 

Fusarium spp., F. pallidoroseum also lead to the wilting of the chilli plant when infested 

(Wani et al. 2012, Muzaffar et al. 2021). Previously Naik et al. (2008) and Tembhurne et al. 

(2017) isolated F. solani from infected plants of chilli from wilted fields. This pathogenic 
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fungus was isolated from the roots of the diseased plants, which was also followed in this 

study. In a study by Ismail et al. (2017), F. solani and F. oxysporum were isolated from stem 

and root whereas Fusarium verticillioide and Fusarium subglutinans were isolated 

exclusively from the stem of the wilted chilli plants. They also isolated M. phaseolina from 

the roots of the diseased plant samples. Another study isolated and mycologically identified 

(based on cultural; morphological and microscopical characteristics) causative agents of 

wilting and rot diseases in chilli plant as R. solani, F. solani, F. oxysporum, Fusarium 

sambucinum and M. phaseolina (Madbouly & Abdelbacki 2017). Similarly Güney & Güldür 

(2018) isolated M. phaseolina, F. oxysporum and F. solani; Dewi et al. (2021) isolated F. 

oxysporum and Malik et al. (2022) also isolated F. oxysporum from the infected chilli plants. 

Chilli wilt disease caused by various fungal species like F. solani, F. pallidoroseum and F. 

oxysporum are known to effect 90 % of yield in India (Singh and Singh 2004; Madhavi et al. 

2006). Similarly in the state of Goa, India we also observe the destruction of the chilli crop 

majorly by F. solani which results in phenomenal decrease in the production of the local as 

well as commercial chilli cultivars. Another root rot-causing saprophytic pathogen 

Rhizoctonia solani, causes root rot in chilli plant at both the seedling stage under greenhouse 

conditions and in the main field (Sanogo 2003, Mannai et al. 2018). Fungus belonging to 

genus Pythium shows initial damping off symptoms in chilli seeds which fail to germinate or 

rot in young chilli seedlings, leading to wilt and eventual death (Khan et al. 2003, Mishra et 

al. 2013). Therefore in the present study Fusarium solani, Macrophomina phaseolina, 

Fusarium oxysporum, Fusarium pallidoroseum, Rhizoctonia solani and Pythium 

aphanidermatum were targeted as test pathogens. Since wilting is one of the gravest diseases 

in chilli cultivation and is generally caused by F. solani, this was the first species which we 

isolated from the diseased chilli plants showing wilting symptoms in fields of Goa. 

Subsequent to isolation, we infected Sitara and Khola chilli cultivars with the strain and 

succeeded in re-isolating this pathogen from the diseased plants. Further the pathogenicity of 

F. solani was confirmed after staining the fungus and identifying it mycologically thus 

proving to be pathogenic to above mentioned cultivars of chilli in accordance with the Koch’s 

Postulates of pathogenicity (Bhunjun et al. 2021). 

 

A fast solution to the treatment of a sudden outbreak of crop diseases is generally tackled with 

chemical agents to obtain immediate results. For any pest problem, chemical agents are 

usually preferred over organic ones as they are cheaper, readily available, broad-spectrum, 

persistent and have longer shelf life than the later. However due to such properties of 

persistency and broad spectrum activity, the indiscriminate use of synthetic pesticides has 
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resulted in serious biological and ecological problems (Whipps 2001; Muthukumar et al. 

2008). However to reduce the dependency on chemical control, the use of beneficial 

microorganisms termed as biocontrol agents (BCAs) which are antagonistic to pest pathogens 

has been promoted (Marian & Shimizu 2019).  

 

While competing for living space and nutrients, microorganisms from hypersaline 

environments are also known to produce various bioactive metabolites, which can inhibit the 

growth of other microbes in the vicinity. These metabolites have potential usages in diverse 

fields such as food technology, feed additives, chemical industries and agro-economic sector 

(Sadfi‐Zouaoui et al. 2008; Atanasova et al. 2013). Among the various halophilic niches, salt 

pan ecosystems have not been exploited to their full potential as yet. Halophilic and 

halotolerant microorganisms from salt pans have also been reported previously to be a source 

of several hydrolytic enzymes and bioactive compounds having antimicrobial action (Kamat 

& Kerkar, 2011; Ballav et al. 2015). Keeping this as the central point of our study, we isolated 

and screened bacteria from three different salt pans of Goa, India for their antifungal activity 

against fungal pathogens causing wilt and rot in chilli plants. Out of 197 bacteria screened 

(isolated from water, sediment and biofilm samples), 22 isolates showed activity against six 

different pathogens namely F. solani, F. oxysporum, F. pallidoroseum, M. phaseolina, P. 

aphanidermatum and R. solani. Previously Chen et al. (2010) have shown the antagonistic 

ability of moderately halophilic bacteria isolated from the Weihai Solar Saltern (China) 

against the phytopathogens Verticillium dahliae, F. oxysporum, Colletotrichum 

gloeosporioides and Alternaria solani. Another study has revealed the biocontrol of M. 

phaseolina by a Bacillus spp. isolated from salt-pan rhizosphere of the nurse plant J. sabina in 

Spain (Castaldi et al. 2021). To our knowledge this is the first study of the antifungal activity 

of salt pan bacteria against F. solani, F. oxysporum, F. pallidoroseum, M. phaseolina, P. 

aphanidermatum and R. solani. 

 

5.2 Mode of antagonism exhibited by the bacteria against fungal 

pathogens 

In the present study, among the 10 salt pan bacteria tested, volatile metabolites released by 

three bacterial isolates viz. BGUM 14B, MPSK 9 and ABSK 9 showed inhibition of the 

fungal pathogens F. solani, R. solani and M. phaseolina by inverted plate method. Many 

marine bacteria are known to produce volatile organic compounds (VOCs) with antimicrobial 

activities. The ability of the bacteria to inhibit fungal pathogens via VOCs can be traced back 



Chapter 5: Discussion 

132 

Pawaskar M, 2023, Goa University 

to 90’s when Fiddaman and Rossall (1993) isolated a strain of Bacillus subtilis producing an 

antibiotic metabolite and a volatile compound(s) which was antifungal to R. solani and 

Pythium ultimum. Jayaswal et al. (1993) also showed inhibition of Exserohilum turcicum, 

Diplodia maydis, Fusarium moniliforme, Fusarium roseum, M. phaseolina, Phytophthora 

megasperma var. sojae, Sclerotinia sclerotiorum and Sclerotium rolfsii by two strains of 

Pseudomonas cepacia via volatile metabolite production. Tenorio-Salgado et al. (2013) 

showed the fungistatic and fungicidal activities of volatile compounds produced by 

Burkholderia tropica against Fusarium culmorum, F. oxysporum, S. rolffsi and 

Colletotrichum gloesporioides. Another study revealed that the Bacillus spp. S18, A19, and 

A21 produced volatile compounds that reduced F. solani mycelial growth (Gutiérrez-Santa 

Ana et al. 2020). From our study, remaining seven salt pan isolates out of ten which were 

MPSK 14, MPSK 22, MPSK 23 MPSK 109, MPSK 186, MPSK 20 and SK 473 showed 

inhibition of F. solani, R. solani and M. phaseolina by the production of diffusible 

metabolites. A study by Al-Ani et al. (2012) revealed the activity of Rhizobium japonicum 

against the soil-borne pathogens F. solani and M. phaseolina by culture medium by well 

diffusion method. Using the same method Khedher et al. (2015) proved the efficacy of 

Bacillus subtilis V26 as a biological control agent against R. solani. Thus this method has 

proved to be an efficient test for detection of diffusible antibiotics produced by antagonistic 

cultures against the pathogens, which was also followed in the current study.  

 

Among the different kinds of antifungal compounds produced by bacteria to compete with 

other microorganisms in resource-limited environments, lipopeptides are a potent form which 

causes less resistance, are friendlier to the environment and are broad spectrum in nature 

(Chen et al. 2017). When screened for the presence of antifungal lipopeptide producing genes, 

bacterial isolates MPSK 22 and MPSK 23 showed the amplification of LicA and LicC genes 

of lichenysin family and FenC gene of fengycin family; whereas MPSK 186 showed presence 

of FenB gene of fengycin family. A similar screening method using specific polymerase chain 

reaction (PCR) primers detected the presence of the FenD gene of the fengycin operon in B. 

subtilis strain DFH08 which was a Fusarium graminearum antagonist (Ramarathnam et al. 

2007). Another study demonstrated the presence of different lipopeptide isoforms belonging 

to surfactin, iturin, and fengycin families in B. subtilis SPB1 with strong antifungal activity 

against R. solani and Rhizoctonia bataticola (Mnif et al. 2016). A study by Wu et al. (2019c) 

reported that B. subtilis SL-44 produced antifungal lipopeptides surfactin, iturin and fengycin 

that inhibited or damaged the mycelial growth of R. solani in chilli pepper against the wilt 
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disease which was detected by similar technique. The study of Guo et al. (2022) identified 

lichenysin lipopeptide in Bacillus altitudinis Q7 against Alternaria alternata pathogen.  

 

Many bacteria secrete lytic enzymes into their environment as a mean to generate food 

sources from polysaccharides or to gain a competitive advantage in their microenvironment 

by inhibiting or parasitizing their neighbors (Klock et al 2002). Salt pan bacteria SK 473, 

MPSK 14, MPSK 20, MPSK 22, MPSK 23, MPSK 109 and MPSK 186 isolated in this study 

tested positive for the production of lytic enzymes amylase, protease, lipase and cellulase. In 

addition to this, MPSK 22, MPSK 23 and MPSK 186 also showed production of chitinase and 

β-glucanase enzyme. Various bacterial strains have shown to excrete chitinases and 

glucanases, enzymes that degrade the hyphae of various fungi by digesting the principal 

components of fungal cell walls (chitins and glucans) and the products of digestion are used 

as energy sources. This enzymatic digestion of the fungal pathogens by chitinases and 

glucanases presents an effective method for the biological control of fungal pathogens 

(Garbeva et al 2004; Arora et al. 2007). Other enzymes like amylase, protease and lipase also 

take part in the enzymatic dissolution of cell walls leading to the loss of fungal protoplasm 

and thus are a part of mechanisms involved in BCA’s activity (Kumari et al. 2021). Cellulase 

is also a cell wall degrading enzyme which helps in the inhibition of Oomycetes whose cell 

wall is made up of cellulose. Thus the production of lytic enzymes by BCA is of major 

advantage in the inhibition of fungal pathogens. In a study by Sindhu & Dadarwal (2001), 

Pseudomonas strains isolated from the rhizosphere of chickpea and green gram were screened 

for the production of chitinases and cellulases. Five Pseudomonas strains were found to 

produce appreciable amounts of both enzymes in culture-free supernatants and showed 

growth inhibition of P. aphanidermatum and R. solani. Suryadi et al. (2014) also reported 

promising biocontrol activity of Pseudomonas aeruginosa against Pyricularia oryzae and R. 

solani by the virtue of chitinase and glucanase produced by the isolate. Kumari et al. (2021) 

isolated five bacterial strains belonging to genus Bacillus from rhizospheric soils of rice 

which showed inhibition of plant fungal pathogen S. rolfsii. All the five bacterial isolates 

showed positive results for amylase, protease, and lipase production and two isolates showed 

a positive chitinase activity. 

 

Further in this study all the bacterial isolates except MPSK 20 showed production of 

ammonia. Bacteria can emit ammonia or urease-producing bacteria can catalyse the 

conversion of urea to ammonia (urea, as a nitrogenous fertilizer, is often applied near the crop 

root in agriculture) which has fungistatic action against mycopathogens in soil (Liu et al. 
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2021). Back in 1988, Howell et al. presented data which concluded that the compound 

produced by Enterobacter cloacae which inhibited fungal pathogens Pythium ultimum and R. 

solani was ammonia. Recently ammonia-mediated fungistasis was observed in-vitro when the 

bacterial isolate Lysinibacillus capsici was grown on a protein-rich medium leading to the 

inhibition of R. solani (Vlassi et al. 2020). Thus the ammonia production by our isolates could 

be an additional property contributing to the antifungal activity exhibited. 

 

When tested for plant growth promoting attributes, all selected isolates in this study showed 

production of plant growth hormone Indole-3-acetic acid (IAA) which is an important 

phytohormone increasing the root length and surface area, and in the process increases the 

level of root exudates available for uptake by plants (Ali et al. 2010). These isolates also 

tested positive for the production of enzyme 1-aminocyclopropane-1-carboxylic acid (ACC) 

deaminase. ACC deaminase acts by degrading ACC, the precursor of ethylene resulting in the 

production of α-ketobutyrate and ammonia, which prevents an excessive increase in the 

synthesis of ethylene under various stress conditions and is one of the most efficient 

mechanisms to induce plant tolerance to stress (del Carmen Orozco-Mosqueda et al. 2020). 

Further these isolates also exhibited the ability to fix atmospheric nitrogen which helps them 

convert nitrogen gas in the atmosphere to ammonia thus making it suitable for plant 

assimilation (Olanrewaju et al. 2017). Out of the 10 bacterial isolates studied, ABSK 9 

exhibited phosphate solubilisation and MPSK 9 exhibited silicate solubilisation. In the case of 

zinc solubilisation, all the isolates except BGUM 14B and ABSK 9 solubilised the insoluble 

zinc from the medium. The micronutrients like P, Zn, Fe, Si and Mn are found to be deficient 

in most soils (Alloway 2004). Phosphorus is the most important key element in the nutrition 

of plants, next to nitrogen as it plays an important role in virtually all major metabolic 

processes in plants including photosynthesis, energy transfer, signal transduction, 

macromolecular biosynthesis and respiration. Plants are unable to utilize the phosphate 

present in the soil because 95-99 % phosphates present are in the insoluble, immobilized, and 

precipitated form. Thus the ability of the bacteria to turn the unavailable forms of phosphorus 

into soluble forms; helps in making it available for plants to assimilate (Khan et al. 2010). 

Similarly Zn and Si solubilisation by microorganisms in this context proves to be beneficial 

and economical in agricultural applications. Previously Bacillus sp. BPR7 isolated from the 

rhizosphere of common bean produced IAA, ACC deaminase, lytic enzymes and solubilized 

various sources of organic and inorganic phosphates as well as potassium and zinc. This strain 

strongly inhibited the growth of several phytopathogens such as M. phaseolina, F. oxysporum, 

F. solani, S. sclerotiorum, R. solani and Colletotricum sp. in-vitro (Kumar et al. 2012). 
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Naureen et al. (2017) deciphered the plant growth promotion and antifungal capability of the 

test bacterium Lysinibacillus sphaericus ZA9 which was found to produce high quantity of 

IAA and was also capable of solubilizing silicates, phosphates and potassium. L. sphaericus 

ZA9 and its cell free culture supernatant showed varied antagonistic behaviour against A. 

alternata, Curvularia lunata, Aspergillus sp., Sclerotinia sp., Bipolaris spicifera and 

Trichophyton sp. Another study by Verma & White (2018) showed the role of Bacillus 

amyloliquefaciens in modulating millet seedling development by production of IAA, 

providing nutrients to seedlings by phosphate solubilisation and reducing pathogen damage to 

seedlings caused by F. oxysporum, Curvularia sp., Alternaria sp. and Sclerotinia 

homoeocarpa. Kaur & Manhas (2022) showed the influence of Streptomyces hydrogenans 

DH16 on growth of pea seedlings which significantly enhanced the growth of the seedling via 

production of IAA and ACC deaminase. This streptomycete also demonstrated in-vitro ability 

to colonize plant roots, fix atmospheric nitrogen and inhibit fungal phytopathogens Alternaria 

solani and Pyricularia oryzae.  

 

Thus the plant growth promoting attributes exhibited by the isolates in this study could 

potentially add to the biocontrol mechanism (volatile and diffusible metabolite, lytic enzymes 

and ammonia production) and promote growth of the plants under biotic stress condition, thus 

exhibiting a mixed path antagonism. 

 

Microbial strains with the ability to produce siderophores with high affinity to iron play an 

important role in disease suppression through competition for iron with the pathogens 

(Ahmed & Holmström 2014). In this study siderophore production was shown by three 

isolates namely ABSK 9, MPSK 109 and MPSK 186. Pseudomonas aureofaciens AR 1 

isolated in the study by Chaiharn et al. (2009) showed the presence of a hydroxamate-type 

siderophore which was primarily responsible for an in-vitro antagonistic effect to Alternaria 

sp., F. oxysporum and P. oryzae. Yu et al. (2011) carried out a study to check the ability of 

siderophore producing B. subtilis to inhibit the wilt caused by F. oxysporum in pepper. Iron 

supplementation in pot trials reduced this biocontrol effect of the BCA which shows that 

when there is limited availability of iron in the environment the BCA competes with the 

pathogen for it, thus inhibiting the pathogen. Exopolysaccharide (EPS) production is another 

good example of competition between BCA and pathogen for niche occupation. EPS 

formation results in colonization of the roots of the host by the BCA thus making it 

unavailable to the pathogen for any infection. It also helps the bacteria to survive in 

inhospitable environments for a longer time by forming biofilms and to endure 
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environmentally stressful conditions. Further it also improves the permeability by increasing 

the soil aggregation and maintaining higher water potential around the roots, thereby 

increasing the nutrient uptake by plants and protecting them from drought stress 

(Silambarasan et al. 2019). In this study all the isolates except BGUM 14B and MPSK 9 

showed the production of EPS. Strains of B. subtilis that exhibited high levels of biocontrol 

efficacy on tomato plants against the plant pathogen Ralstonia solanacearum were able to 

form robust biofilms both in defined medium and on tomato plant roots (Chen et al. 2013). 

Chlebek et al. (2020) attributed the biocontrol activity of Pseudomonas fluorescens BRZ63 

against R. solani, Colletotrichum dematium, S, sclerotiorum and Fusarium avenaceum due to 

its abilities of exopolysaccharide production, auto aggregation, and biofilm formation. 

Additionally this isolate also showed siderophore, IAA, ACC deaminase and ammonia 

production as well as phosphate solubilisation. The production of siderophore and EPS by the 

salt pan bacteria indicated that these isolates might also inhibit the fungal pathogens via 

indirect type of antagonism by competing for nutrition and occupation of niche. 

 

Further interaction of the slat pan isolates MPSK 22, MPSK 23 and MPSK 186 with the 

fungal pathogens, revealed the deformation in the fungal hyphae due to hyperparasitism. 

Hyperparasitism typically involves the interaction of the BCA with the fungal pathogen 

followed by the production of cell wall-degrading enzymes or antifungal metabolites and 

finally penetration, deformation or degradation of the mycelia (Köhl et al. 2019). The light 

microscopy of F. solani revealed granulation of mycelia and SEM images showed 

disintegrated and empty mycelia after interacting with the bacterial isolates, which was not 

observed in control. In case of R. solani, light microscopy revealed abnormal swelling of the 

fungal hyphae and SEM images displayed a curling and thinning pattern. Both light 

microscopy and SEM analysis of M. phaseolina revealed the curling of the test hyphal tips. 

These hyphal deformations indicated that the inhibition of the above mentioned fungus by the 

hypersaline bacteria could be because of a direct mode of antagonism, as these isolates also 

tested positive for the production of lytic enzymes and antifungal metabolites previously. 

Boukaew & Prasertsan (2014) showed that in the presence of the culture filtrate of 

Streptomyces philanthi RM-1-138 there were pronounced morphological alterations in the 

hyphae of R. solani which involved reduced apical growth, curling of their hyphal tips and 

irregular distortions in the fungal hyphae. Through microscopic studies, Khedher et al. (2015) 

showed the hyphal deformation and swelling of R. solani when treated with culture 

supernatant of B. subtilis V26. Same study also reported the enlargement of cytoplasmic 

vacuoles, leaking out of protoplasm and the cracking of the mycelia. In the study of Tewari & 
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Arora (2016), post interaction abnormalities in fungal mycelium of M. phaseolina due to 

Pseudomonas sp. PF17 were visible in the form of halo formation, mycelial deformities and 

hyphal tip degradation. Digestion of fungal cell wall along with shrivelling and curling of 

mycelium was also pointed out by the authors. In another study, treatment by Bacillus 

vallismortis BV23 culture supernatant resulted in coarser hyphae, induced cytoplasmic 

granulation, and increased cell membrane permeability of Fusarium graminearum, causing 

cytoplasm leakage (Li et al. 2019). Extracellular metabolites from strain B. amyloliquefaciens 

QSB-6 showed a strong inhibitory effect on Fusarium hyphal growth and spore germination, 

causing irregular swelling, atrophy, rupture, and cytoplasmic leakage of fungal hyphae (Duan 

et al. 2021). These deformation patterns correspond to those reported in our study. 

 

Finally the capability of the antagonist MPSK 23 to regulate the defense mechanisms in host 

chilli plants after exposure to the pathogenic F. solani fungus was studied in-vivo. Induced 

defense mechanisms involve the production of reactive oxygen species, phytoalexins, 

phenolic compounds, or enormous number of enzymes involved in plant defense, like 

polyphenol oxidase, β-1, 3-glucanase, chitinase, phenylalanine ammonia lyase, peroxidase 

which get stimulated due to BCA application after the pathogenic infection (Kaur et al. 2022). 

The phenylpropanoid pathway in plants is an important adaptation that enables plant defence 

against abiotic and biotic stresses such as pathogen infection, wounding, nutrient depletion, 

UV irradiation, and extreme temperatures. Phenylpropanoids are derived from cinnamic acid, 

which is formed from the deamination of phenylalanine by Phenylalanine ammonia-lyase 

(PAL). PAL plays an important role in plant defence and is also involved in the biosynthesis 

of salicylic acid (SA), an essential signal involved in plant systemic resistance (Kim & 

Hwang, 2014). Expression of oxidative peroxidases (PO) has also been reported as active or 

induced defence responses and is found to be increased after pathogen attack in plants. They 

are expressed to limit the cellular spreading of the infection through the establishment of 

structural barriers or the generation of highly toxic environments by massively producing 

reactive oxygen species (ROS) and reactive nitrogen species (RNS) and leading to 

programmed cell death (Almagro et al. 2009). Apart from these a number of simple and 

complex phenolic compounds also accumulate in plant tissues against microbial pathogens. 

The synthesis, release and accumulation of phenols are central to many defence strategies 

employed by plants against microbial invaders (Bhattacharya et al. 2010). In many plant 

tissues, increased abundance of Polyphenol oxidase (PPO) transcripts in response to infection 

suggest that PPO genes are induced as part of a general defence response in plants. PPO is 

known to catalyse the oxidation of monophenols and/or o-diphenols to o-quinones. These o-
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quinone–protein complexes, participate in blocking invading pathogens (Boeckx et al. 2015). 

In this study, an increase in PAL, PO and PPO activity in leaves of plants were observed in all 

treatments (T1: Buffer Control PBS; T2: Biological Control Trichoderma; T3: Chemical 

Control Carbendazim 12 % + Mancozeb 63 % and T4: Test culture MPSK 23) after the 

challenge with F. solani. However in the case of T1, the activities remained steady after the 

initial increase up to 15 days and eventually lead to the death of the plant. Maximum 

accumulation of the defence enzymes was recorded for T4 treatment. Such trend was 

observed in both the Khola and Sitara varieties of chilli. Total phenolic content 15 days after 

F. solani exposure, in the plants treated with MPSK 23 (T4) was also higher in both the 

varieties as compared to that of PBS control (T1). This increase in the total phenolic 

compounds and defense related enzymes can be attributed to the application of MPSK 23 

which might have played a role in the induction of resistance in plants after pathogen 

challenge. Kavitha et al. (2005) proved the effectiveness of the pre-treatment of B. subtilis 

CBE4 and Pseudomonas chlororaphis BCA +  in chilli plants challenged with P. 

aphanidermatum which showed higher activities of PAL, PO, PPO and, β-1,3 glucanase. In 

another study, Sundaramoorthy et al. (2012) also proved the effectiveness of B. subtilis 

EPCO16 and EPC5 and P. fluorescens Pf1 singly and in combination, in controlling the chilli 

Fusarium wilt disease by ISR as evidenced by enhanced activities of PO, PPO, PAL, β-1, 3-

glucanase, chitinase and phenols. The defense-related enzyme activities including PO, 

catalase, superoxide dismutase, PPO, and PAL in pepper challenged with R. solani was also 

reported to be improved significantly when treated once again with the B. subtilis SL-44 

strain (Wu et al. 2019b). Well in another study by Jayapala et al. (2019) the ISR mediated by 

a Bacillus sp. BSp.3/aM was due to the upregulation of defense-related enzymes (PAL, PO, 

PPO, lipoxygenase and chitinase) and by the accumulation of phenolic compounds against 

anthracnose disease in chilli. Recently Ravinder et al. (2022) showed the induction of 

enzymes PO, PPO and PAL by Streptomyces puniceus RHPR9 in chilli plants when 

challenged with M. phaseolina. This thus pointed out that the salt pan bacterium MPSK 23 

exhibited all three modes of antagonism against the fungal pathogens which may be expressed 

sequentially, concurrently or synergistically. 

 

To summarize, among the ten hypersaline bacteria BGUM 14B, MPSK 9 and ABSK 9 

showed mixed path antagonism via production of volatile metabolites, ammonia and plant 

growth promoting attributes like IAA production, ACC deaminase production and nitrogen 

fixation. Additionally ABSK 9 also solubilized phosphate mineral and MPSK 9 solubilized 

silicate. Under indirect antagonism, among the three above mentioned isolates, only ABSK 9 
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showed siderophore and EPS production. The remaining seven hypersaline bacteria viz. 

MPSK 20, MPSK 22, MPSK 23, MPSK 186, MPSK 109, MPSK 14 and SK 473 exhibited 

mixed path antagonism via the production of diffusible metabolites, lytic enzymes and plant 

growth promoting attributes like IAA production, ACC deaminase production, nitrogen 

fixation and zinc solubilisation. Apart from these metabolites, all seven isolates except MPSK 

20 also did show ammonia production. All these seven isolates produced EPS and 

additionally, isolate MPSK 109 and MPSK 186 showed siderophore production being an 

example of indirect antagonism. MPSK 22, MPSK 23 and MPSK 186 also showed 

deformation in fungal mycelia inferring the mechanism to be a type of direct antagonism 

which may be due to their ability to produce antifungal lipopeptides. 

 

5.3 Bacillus spp. as biocontrol agents and its safety evaluation 

Several Bacillus spp. from diverse habitats have been reported as potential biocontrol agents 

against phytopathogens affecting chilli plants, however none of them are from Goan salt pans. 

Bacillus species offers several advantages over other organisms as they produce endospores, 

replicate rapidly, synthesize several bioactive metabolites and enzymes and can tolerate 

extremes in pH, temperature and osmotic conditions (El-Bendary et al. 2016). The three 

antagonistic salt pan isolates in the present study i.e. MPSK 22, MPSK 23 and MPSK 186 

showed similarity to Bacillus licheniformis, Bacillus paralicheniformis and Bacillus subtilis 

subsp. inaquosorum. Bacilllus licheniformis have been studied previously as potential 

antifungal agent against various pathogens (Tendulkar et al. 2007; Gomaa 2012; Jeong et al. 

2017; Li et al. 2020). Plant growth promoting (PGP) attributes such as IAA, ammonia and 

exopolysaccharide production, nitrogen fixation, ACC deaminase activity, Zn solubilisation 

of B. licheniformis have also been previously reported by various groups (Chookietwattana & 

Maneewan 2012; Goswami et al. 2014; Singh & Jha 2016; James et al. 2023). Production of 

various hydrolytic enzymes such as glucanase, chitinase, amylase, protease, cellulase and 

lipase has also been studied (Lim & Kim 2009; Nabti et al. 2013; Mohammad et al. 2017; 

Won et al. 2019). All these attributes coincide with the findings in the present study. Previous 

studies by Wang et al. (2017), Pylro et al. (2019), Ramírez-Cariño et al. (2020), Jinal et al. 

(2020) and Kannan et al. (2021) have also shown antifungal activity of B. paralicheniformis 

against phytopathogens. However this is the first report of a salt pan B. paralicheniformis 

strain MPSK 23 to be antagonistic to F. pallidoroseum, M. phaseolina and P. 

aphanidermatum which is not been reported before. This strain further exhibited IAA, 

ammonia and exopolysaccharide production and the ability to fix atmospheric nitrogen. 
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Previous studies by Annapurna et al. (2018), Valenzuela-Ruiz et al. (2019) and Abadi et al. 

(2020) also reported similar results for the above mentioned attributes by different strains of 

B. paralicheniformis. Additionally B. paralicheniformis strain MPSK 23 exhibited ACC 

deaminase activity and Zn solubilisation which are important properties of plant growth 

promoting bacteria. A previous study by Roslan et al. (2021) also reports the production of 

protease, cellulase, lipase and amylase by a B. paralicheniformis strain; however no study 

shows production of chitinase and glucanase.
 
Our study also reveals for the first time the 

potential of a salt pan Bacillus subtilis subsp. inaquosorum strain MPSK 186 in being a BCA 

against F. pallidoroseum, P. aphanidermatum, M. phaseolina and R. solani. Previous reports 

have shown its inhibitory activity against other various fungal pathogens such as Alternaria 

alternata, Aspergillus niger, Geotrichum candidum, Sordaria fimicola, Fusarium oxysporum 

and Sporisorium scitamineum (Knight et al. 2018; Syed et al. 2020; Taghian et al. 2021). This 

Bacillus strain is also known to be PGP bacteria and to produce enzymes such as glucanase, 

cellulase, amylase, lipase and chitinase (Khande et al. 2017; Shah et al. 2017; Talebi Atouei et 

al. 2019; Cheng et al. 2020). In addition Bacillus subtilis subsp. inaquosorum strain MPSK 

186, used in the current study has shown siderophore production, atmospheric nitrogen 

fixation and ACC deaminase activity which has not been reported previously. 

 

Further, the three isolates MPSK 22, MPSK 23 and MPSK 186 showed no haemolysis (γ-

haemolysis) of human erythrocytes, thus proving its safety in in-vivo applications (Kim et al. 

2018). However, a further assessment in ascertaining the safety at a cellular and molecular 

level needs to be carried out. The results of antibiotic sensitivity test indicated the 

susceptibility of the isolates to > 50 % of the antibiotics tested. All the isolates exhibited 

resistance to Cephotaxime which is known to be partially active against gram positive bacteria 

hence showing partial inhibition of these isolates (Carmine et al. 1983). Similarly neomycin is 

also known to be more active against gram negative bacteria (Castle et al. 2007, Krieger et al. 

2010). Antibiotics co-trimoxazole and nitrofurantoin are active against uropathogens which 

make the enzyme urease (Tabibian et al. 2008). As MPSK 186 was not positive for urease 

production it exhibited resistance to the above antibiotics. However all the cultures showed 

strong susceptibility to broad spectrum antibiotics like Tetracycline, Chloramphenicol, and 

Ampicillin: Sulbactam; which can be thus used in case of any emergency situation. 

 

 

 

 



Chapter 5: Discussion 

141 

Pawaskar M, 2023, Goa University 

5.4 In-vitro germination tests with the salt pan Bacillus spp.  

The effect of salt pan isolates on in-vitro seed germination was tested before proceeding with 

the pot experiments. The three Bacillus isolates viz. MPSK 22, MPSK 23 and MPSK 186 

were examined for their ability to promote the germination of chilli seeds of Khola and Sitara 

variety, previously infected with the spores of F. solani. The seeds were coated with the 

bacterial cells, 1 % Gum acacia biopolymer was selected as the adjuvant. In a study by Dawar 

et al. (2008), 2 % gum arabic (also called gum acacia) solution with microbial antagonists viz, 

Bacillus thuringiensis, Rhizobium meliloti, A. niger and Trichoderma harzianum showed 

more promising results in increasing the shoot length, shoot weight, root length, root weight 

and in reducing infection of root rot fungi viz., M. phaseolina, R. solani and Fusarium spp., 

on Okra. Various other studies have also used gum acacia as a biopolymer for coating the 

biocontrol agent onto seeds for inhibiting phytopathogens (Pandey et al. 2011; Chin et al. 

2022b; Zhang et al. 2022). 

 

MPSK 23 bioprimed seeds of both varieties showed maximum germination percentage (100 

%) as compared to the other two bioagents. Results of the study carried out by Hyder et al. 

(2020) showed the improvement in the chilli seed germination by rhizobacterial Pseudomonas 

and Bacillus spp. seed treatment against Phytophthora capsici without posing any negative 

impact. In our study; as compared to the control seeds (PBS + Gum acacia), the bacterial 

treatments (MPSK 22, MPSK 23 and MPSK 186) showed better germination energy in the 

seeds of both the varieties of chilli which infers that the bacterial treatments promote 

germination of seeds. This was also supported by the data obtained from mean germination 

time which showed that the Khola seeds primed with MPSK 23 germinated on the 9
th

 day, 

seeds primed with MPSK 22 and MPSK 186 germinated on the 10
th

 day, whereas control 

seeds germinated much later on the 15
th

 day. A similar trend was seen in Sitara variety. The 

total length of the seedlings that emerged from the seeds coated with MPSK 23 was also 

higher than that of other bacterial isolates and control. Patel et al. (2017) demonstrated higher 

root and shoot lengths of the chilli seedlings bacterized with B. subtilis and Alcaligenes sp. as 

compared to the control. Finally the seed vigour index in seeds coated with MPSK 23 was 

calculated which was found to be higher than that of MPSK 22 or MPSK 186 and the control. 

The seed vigour index is the sum total of those properties of the seed which determine the 

level of activity and performance of the seed during germination and seedling emergence. A 

study by Gowtham et al. (2018) demonstrated the highest seed germination and seedling vigor 

of chilli seeds treated with B. amyloliquefaciens followed by Burkholderia cepacia and 
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Providencia rettgeri protecting them against chilli anthracnose disease. Seed bacterization of 

C. annuum L. with strain Bacillus sp. LBF-01 also significantly increased the seed 

germination and vigour index in comparison to the untreated control conferring greater 

disease protection against F. oxysporum (Chowdhury et al. 2020). Thus it can be concluded 

that the biopriming of the chilli seeds with BCAs MPSK 22, MPSK 23 and MPSK 186 

promoted germination and growth of the seedling even after exposing it to the plant pathogen 

F. solani. Among the three salt pan isolates MPSK 23 treatment showed the highest 

germination percentage, germination energy, total seedling length and vigour Index. The 

treatment also reduced mean germination time as compared to control non treated seeds of 

both the varieties. Bacterial isolate MPSK 23 was thus selected for the in-vivo trials. 

 

5.5 In-vivo trials with Bacillus strain MPSK 23 as a biocontrol 

agent against F. solani 

Before starting with the pot trials, the salt pan isolate Bacillus paralicheniformis strain MPSK 

23 was assessed for its ability to tolerate extreme conditions in temperature, pH and salinity 

and replicate in soil. Soil is a dynamic system that responds to environmental changes. Hence 

it is very important for a BCA to be able to thrive in the constantly evolving soil dynamics 

and its extreme conditions. Isolate MPSK 23 exhibited tolerance towards a wide range of 

temperatures (10 – 50 °C), pH (6 - 12) and NaCl concentration (0 – 16 %). It also showed 

growth and replication in the soil for a longer period thus decreasing the number of 

applications required in an actual field scenario. Further 10 mL of 10
10

 CFU/mL cells of 

MPSK 23 showed >90 % fungal mycelia inhibition of F. solani as compared to the control, 

thus this cell count was selected for the pot trials. Landa et al. (2001) used 10
10

 CFU/mL of 

seventeen Bacillus spp., three Paenibacillus spp., two Pseudomonas fluorescens isolates and 

one Stenotrophomonas maltophilia isolate for seed treatment and 10 mL of the cell 

suspension for the soil treatment to inhibit Fusarium Wilt of Chickpea. In another study 

Maisuria et al. (2008) demonstrated biological control of Fusarium wilt of pigeon pea by 10
10

 

CFU/mL cells of Pantoea dispersa in a field assessment. Recently Ramírez et al. (2022) 

isolated Bacillus cereus MH778713 which elicited tomato plant protection against F. 

oxysporum at the cell count of 10
10

 CFU/mL. 

 

At first, the assessment of disease (wilting) caused by the F. solani pathogen in chilli plants 

was carried out. Incidence of disease was examined in the chilli seedlings which were first 

exposed to the F. solani spores and then consequently treated using various treatments (T1: 
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Buffer Control PBS; T2: Biological Control Trichoderma; T3: Chemical Control 

Carbendazim 12 % + Mancozeb 63 % and T4: Test culture MPSK 23). Disease incidence 

gave us the number of plant units that were diseased (in this case wilting of leaves) in relation 

to the total number of the units examined. In-vivo bacterial inoculation of chilli seedlings with 

biocontrol agent MPSK 23 caused a complete reduction in disease incidence in both the 

varieties after 35 days from transplantation. This also meant that it showed the highest level of 

disease suppression (100 %) as no wilting was observed in this treatment group (T4). A pot 

culture experiment was set up by Yu et al. (2011) to study the effects of B. subtilis CAS15 on 

F. oxysporum disease development and growth of pepper plant. B. subtilis CAS15 reduced the 

incidence of Fusarium wilt in pepper significantly by 12.5 – 56.9 % in greenhouse 

experiments. Sundaramoorthy et al. (2012) has reported  the reduction of the Fusarium wilt 

incidence (by 17 – 29.75 %) compared to untreated plants in chilli plants by the talc-based 

bio-formulation of P. fluorescens Pf1 and B. subtilis EPCO16 and EPC5 strains individually 

or in combination. In another study Narayanan et al. (2015) reported 66.3 %, 48.8 % and 57.6 

% reduction of the disease incidence caused by F. solani as compared to the control when P. 

fluorescens, B. subtilis and Trichoderma viride was applied to the soil in a pot study. 

However these suppressions are quiet lower in comparison to the suppression percentage 

reported in this study. Yu et al. (2011) also did report the control effect of the B. subtilis 

treatment on the Fusarium wilt in the chilli plant. Control effect or the protective value 

depicts the ability of the treatment to protect the host plant against the disease causing 

pathogen. Higher the protective value better is the biocontrol ability. In this study MPSK 23 

treatment showed the highest protective value, followed by chemical treatment and biological 

treatment against the wilting caused by F. solani in both Sitara and Khola varieties. Further 

the severity of the wilting in the infected crops was also studied by counting the number of 

leaves which showed the symptoms. At the end of 15 days, highest disease severity was 

observed in T1 treatment (93.33 % in Khola and 95.56 % in Sitara). In T4 treatment group 

plants did not show any wilting symptoms over the period of study, thus the disease severity 

was negligible in both the varieties. In the pot experiments carried out by Al-Fadhal et al. 

(2019), it was found that B. subtilis and P. fluorescence were very effective in reducing the 

severity of disease in cucumber seedlings caused by F. solani or R. solani, wherein B. subtilis 

showed negligible disease severity against both the pathogens. Miguel-Ferrer et al. (2021) 

showed lowered wilting severity in Miahuateco chilli crop after treatment with Trichoderma 

spp. In similar study by Hussain et al. (2016) showed 76.4 % disease severity in chilli plants 

treated with F. solani without any biocontrol agent, whereas disease severity was 9.9 % when 

the plants were treated with Paecilomyces sp. Application of Paecilomyces sp. also positively 
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affected the yield and the biomass i.e. fresh and dry shoot weight, fresh and dry root weight 

and plant height of chilli plants. In a report of Raghu et al. (2018), integrated management 

Fusarium wilt with chemical, biocontrol agent and soil amendment recorded highest root 

length, shoot length, fresh root weight, dry root weight, fresh shoot weight and dry shoot 

weight in Sitara and Atirikta varieties of chilli plant. Report by Abd-El-Khair et al. (2019) 

concluded that the Trichoderma spp. combined with thiophanate-methyl increased the 

vegetative growth parameters of bean plants in terms of root length (cm), shoot length (cm), 

number of leaves/plant, plant fresh weight (g), and plant dry weight (g). In this study MPSK 

23 treated plants also showed better foliage and increased the total height of chilli plant which 

was comparable to that of healthy plant. Also the length and weight (dry and wet) of both root 

and shoot also increased with MPSK 23 application. This confirmed the biocontrol ability and 

the growth promoting ability of the salt pan isolate Bacillus paralicheniformis strain MPSK 

23 against F. solani in chilli plants of Khola and Sitara variety.  

 

The results from this study strengthens the application of the salt tolerant bacteria exhibiting 

plant growth promoting and broad spectrum antifungal activities as an ideal candidate for 

sustainable growth promotion as well as biological control. Thus the Bacillus 

paralicheniformis strain MPSK 23 used in the present study isolated from Salt pan of Goa has 

an integrated application in the control of disease and nutrient management strategies in saline 

soils as well as regular fields in Goa where chillies are grown. This culture can also be further 

tested for its activity against various other fungal pathogens infecting an array of agricultural 

crops.  
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Summary  

 

1. A total of 89 morphologically variant bacteria were isolated from water and sediment 

samples of Batim, Agarwado and Ribandar salt pans of Goa, and 108 other bacteria 

were used from the existing culture collection. 

2. Fungal isolates (14) were obtained from the diseased chilli plants from fields of 

Bicholim, Saligao, Valpoi, Margaon and Khola, out of which three viz. Fusarium 

solani, Fusarium oxysporum and Macrophomina phaseolina were chilli plant pathogen. 

3. A total of 76 bacteria out of 197 showed inhibitory activities against at least one of the 

six pathogens namely Fusarium solani, Fusarium oxysporum, Fusarium pallidoroseum, 

Rhizoctonia solani, Macrophomina phaseolina and Pythium aphanidermatum. Out of 

76, 22 bacterial isolates showed inhibitory activity to all six fungal pathogens. 

4. MPSK 22, MPSK 23 and MPSK 186 showed similarity to Bacillus licheniformis, 

Bacillus paralicheniformis and Bacillus subtilis subsp. inaquosorum respectively. 

5. MPSK 22, MPSK 23 and MPSK 186 exhibited mixed path antagonism to fungal 

pathogens via production of diffusible metabolites (antifungal lipopeptides), lytic 

enzymes (amylase, protease, lipase, chitinase, glucanase and cellulase) and ammonia. 

They also exhibited plant growth promoting attributes like IAA production, ACC 

deaminase production, atmospheric nitrogen fixation and zinc solubilisation. All the 

three isolates produced EPS and additionally isolate MPSK 186 showed siderophore 

production; thus being an example of indirect antagonism. MPSK 22, MPSK 23 and 

MPSK 186 further showed hyphal deformations inferring that the fungal inhibition 

could be due to the direct antagonism. 

6. Lichenysin and Fengycin genes were detected in MPSK 22 and MPSK 23 and only 

Fengycin gene was detected in case of MPSK 186 with PCR analysis, which are coding 

genes for the production of two broad spectrum antibiotics. 

7. These isolates exhibited gamma hemolysis on human blood agar which describes their 

non-toxicity towards human blood cells.  

8. MPSK 186 showed susceptibility to β-lactam, Chloramphenicol, Fluoroquinolones, 

Tetracycline, Quinolone and Macrolide class of antibiotics. MPSK 22 and MPSK 23 

also showed susceptibility to the above antibiotics and in addition it was susceptible to 

Aminoglycoside, Lincomycin, Sulfonamides and Nitrofuran class of antibiotics.   
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9. Gum Acacia (1 %) was used for coating the bacterial cells of the three isolates on chilli 

seed cultivars of Khola and Sitara for studying the germination parameters.  

10. MPSK 23 treatments showed increased germination percentage (%), germination 

energy, total seedling length and higher vigour Index of the chilli. The treatment also 

reduced the mean germination time as compared to control non treated seeds of both the 

varieties. 

11. Isolate MPSK 23 exhibited tolerance to a wide range of temperature (10 – 50 °C), pH (6 

- 12) and NaCl concentration (0 – 16 %). It also showed growth and replication in the 

soil for longer period. 

12. In-vivo bacterial inoculation of chilli seedlings with MPSK 23 caused a complete 

suppression of wilt incidence in both the varieties of chillies.  

13. It was observed that out of 3 treatments, the isolate MPSK 23 exhibited the highest 

protective value (100 %) in both the varieties of chillies as compared to chemical and 

biological treatments. 

14. Application of MPSK 23 also showed increase in activity of defense enzymes 

Phenylalanine ammonia-lyase (PAL), Peroxidase (PO), Polyphenol oxidase (PPO) and 

Total phenol content (TPC) in the plants. 

15. The MPSK 23 treated plants had better foliage and increase in the total height of chilli 

plants when compared to that of healthy plants. 

16. Length and weight (dry and wet) of both root and shoot also increased with MPSK 23 

application.  

17. Lyophilized cells of MPSK 23 remained viable over the study period of 12 months at 

both refrigerated 4 ± 2 ºC and room temperature 28 ± 2 °C, which infers the long term 

stability of the bacterial stain.  

18. Application of cells of MPSK 23 with 1 % Gum Acacia was found to be an effective 

way of treatment application. 

 

Thus we summarize that the hypersaline environment like salt pan ecosystem harbor Bacillus 

spp. that can be effectively used as growth promoters and biocontrol agents against chilli 

pathogenic fungi viz. F. solani, F. oxysporum, F. pallidoroseum, M. phaseolina, P. 

aphanidermatum and R. solani against wilting and rotting 
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Conclusion 

 

This study thus elaborates the properties and the potential application of Bacillus spp. isolated 

from salt pan ecosystem in the control of fungal pathogens like F. solani, F. pallidoroseum, F. 

oxysporum, P. aphanidermatum, M. phaseolina and R. solani which causes wilt and rot in 

chilli plants. These bacteria not only suppress the disease in chilli plants, but can also enhance 

its growth thus proving to be effective biocontrol agents. 
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Appendix 

APPENDIX I 

MEDIA COMPOSITION 

1. Nutrient Agar (NA) HiMedia M001 

Ingredients g/L 

Peptone 5.0 

Sodium chloride 5.0 

HM Peptone B 1.5 

Yeast Extract 1.5 

Agar 15.0 

Final pH (at 25°C) 7.4±0.2 

 

2. Zobell Marine Agar 2216 (ZMA) HiMedia M384 

Ingredients g/L 

Peptone 5.0000 

Yeast extract 1.0000 

Ferric citrate 0.1000 

Sodium chloride 19.4500 

Magnesium chloride 8.8000 

Sodium sulphate 3.2400 

Calcium chloride 1.8000 

Potassium chloride 0.5500 

Sodium bicarbonate 0.1600 

Potassium bromide 0.0800 

Strontium chloride 0.0340 

Boric acid 0.0220 

Sodium silicate 0.0040 

Sodium fluorate 0.0024 

Ammonium nitrate 0.0016 

Disodium phosphate 0.0080 

Agar 15.0000 

Final pH (at 25°C) 7.6±0.2 
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3. Potato Dextrose Agar (PDA) HiMedia M096 

Ingredients g/L 

Potatoes, infusion from 200.0 

Dextrose 20.0 

Agar 15.0 

Final pH (at 25°C) 5.6±0.2 

 

4. Soil Extract Agar (SEA) HiMedia M455 

Ingredients g/L 

Glucose 1.00 

Dipotassium phosphate 0.50 

Soil extract 17.75 

Agar 15.00 

Final pH (at 25°C) 6.8±0.2 

 

5. M9 Minimal Medium Salts (5X) HiMedia G013 

Ingredients g/L 

Disodium hydrogen phosphate 33.90 

Potassium dihydrogen phosphate 15.00 

Sodium chloride 2.50 

Ammonium chloride 5.00 

 

6. Colloidal Chitin Agar 

Ingredients g/L 

M9 Minimal Medium Salts (5X) 11.28 

Colloidal chitin 2.00 

Agar 15.00 

Final pH (at 25°C) 7.6±0.2 

 

7. Peptone Water Broth 

Ingredients g/L 

Peptone 10.00 

Sodium Chloride 5.00 

Final pH (at 25°C) 7.2±0.2 
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8. Laminarin Agar 

Ingredients g/L 

M9 Minimal Medium Salts (5X) 11.28 

Laminarin 2.00 

Agar 15.00 

Final pH (at 25°C) 7.6±0.2 

 

9. Starch Agar 

Ingredients g/L 

M9 Minimal Medium Salts (5X) 11.28 

Starch 2.00 

Agar 15.00 

Final pH (at 25°C) 7.6±0.2 

 

10. Carboxymethyl Cellulose Agar 

Ingredients g/L 

M9 Minimal Medium Salts (5X) 11.28 

Carboxymethyl Cellulose 10.00 

Agar 15.00 

Final pH (at 25°C) 7.6±0.2 

 

11. Casein Agar 

Ingredients g/L 

M9 Minimal Medium Salts (5X) 11.28 

Casein 10.00 

Agar 15.00 

Final pH (at 25°C) 7.6±0.2 

 

12. Tributyrin Agar 

Ingredients g/L 

M9 Minimal Medium Salts (5X) 11.28 

Tributyrin 10.00 

Agar 15.00 

Final pH (at 25°C) 7.6±0.2 
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13. Pikovskaya’s Agar Himedia M520 

Ingredients g/L 

Yeast extract 0.5000 

Dextrose 10.0000 

Calcium phosphate 5.0000 

Ammonium sulphate 0.5000 

Potassium chloride 0.2000 

Magnesium sulphate 0.1000 

Manganese sulphate 0.0001 

Ferrous sulphate 0.0001 

Agar 15.0000 

Final pH (at 25°C) 7.6±0.2 

 

14. Zinc Solubilizing Agar HiMedia M2068 

Ingredients g/L 

Dextrose 10.0 

Ammonium sulphate 1.0 

Potassium chloride 0.2 

Dipotassium hydrogen phosphate 0.1 

Magnesium sulphate heptahydrate 0.2 

Zinc Oxide 1.0 

Agar 15.0 

Final pH (at 25°C) 7.6±0.2 

 

15. Aleksandrow Agar HiMedia M1996 

Ingredients g/L 

Magnesium sulphate 0.500 

Calcium carbonate 0.100 

Potassium alumino silicate 2.000 

Dextrose 5.000 

Ferric chloride 0.005 

Calcium phosphate 2.0 

Agar 20.0 

Final pH (at 25°C) 7.2±0.2 
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16. Modified Bunt and Rovira medium agar 

Ingredients g/L 

Peptone 10.00 

Glucose 20.00 

Magnesium chloride 0.10 

Ferric chloride  0.01 

Yeast extract 1.00 

Ammonium sulphate 0.50 

Disodium hydrogen phosphate 0.40 

Magnesium trisilicate 0.25 

Agar 20.00 

Final pH (at 25°C) 7.0±0.2 

 

17. Urea Agar Base (Christensen) HiMedia M112 

Ingredients g/L 

Peptone 1.000 

Dextrose 1.000 

Sodium chloride 5.000 

Disodium hydrogen phosphate 1.200 

Potassium dihydrogen phosphate 0.800 

Phenol red 0.012 

Agar 15.000 

Final pH (at 25°C) 6.8±0.2 

 

18. Simmon Citrate Agar HiMedia M099 

Ingredients g/L 

Magnesium sulphate 0.20 

Ammonium dihydrogen phosphate 1.00 

Dipotassium phosphate 1.00 

Sodium citrate 2.00 

Sodium chloride 5.00 

Bromothymol blue 0.08 

Agar 15.00 

Final pH (at 25°C) 6.8±0.2 
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19. Dworkin-foster salts 

Ingredients g/L 

Potassium dihydrogen phosphate 4.00  

Disodium hydrogen phosphate 6.00 

Magnesium sulphate heptahydrate 0.20 

Glucose 2.00 

Gluconic acid 2.00 

Citric acid 2.00 

Trace elements mg/L 

Ferrous sulphate heptahydrate 1.00 

Boric acid 10.00 

Manganese sulphate hydrate 11.19 

Zinc sulphate heptahydrate 124.60 

Copper sulphate pentahydrate 78.22 

Molybdenum trioxide 10.00 

Final pH (at 25°C) 7.2±0.2 

 

20. Jensen’s Agar HiMedia M710 

Ingredients g/L 

Sucrose 20.00 

Dipotassium phosphate 1.000 

Magnesium sulphate 0.500 

Sodium chloride 0.500 0.500 

Ferrous sulphate 0.100 

Sodium molybdate 0.005 

Calcium carbonate 2.000 

Agar 15.00 

Final pH (at 25°C) 7.0±0.2 
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21. SIM Media HiMedia M181  

Ingredients g/L 

HM Peptone B # 3.000 

Peptone 30.000 

Peptonized iron 0.200 

Sodium thiosulphate 0.025 

Agar 3.000 

Final pH (at 25°C) 7.3±0.2 

 

22. Nitrate Broth HiMedia M439S 

Ingredients g/L 

Peptic digest of animal tissue 5.0 

Meat extract 3.0 

Potassium nitrate 1.0 

Sodium chloride 30.0 

Final pH (at 25°C) 7.0±0.2 

 

23. Gelatin media 

Ingredients g/L 

Peptone 5  

Beef Extract 3  

Gelatin 120  

Final pH (at 25°C) 6.8±0.2 

 

24. Methyl Red - Voges Proskauer Broth (Glucose Phosphate Broth) HiMedia M070 

Ingredients g/L 

Buffered Peptone 7.0 

Dextrose (Glucose) 5.0 

Dipotassium phosphate 5.0 

Final pH (at 25°C) 6.9±0.2 
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25. Anerobic Agar HiMedia M228 

Ingredients g/L 

Tryptone 20.000 

Dextrose (Glucose) 10.000 

Sodium chloride 5.000 

Sodium thioglycollate 2.000 

Sodium formaldehyde Sulfoxylate 1.000 

Methylene blue 0.002 

Agar 20.000 

Final pH (at 25°C) 7.2±0.2 

 

26. Blood Agar Base (Infusion Agar) HiMedia M073 

Ingredients g/L 

Tryptose 10.0 

Sodium chloride 5.0 

HM Peptone B 10.0 

Agar 15.0 

Final pH (at 25°C) 7.3±0.2 

 

27. Muller Hinton Agar HiMedia M173 

Ingredients g/L 

Acicase 17.5 

Starch 1.5 

HM infusion B 300.0 

Agar 17.0 

Final pH (at 25°C) 7.3±0.2 
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APPENDIX II 

REAGENTS AND BUFFERS 

1. Lugol’s iodine solution 

To 20 mL DW, 10 g Potassium iodide was added, followed by 5 g of Iodine. Heat the 

solution gently with constant stirring until it is dissolved completely. Make up the 

volume to 100 mL and store in amber coloured bottle.  

 

2. Rochelle’s salt solution 

To 100 mL ammonia free DW, 50 g Sodium potassium tartarate was added. The 

solution was boiled and filtered through filter paper.  

 

3. Nessler’s reagent HiMedia R010 

Mercuric chloride 10.0 g 

Potassium iodide 7.0 g 

Sodium hydroxide 16.0 g 

Water (ammonia free) 100 mL 

Final pH (at 25°C) 13.2±0.05 

 

4. Salkowski reagent 

Perchloric acid (70 %) was diluted to half strength with 250 mL DW water. To this, 10 

mL of 0.5 M ferric chloride was added and stored in amber coloured bottle. 

 

5. DiNitro Salicylic Acid (DNSA) solution 

To 50 mL DW, 1 g of di-Nitro Salicylic Acid was added, followed by 30 g of Sodium 

potassium tartarate. This was mixed with 20 mL of 2 N Sodium hydroxide. Volume 

was made up 100 mL with DW and stored in amber coloured bottle. 

 

6. Coomassie Brilliant Blue G-250 solution 

To 5mL ethanol, 10 mg Coomassie Brilliant Blue G-250 was added. This was mixed 

with 10 mL of concentrated phosphoric acid. Volume was made up 100 mL with DW 

and filtered to remove any precipitate formed.  
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7. Acidified ascorbic acid 

Ascorbic acid (10 g) was dissolved in about 40 mL distilled water. To this, 50 mL of 

4.5 M Sulphuric acid (125 mL of concentrated H2SO4 added carefully to about 300 

mL DW. Upon cooling, the volume was made up to 500 mL with DW) was added and 

transferred to 100 mL volumetric flask. The volume was made up to 100 mL with 

distilled water. 

 

8. Mixed reagent (For phosphate estimation) 

Ammonium heptamolybdate tetrahydrate (6.25 g) was dissolved in about 50 mL 

distilled water. In a separate beaker, 0.25 g potassium antimony tartarate was 

dissolved in about 10 mL distilled water. The molybdate solution was added to 175 

mL 4.5 M Sulphuric acid (125 mL of concentrated H2SO4 added carefully to about 

300 mL DW. Upon cooling, the volume was made up to 500 mL with DW) with 

continuous stirring. Subsequently, the tartarate solution was added and mixed well. 

 

9. Mixed reagent (For silicon estimation) 

Ammonium heptamolybdate tetrahydrate (3.175 g) was dissolved in about 25 mL 

distilled water. This was added to 25 mL 4.5 M Sulphuric acid (125 mL of 

concentrated H2SO4 added carefully to about 300 mL DW. Upon cooling, the volume 

was made up to 500 mL with DW) with continuous stirring.  

 

10. 1X Phosphate buffered saline (PBS) 

Ingredients g/L 

Sodium chloride 8.00  

Potassium chloride 0.20 

Disodium hydrogen phosphate 1.44  

Potassium dihydrogen phosphate 0.24 

Final pH (at 25°C) 7.4±0.2 

 

11. Kovac’s Reagent HiMedia R008 

p-dimethylamino benzaldehyde    5.0 g 

Amyl alcohol                               75 mL  

Hydrochloric acid, concentrated 25 mL 
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12. Lactophenol cotton blue HiMedia S016 

Phenol crystals 20.00  

Cotton blue 0.05 

Lactic acid 20.00  

Glycerol 20.00 

DW 20.00 

 

13. 0.8 % Sulphanilic acid HiMedia R015 

Sulphanilic acid 8.0 g 

30% Acetic acid 1 L  

Final pH (at 25°C) 1.6±0.01 

 

14. α-Naphthylamine Reagent HiMedia R009 

α-Naphthylamine                                        5.0 g 

5N Acetic acid                                      1 L  

 

15. Methyl red indicator HiMedia I007 

Methyl red                                                  0.2 g 

Ethanol                                      60 mL  

DW 40 mL 

 

16. Barrit’s Reagent A HiMedia R029 

α-Naphthol (1-Naphthol)                            5.0 g 

Absolute ethanol                                      100 mL  

 

17. Barrit’s Reagent B HiMedia R030 

Potassium hydroxide                               40.0 g 

DW                                      100  

 

18. 1 M acetate buffer 

Sodium acetate 13.6 g 

Glacial acetic acid 6 mL 

Add the ingredients to 794 mL DW, adjust the pH as desired 

and then make the volume to 1 L with DW. 
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19. Phosphate buffer 

Ingredients 0.05 M  0.1 M  

Disodium hydrogen phosphate 7.744 g 15.487 g 

Sodium dihydrogen phosphate 2.914 g 5.827 g 

Add the ingredients to 800 mL DW, adjust the pH as desired 

and then make the volume to 1 L with DW. 

 

20. 0.5 M citrate buffer 

Sodium citrate 11.975 g 

Citric acid 11.385 g 

Add the ingredients to 800 mL DW, adjust the pH as desired 

and then make the volume to 1 L with DW. 

 

21. 0.05 M Tris-HCl buffer 

To 800 mL DW, 7.88 g Tris-HCl was added. The pH of the solution was adjusted as 

desired and the volume was made up to 1 L with DW. 

 

22. Borate buffer 

Ingredients 0.1 M  0.2 M  

Borax 0.1 g 0.2 g 

Boric acid 0.56 g 1.12 g 

Add the ingredients to 80 mL DW, adjust the pH as desired and 

then make the volume to 100 mL with DW. 
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APPENDIX III 

STANDARD GRAPHS 

1. N-Acetylglucosamine (NAGA) standard graph for chitinase estimation 

 

 

2. Glucose standard graph for glucanase estimation 

 

 

3. Maltose standard graph for amylase estimation 
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4. Glucose standard graph for cellulase estimation 

 

 

5. Bovine serum albumin standard graph for protease estimation 

 

 

6. p-nitrophenyl standard graph for lipase estimation 
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7. Ammonium chloride standard graph for ammonia estimation 

 

 

8. Potassium dihydrogen phosphate standard graph for phosphate estimation 

 

 

9. Sodium hexafluorosilicate standard graph for silicon estimation 
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10. Indole Acetic Acid standard graph for IAA estimation 

 

 

11. Trans-cinnamic acid standard graph for PAL estimation 

 

 

12. Gallic acid standard graph for TPC estimation 
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Abstract
India is amongst the top countries consuming, producing and exporting chillies. Chilli (Capsicum annuum), known as chilli 
peppers, belongs to the family Solanaceae. Heavy losses have been observed in the yield due to diseases caused by bacte-
rial, fungal and viral pathogens. Over utilization of synthetic agents to control these diseases causing pathogens have raised 
serious biological and ecological issues. Along these lines, late endeavours have been centred on utilizing natural ways for 
controlling plant pathogens. Interest in biological control using microbial agents has increased over the past years as an 
alternative to chemicals which are toxic to the environment and lead to the development of resistant pathogenic populations. 
Biological control using microorganisms is a more environmentally friendly alternative and is utilized either on its own or 
as a part of integrated management strategy to reduce the use of synthetic agents. This research approach reviews various 
pathogen causing diseases in the Capsicum annuum, toxicity of the chemical agents used for controlling the pathogens and 
the biocontrol agents against chilli phytopathogens along with their suggested mode of action. This article will deepen our 
knowledge about the consistent beneficial effects of microbial biocontrol agents.

Keywords  Biocontrol · Chilli · Disease · Pathogen · Toxicity

Introduction

Chillies (Capsicum annuum) also known as ‘mirchi’, are an 
indispensable ingredient in Indian cuisine. They were brought 
in Asia by Portuguese navigators in the 16th Century. Chilli 
plant belongs to Solanaceae family, are herbaceous annuals, 
have glabrous or pubescent lanceolate leaves, white flowers 
and fruit that vary in length, colour and pungency depend-
ing on the cultivar (Stommel et al. 2018). They are rich in 
Vitamin C (ascorbic acid), E (tocopherols and tocotrienols), 
P (citrin), B1 (thiamine), B2 (riboflavin), B3 (niacin) and 
provitamin A (β-carotene) (Gopalakrishnan 2007; Bosland 
et al. 2012). They are also known to be a good source of fla-
vonoids, carotenoids and xanthophylls (Lee et al. 1995). India 
has been amongst the major countries producing, consuming 
and exporting chillies. A rising demand for chillies combined 
with higher value acknowledgment in the domestic market 
has spurred farmers to expand areas under chilli cultivation 

for export (Surepeddi and Giridhar 2015). However heavy 
yield loss of Chilli crop is observed across the country due to 
diseases caused by both abiotic and biotic factors.

Abiotic factors affecting chilli plant

Non-living factors responsible for crop damage include 
extreme levels of temperature, moisture and light, change in 
nutrients and pH, air pollutants and overdose of pesticides 
(Peter and Hazra 2012). The major abiotic factor which cause 
stress conditions in the chilli plant is deficiency or toxicity of 
the macro and micronutrients. Deficiency of the nutrients may 
lead to conditions like stunted growth of the plant, chlorosis 
of leaves, limited foliage and reduced size of fruits. Excessive 
nutrients are also harmful for the plant and may lead to burning 
of foliage and root system (Balakrishnan 1999). Due to factors 
like inconsistent watering, calcium deficiency, increased soil 
salinity or excessive applications of nitrogen fertilizers; Blos-
som-End rot is observed in chilli fruit which results in early 
fruit drop (Taylor and Locascio 2004). This condition mani-
fests in the water soaked lesions on immature fruits, resulting 
as a prime location for microbial infections by opportunistic 
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disease causing pathogens. Exposure to intense sunlight results 
in ‘Sun scalding’ where wrinkling of foliage is observed mak-
ing the plant light-coloured and papery textured. Occasion-
ally fruit skin is affected and cracked open (Rabinowitch et al. 
1983). Presence of air pollutants such as peroxyacetyl nitrate 
(PAN) is reported to cause stunting, chlorosis and even senes-
cence in the chilli plant leaves (Goyal et al. 2020).

Diseases caused by microbial pathogens 
in chilli plant

Losses incurred in agriculture due to microbial pathogens 
sums up to around 16% globally (Oerke 2006). The growth 
and yield of a chilli plant is most affected by bacterial, fungal 
and viral pathogens (Gachomo et al. 2003). Disease symp-
toms have been noticed in seedlings, mature plant, fruit or 
leaves depending on the phytopathogen that attacks the plant. 
Table 1 enlists the diseases caused by microbial phytopath-
ogens in chilli plants along with the symptoms associated 
with the disease. Wilting and rotting are manifested in the 
mature plants by soil borne fungal pathogens belonging to 
genera Macrophomina, Phytophthora, Rhizoctonia, Sclero-
tinia, Fusarium, Sclerotium and Verticillium. Bacterial wilt is 
particularly caused by a bacterium Ralstonia solanacearum 
leading to the death of the plant (Sanogo 2003). Fungus 
belonging to genera Pythium or Phomopsis show damping 
off symptoms in seeds or young seedlings. Infected seeds 
fail to germinate and the damaged seedlings generally rot, 
causing the seedling to wilt and eventually die, or collapse 
from the ground line (Mishra et al. 2013). Leaves of the plant 
affected by bacterial pathogens (Xanthomonas sp.) and fun-
gal pathogens (Leveillula sp., Alternaria sp. or Cercospora 
sp.) show powdery mildew and spot symptoms. Formation 
of mosaic pattern on leaves, curling of leaves, vein bending, 
mottling of leaves is mostly caused by the viral pathogens 
affecting the plant (Damiri 2014). Chilli fruits are primarily 
affected by abiotic factors which can eventually lead to sec-
ondary infection by fungal pathogens belonging to the genera 
Colletotrichum or Phytophthora. These pathogens can attack 
fruit directly or can attack tissue weakened by environmental 
factors (Reddy 2009; Naik and Savitha 2014).

Use of synthetic pesticides for controlling 
chilli crop pathogens and the associated 
problems

The term pesticide in agriculture refers to a component 
or mixture of components to prevent, control, reduce or 
inhibit a pest (bacteria, fungi, virus, nematodes, vectors 

and even unwanted species of plants or animals) interfer-
ing with the production, processing, storage or marketing 
of any agricultural commodity. Synthetic pesticides are 
those which are formulated or manufactured using chemi-
cal processes using chemically synthesized components 
or by chemically changing any component derived from 
natural sources (Stoytcheva 2011). For any pest problem, 
chemical agents are usually preferred over organic ones 
as they are cheaper, readily available and have longer 
shelf life than the later. They are mostly broad-spectrum 
agents thus can be applied against various pests. They are 
even known to be more persistent in nature thus reduc-
ing the frequency of application in the field, which in 
turn saves time and economics (McCoy and Frank 2020). 
However due to such properties of persistency and broad 
spectrum activity, the indiscriminate use of synthetic 
pesticides has resulted in serious biological and ecologi-
cal problems (Whipps 2001; Muthukumar et al. 2008). 
Table 2 summaries the chemical agents used against chilli 
plant pathogens and the reported toxicity of each agent. 
As reported by Pimentel (1995), only < 0.3% of chemi-
cal pesticides showed interaction and inhibition only of 
target pathogens. Most of the chemical pesticides affect 
the beneficial organisms in the soil which assist natural 
processes of mycorrhizal colonization, transformation or 
fixation of nitrogen, improvement of soil porosity and 
fertility (Aktar et al. 2009). Overuse of pesticides has 
also resulted in acquirement of resistance by the target 
pathogens. Some of the chemical agents are seen to be 
converted to toxic byproducts in the soil thus hamper-
ing other plants, animals and even humans (Smith and 
Perfetti 2020). Studies have revealed many associated 
adverse effects of the pesticides on human health viz. 
irritation of eyes and skin, mutations and carcinogenicity, 
disruption of endocrine functions, impaired reproduc-
tive capacity, atherogenicity and interference with neural 
transmission in the central and peripheral nervous sys-
tem (Pruett et al. 2001; Atreya and Sitaula 2011; Budz-
inski and Couderchet 2018). Synthetic pesticides have 
been detected into aquatic systems due to field runoff 
or leaching, thus affecting the multiple developmental 
stages of aquatic life and even wild life (Nabi et al. 2019). 
Aragaki et al. (1994) has reported the phytotoxicty in 
a higher plant due to decomposition of a fungicide in 
water. Disruption of endocrine function, ovarian toxicity, 
oxidative stress and neuropathological effects has been 
identified in animals due to toxic chemical agents (Moser 
et al. 2001; Lu et al. 2004; Tahir and Nour 2009). Con-
sidering the risks associated with synthetic pesticides, 
there is need to shift to biological ways of controlling 
phytopathogens.

Author's personal copy
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Table 2   Toxicity of chemical agents used to control plant pathogens

Sr. no. Chemical agents Pathogen Toxicity References

1 1,3-Dichloropropene Ralstonia solanacearum Probable human carcinogen
Moderate to high aquatic toxicity

Markovitz and Crosby (1984)
Krijgsheld and Van der Gen (1986)

2 Azoxystrobin Sclerotium rolfsii Hazardous to the aquatic environment van Wijngaarden et al. (2014)
3 Bavistin/Carbendazim Alternaria solani

Cercospora capsici
Colletotrichum capsici
Leveillula taurica
Phomopsis vexans
Sclerotinia sclerotiorum

Disturb endocrine function in humans 
and wildlife, lead to impaired repro-
ductive capacity, and have other 
toxic effects on sexual differentia-
tion, growth, and development

Lu et al. (2004)

Induce aneuploidy Morinaga et al. (2004)
4 Bayleton Leveillula taurica Toxicological and pathological effects 

in animals
Bentley et al. (2000)
Tahir and Nour (2009)

5 Benlate Leveillula taurica Phytotoxic Aragaki et al. (1994)
6 Blitox/copper oxychloride Colletotrichum capsici

Fusarium spp.
Phytophthora capsici
Pythium aphanidermatum
Rhizoctoni solani
Xanthomonas campesthis

Hampers growth rate of juveniles and 
cocoon production in earthworms

Helling et al. (2000)

7 Captan Colletotrichum capsici
Fusarium spp.
Phytophthora capsici
Pythium aphanidermatum
Rhizoctonia solani

Possible carcinogenic hazard Bridges et al. (1972)

8 Chloropicrin Ralstonia solanacearum
Verticillium dahlia
Verticillium alboatrum

Airborne-irritant Goldman et al. (1987)

9 Chlorothalonil Alternaria solani
Cercospora capsici
Colletotrichum capsici

Airborne-irritant Lensen et al. (2007)

10 Dazomet Sclerotium rolfsii Hampers development of mycorrhiza-
forming fungi

Iyer and Wojahn (1976)

Anti-thyroid activity Buxeraud et al. (1992)
11 Dithane M45 Colletotrichum capsici

Colletotrichum gloeosporioides
Potential mutagenic and carcinogenic 

agent
Hemavathi and Rahiman (1993)

12 Flutolanil Sclerotium rolfsii Toxic effects on multiple develop-
mental stages of aquatic life

Yang et al. (2016)

13 Fosetyl-Al Fusarium spp.
Phytophthora capsici
Pythium aphanidermatum
Rhizoctoni solani

Reduced growth of roots and inhibi-
tion of mycorrhizal colonization

Sukarno et al. (1998)

14 Hexaconazole Colletotrichum capsici Shows genotoxic effects
Result in thyroid endocrine toxicity 

and other toxicity in aquatic fishes

Yilmaz et al. (2008)
Yu et al. (2013)
Wang et al. (2015)

15 Karathane Leveillula taurica Mutagenic, Clastogenic and Cyto-
toxic

Çelik et al. (2005)

16 Mancozeb Alternaria solani
Cercospora capsici
Fusarium spp.
Phytophthora capsici
Pythium aphanidermatum
Rhizoctoni solani
Sclerotinia sclerotiorum

It degrades into ethylethiourea (ETU) 
which shows sperm abnormalities. 
It affects the central and peripheral 
nervous systems and causes endo-
crine disruption. It is carcinogenic 
– particularly affecting the thyroid 
teratogenic (interfering with embry-
onic development), and a general 
irritant

Atreya and Sitaula (2011)

17 Mercuric chloride Xanthomonas campesthis Genotoxic potential in a variety of 
organisms including humans and 
aquatic species

Betti et al. (1992)
Bolognesi et al. (1999)
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Biocontrol agents against phytopathogens 
infecting chilli plants

Recent efforts have been focused on developing natural or 
biological control for the management of plant diseases 
for increasing the yield. Biocontrol is a safer option as 
it avoids environmental pollution and is specific to target 
pathogens. Being from a natural source they don’t tend 
to pose any harm to plants, animals or humans. Accord-
ing to Eilenberg (2006), “biological control or biocontrol 
is the use of living organisms to suppress the population 
density or impact a specific pest organism, making it less 
abundant or less damaging than it would otherwise be”. In 
other words, biological control is a phenomenon related 
to the antagonism between microorganisms (Cook 1985). 
Numerous microorganisms have been shown to be capable 
in suppressing plant pathogens and are therefore consid-
ered as biological control agents (BCAs). Table 3 summa-
rizes BCAs against plant pathogens affecting chilli crops 
along with the suggested mode of action. Single BCA may 
show different modes of action against a phytopathogen 
which may be expressed sequentially, concurrently or 
synergistically. There are three main modes of antagonism 
exhibited by a candidate BCA against a phytopathogen: 
direct antagonism, indirect antagonism and mixed path 
antagonism (Pal and Gardener 2006).

Direct antagonism

Direct antagonism, involves the principle of parasitism or 
predation. In predation, the predator (in this case a BCA) 
kills the prey (a phytopathogen) for its survival. Some preda-
tory bacteria use the cytoplasmic constituents of other bac-
teria as a source of nutrition, thereby killing the later (Köhl 
et al. 2019). Parasitism is a biological interaction wherein 
the parasite (in this case a BCA) lives on or inside a host (a 
phytopathogen), thus harming the later. This type of antago-
nism is termed as hyperparasitism or mycoparasitism/myco-
phagy (when target pathogen is a fungus). In mycoparasit-
ism, a BCA secretes lytic enzymes that lyse the fungal cell 
wall leading to the leakage or disorganisation of cell con-
tents. Hyphal deformation (abnormal swelling, curling and 
branching of mycelia), vacuolization and disintegration have 
also been reported. This results in a decrease of pathogen 
population or even complete inhibition (Heydari and Pessa-
rakli 2010). A study carried out by Sid Ahmed et al. (1999) 
evaluated Trichoderma harzianum as a biocontrol agent for 
root rot caused by Phytophthora capsici in pepper plants. 
The study revealed how the hypha of Trichoderma harzi-
anum coils around those of Phytophthora capsici resulting 
in vacuolization and disintegration of the hyphae of later. 
Another study exhibited coiling, vacuolation and swelling 
of the hyphae of Colletotrichum truncatum by Burkholderia 
rinojensi, resulting in inhibition of the pathogen, thus sup-
pressing the anthracnose in chillies (Sandani et al. 2019).

Table 2   (continued)

Sr. no. Chemical agents Pathogen Toxicity References

18 Metam sodium Sclerotium rolfsii Irritant, adverse effects on both 
non-target plants and soil microbes, 
potential for immunological, 
developmental, carcinogenic, and 
atherogenic effects

Pruett et al. (2001)

19 Methylbromide Sclerotium rolfsii Potent ozone depletor
Central and peripheral neurotoxic 

effects

Ristaino and Thomas (1997)
DeHaro et al. (1997)

20 Propiconazole Leveillula taurica Interferes with embryonic develop-
ment of aquatic animals

Kast‐Hutcheson et al. (2001)

21 Propineb Phytophthora capsici Carcinogenic in animals Guven et al. (1998)
22 Tebuconazole Sclerotium rolfsii Neurobehavioral deficits and neuro-

pathology in animals
Moser et al. (2001)

Disrupts physiological activity in fish Sancho et al. (2010)
23 Thiophanate-methyl Sclerotium rolfsii Prolonged exposure is considered as a 

cytogenetic hazard
Capriglione et al. (2011)

24 Thiram Colletotrichum capsici
Fusarium spp.
Phytophthora capsici
Pythium aphanidermatum
Rhizoctoni solani

Potential mutagenic and carcinogenic 
agent

Hemavathi and Rahiman (1993)
Perocco et al. (1989)

25 Topsin Leveillula taurica Ovarian toxicity and oxidative stress 
in animals

Sakr et al. (2011)

Author's personal copy



Proceedings of the Indian National Science Academy	

1 3

Table 3   BCAs against plant pathogens affecting chilli crops and their mode of action

Sr. no. Pathogen Bioagent Suggested mode of action References

1 Alternaria alternata Bacillus spp. Hyperparasitism Sid et al. (2003)
2 Cercospora capsici Lactobacillus plantarum Induced Systemic Resistance Adedire et al. (2019)
3 Colletotrichum acutatum Bacillus vallismortis Induced Systemic Resistance Park et al. (2013)
4 Colletotrichum capsici Pichia guilliermondii

Trichoderma harzianum
Pseudomonas fluorescens
Ophiocordyceps sobolifera

Induced systemic reistance Chanchaichaovivat et al. (2007)
Nantawanit et al. (2010)

Hyperparasitism Ekefan et al. (2009)
Induced systemic reistance Anand et al. (2010)
Antibiosis Jaihan et al. (2016)

5 Colletotrichum gloeosporioides Bacillus subtilis
Streptomyces sp.
Pseudomonas aeruginosa
Streptomyces philanthi

Antibiosis Kim et al. (2010)
Ashwini et al. (2014)

Hyperparasitism Kim et al. (2014)
Competition Sasirekha and Srividya (2016)
Antibiosis Boukaew et al. (2018)

6 Colletotrichum scovillei Paenibacillus polymyxa Antibiosis Suprapta et al. (2020)
7 Colletotrichum truncatum Burkholderia rinojensis

Trichoderma harzianum, Tricho-
derma asperellum, Paenibacil-
lus dendritiformis

Hyperparasitism
Induced systemic resistance

Sandani et al. (2019)
Yadav et al. (2021)

8 Cucumber mosaic virus Bacillus amyloliquefaciens Induced systemic resistance Lee and Ryu (2016)
9 Fusarium oxysporum Pseudomonas aeruginosa

Bacillus subtilis
Trichoderma viride,
Trichoderma harzianum

Competition/ Antibiosis
Competition
Hyperparasitism

Perveen et al. (1998)
Yu et al. (2011)
Dar et al. (2015)

10 Fusarium pallidoroseum Trichoderma viride
Trichoderma harzianum

Hyperparasitism
Hyperparasitism

Wani and Najar (2012)
Dar et al. (2015)

11 Fusarium solani Pseudomonas aeruginosa
Bacillus subtilis
Pseudomonas fluorescens
Trichoderma viride
Trichoderma harzianum

Competition/antibiosis
Induced systemic resistance
Induced systemic resistance

Perveen et al. (1998)
Sundaramoorthy et al. (2012)

Hyperparasitism Dar et al. (2015)
Hyperparasitism Bhat et al. (2016)

12 Leveillula taurica Cephalosporium sp.
Paecilomyces farinosus
Ampelomyces quisqualis
Trichoderma harzianum
Trichoderma asperellum 

Metarhizium anisopliae
Pseudomonas fluorescens

Not known
Antibiosis

Kiss (2003)

Hyperparasitism Brand et al. (2009)
Hyperparasitism/Induced sys-

temic resistance
Secretion of lytic enzymes López et al. (2019)
Induced systemic resistance/ 

Secretion of lytic enzymes
Anand et al. (2010)

13 Macrophomina phaseolina Streptomyces sp. Secretion of lytic enzymes and 
waste products/Plant growth 
promoting activities

Alaa Fathalla and El-Sharkawy 
(2020)

14 Pectobacterium carotovorum Bacillus vallismortis Induced systemic resistance Park et al. (2013)
15 Pepper leaf curl virus Streptomyces sp. Plant growth promoting activi-

ties
Putri et al. (2019)

16 Phytophthora capsici Trichoderma harzianum Hyperparasitism/induced sys-
temic resistance

Sid Ahmed et al. (1999)
Ahmed et al. (2000)
Sid et al. (2003)
Joo (2005)
Akgül and Mirik (2008)
Lee et al. (2008)
Chemeltorit et al. (2017)

Bacillus licheniformis Secretion of lytic enzymes
Streptomyces halstedii Hyperparasitism/mycophagy
Bacillus megaterium Antibiosis
Bacillus subtilis Antibiosis
Trichoderma hamatum, Pseu-

domonas aeruginosa
Competition/antibiosis
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Indirect antagonism

Indirect modes of antagonism exhibited by BCAs can be 
either competition for space and nutrition with the pathogen 
or induction of resistance in the host against the pathogen. 
Competing for nutrients is generally observed among the 
species sharing the same ecological niche and having the 
same physiological prerequisites when resources are con-
strained. Such competition may lead to reduced proliferation 
or inhibition of the pathogen (Pal and Gardener 2006). A 
BCA may limit the growth of the pathogen by competing 
for host supplied nutrients (exudates, leachates, or senesced 
tissue), essential soluble nutrients (iron sequestering by 
producing siderophore) or for colonising root and plant tis-
sues, thus depriving access of the pathogen at the infec-
tion site (Vurukonda et al. 2018). When starved of Iron, a 
Bacillus sp. exhibited inhibition of Fusarium oxysporum 
Schl. f. sp. capsici, the causal agent of wilt of Capsicum 
annuum by producing siderophores. This bacterium also 
did show antagonism against several other plant fungal 
pathogens, belonging to genus Fusarium, Colletotrichum, 
Pythium, Magnaporthe and Phytophthora (Yu et al. 2011). 
Another study revealed rapid root colonization of chilli plant 

by Arbuscular mycorrhizal (AM) fungi Funneliformis cal-
edonium thus increasing the nutrient acquisition by plant 
and suppression of Phytophthora blight (Hu et al. 2020). 
Induced systemic resistance is an indirect type of antago-
nism wherein inoculation with BCAs triggers the induction 
or enhancement of defence mechanism of plants. This is 
achieved via production of defence related metabolites (phe-
nolics, reactive oxygen species, phytoalexins, pathogenesis-
related proteins) or via activation of pathways (jasmonic 
acid, salicylic acid) or via formation of physical barriers 
(modifications of cell walls and cuticles) (Jayapala et al. 
2019; Köhl et al. 2019). Suppression of Colletotrichum trun-
catum Anthracnose in Chilli Pepper was observed due to 
resistance induced by Trichoderma harzianum, Trichoderma 
asperellum and Paenibacillus dendritiformis in host. The 
chilli plant exhibited enhancement of the activity of defence-
related and antioxidative enzymes, accumulation of phenolic 
compounds and reactive oxygen species (Yadav et al. 2021). 
Another study revealed the suppression of disease symptoms 
caused by Pectobacterium carotovorum, Phytophthora cap-
sici and Colletotrichum acutatum by a Bacillus sp. via induc-
tion of systemic resistance via a salicylic acid-dependent 
mechanism (Park et al. 2013). Jisha et al. (2019) reported 

Table 3   (continued)

Sr. no. Pathogen Bioagent Suggested mode of action References

17 Pythium aphanidermatum Pseudomonas chlororaphis
Bacillus subtilis
Calothrix elenkenii

Competition/antibiosis
Induced systemic resistance
Antibiosis

Khan et al. (2003)
Nakkeeran et al. (2006)
Manjunath et al. (2010)

18 Ralstonia solanacearum Bacillus megaterium
Enterobacter cloacae
Pichia guilliermondii
Candida ethanolica
Bacillus amyloliquefaciens

Induced systemic resistance
Competition
Not known
Not known

Nguyen et al. (2010)

Antibiosis Hu et al. (2010)
19 Rhizoctonia solani Pseudomonas aeruginosa

Bacillus thuringiensis
Pseudomonas fluorescens
Pseudomonas putida
Bacillus subtillis
Trichoderma viride
Trichoderma harzianum

Competition/antibiosis
Antibiosis
Competition
Antibiosis
Antibiosis

Perveen et al. (1998)
Mojica-Marín et al. (2008)
Abeysinghe (2009)

Hyperparasitism Dar et al. (2015)
Hyperparasitism Lewis and Lumsden (2001)

20 Sclerotium rolfsii Gliocladium virens
Pseudomonas fluorescens
Pseudomonas putida
Bacillus subtillis
Trichoderma viride,
Trichoderma harzianum

Antibiosis
Competition
Antibiosis
Antibiosis

Ristaino et al. (1996)
Abeysinghe (2009)

Hyperparasitism Dar et al. (2015)

21 Tobacco mosaic virus Bacillus cereus Induced systemic resistance 
and plant growth promoting 
activities

Damayanti et al. (2007)

22 Verticillium dahliae Pythium oligandrum Induced systemic resistance Al-Rawahi and Hancock (1998)
Rekanovic et al. (2007)

23 Verticillium albo-atrum Pythium oligandrum Induced systemic resistance Rekanovic et al. (2007)
24 Xanthomonas campestris pv. 

vesicatoria
Lactic acid bacteria Competition Shrestha et al. (2014)
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the induction of defense enzymes peroxidase, polyphenol 
oxidase and phenylalanine ammonia lyase by Pseudomonas 
aeruginosa in chilli plant. Such induction of host systemic 
resistance also increased the total phenolic contents in the 
plant. Thus the strain of Pseudomonas proved to be capable 
of reducing antharcnose disease in chilli.

Mixed path antagonism

In this type of antagonism BCAs produce secondary metab-
olites toxic to the target pathogens. This not only include 
antibiotics, but also lytic enzymes, unregulated waste prod-
ucts and volatile compounds. Such metabolites interfere in 
the pathogenesis of the target pathogen (Nega 2014). A 
BCA can also impart the host plant with growth promoting 
activities which boost the plant growth and help in disease 
suppression (Beneduzi et al. 2012). Plant growth promoting 
BCA can confer the host with various attributes like atmos-
pheric nitrogen fixation, solubilisation of unavailable nutri-
ents such as phosphate, potassium, zinc and silicon thus 
making it readily available to the plant. They also accelerate 
production of hormones viz. auxins (Indole Acetic Acid), 
cytokinin and gibberellins (Bhattacharyya and Jha 2012) 
or of enzymes such as 1-aminocyclopropane-1-carboxylic 
acid (ACC) deaminase, thus helping the plant tolerate vari-
ous stress conditions (Pourbabaee et al. 2016). A BCA can 
alternatively secret lytic enzymes like proteases, amylases, 
lipases, chitinases, glucanases and cellulases which target 
and degrade the cell wall of pathogens (Subrahmanyam 
et al. 2020). A Bacillus sp. isolated from chilli rhizosphere 
produced appreciable levels of three mycolytic enzymes 
chitinase, glucanase and cellulase and showed antagonism 
against Colletotrichum gloeosporioides for management 
of anthracnose disease of chilli (Ashwini and Srividya 
2014). Similar studies were undertaken by Nguyen et al. 
(2012), who reported increased activity of chitinase and 
β-1,3-glucanase in roots and surrounding rhizosphere soil 
of pepper plants treated with Streptomyces griseus. This 
resulted in suppression of Root Rot Disease cause Phy-
tophthora capsici in the host plant. Microbial unregulated 
waste products such as Hydrogen cyanide (HCN) may also 
contribute to pathogen suppression by effectively block-
ing the cytochrome oxidase pathway. Volatile metabolite 
such as ammonia at a particular concentration has also been 
reported to be toxic to various fungal pathogens (Howell 
et al. 1988). Whereas other volatiles mainly alkenes, alco-
hols and ketones, are known stimulate plant growth by 
enhancing mineral uptake, modifying root structure and 
modulating hormone signalling. Bacterial volatiles also 
play important role in functions like bacterial motility, bio-
film formation and induction of systemic resistance in the 
host plant (O’Brien 2017). Most of the times a BCA exhibit 

several of the above mentioned traits to help the host plant 
in growth and disease suppression. Treatment of chilli plant 
with a Streptomyces sp. positive for production of protease, 
chitinase, Indole Acetic Acid (IAA), siderophore, ammonia 
and HCN and phosphate solubilization activity reduced the 
percentages of damping-off and root rot severity caused by 
Rhizoctonia solani and Macrophomina phaseolina (Alaa 
Fathalla and El-Sharkawy 2020). Shrestha et al. (2014) 
reported potential of Lactic acid bacteria (LABs) to colo-
nise roots, produce indole-3-acetic acid (IAA) and sidero-
phores and solubilise phosphate. These LABs showed the 
inhibition of bacterial pathogens Xanthomonas campestris 
pv. vesicatoria and Ralstonia solanacearum which are the 
causative agents of leaf spot disease and wilt in Capsicum 
annuum. Apart from all these secondary metabolites, the 
major reason for antagonism is the production of antibiot-
ics by BCAs. These are chemically heterogeneous group 
of organic, low-molecular weight antimicrobial compounds 
that hamper the growth or metabolism of the target micro-
organism at a particular concentration (Thomashow et al. 
1997). Table 4 enlists some of the antimicrobial compounds 
produced by BCAs against pathogens affecting chilli plant. 
Each of these compounds have a different mode of action, 
thus some organisms are susceptible to certain antibiot-
ics but others are not, depending on the specific moiety 
of cellular constituent the antibiotic attacks (Ulloa-Ogaz 
et al. 2015). Vegetative Catalase protein (KatA) produced 
by a Bacillus sp. induced abnormal conidial swelling and 
elongation and rupture of hyphae of Colletotrichum capsici 
thus suppressing the anthracnose disease of chili pepper 
(Srikhong et al. 2018). Wu et al. (2019) suggested that the 
lipopeptides produced by a Bacillus sp. inhibited mycelial 
growth of Rizoctonia solani, thus assisting in the suppres-
sion of disease symptoms in chilli plant. Another antimi-
crobial compound Gliotoxin exhibited anti oomycete activ-
ity against Phytophthora capsici thus suppressing blight in 
chilli (Tomah et al. 2020). Whereas the study by Ko et al. 
(2009) suggested that the inhibition of Phytophthora cap-
sici by 4-hydroxyphenylacetic acid produced by Lysobac-
ter antibioticus could be due to the deformation, lysis, and 
bending of hyphae of the fungus. Some antibiotics such 
as fusaricidin have been also known to induce systematic 
reistance in host (chilli) to suppress Phytophthora blight 
(Lee et al. 2013). Similar results were reported by Sundara-
moorthy et al. (2012) wherein the synthesis of phytolaexins 
by Bacillus subtilis induced systemic resistance against wilt 
disease caused by Fusarium solani in chilli. Cell free super-
natant of Paenibacillus polymyxa containing 3-hydroxy-
2-butanone and 2,3-butanediol showed wrinkles on myce-
lia of Colletotrichum scovillei which causes anthracnose 
in chilli (Suprapta et al. 2020). Antimicrobial compound 
Phenazine-1-carboxamide produced by Pseudomonas aer-
uginosa showed deformation of mycelia and inhibition of 
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sporulation thus inhibiting the growth of fungal pathogen 
Colletotrichum capsici causative agent of fruit rot in chilli 
(Kumar et al. 2005).

Conclusion

Biological control agents (BCAs) have generated great 
enthusiasm as safe and sustainable plant protection tool but 
still make up only a small percentage of the chilli crop pro-
tection market due to lack of availability of formulated prod-
ucts. There is a need for more extended biocontrol research 
and better understanding of the mechanisms involved in the 
antagonistic abilities of microbial BCAs so as to improve 
its efficacy, stability and consistency in fields. The present 
review identifies potential microbial BCAs with inhibitory 
activity against various fungal, bacterial and viral pathogens 
infecting the chilli crop. This review also gives us insight of 
how BCAs (single or consortium) employ several mecha-
nisms (direct, indirect and mixed path antagonism) to act as 
an effective biocontrol agent against target pathogens and 
trigger different promotional effects on chilli plant growth 
parameters. Being from a natural source these BCAs are also 
safe to the environment and thus are a great alternative to 
replace chemical counterparts which are harmful to environ-
ment and ecology. Moreover, the field trials of chilli plants 
inoculated with these microbial BCAs have also proven its 
effect in-vivo. In conclusion, through thorough understand-
ing of biocontrol activities of such microbes, multiple fac-
ets of disease suppression and plant growth promotion is 

revealed. This will thus aid in the achievement of the objec-
tive of commercialization of potential strains against the tar-
get pathogens and their implementation in the agriculture 
industry for protection of chilli plants.
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Chilli, an essential condiment worldwide, is generally 
cultivated in paddy fields and can be infected by fungal 
pathogens, thus hampering its yield. Due to increasing 
soil salinization, the efficacy of many biocontrol agents 
is poor in the fields. In this study, bacteria (about 196) 
isolated from the Goan salt pans in India were screened 
for their antifungal activity against Fusarium oxys-
porum, Fusarium pallidoroseum, Rhizoctonia solani and 
Pythium aphanidermatum. Halotolerant isolates of Ba-
cillus tequilensis, Bacillus subtilis subsp. inaquosorum, 
Bacillus cabrialesii, Bacillus licheniformis, Bacillus para-
licheniformis and Brevibacterium antiquum could grow 
under a wide range of pH, temperature and NaCl con-
centrations, and also displayed plant growth-promoting 
attributes. 

 

Keywords: Antagonistic activity, chilli, fungal pathogens, 

plant growth promotion, salt-pan bacteria. 
 

INDIA is the largest producer of chilli (Capsicum annuum; 

about 1.7 million tonnes) in the world, followed by Thailand 

and mainland China1. Because of its colour, flavour and pun-

gency, chilli, also known as pepper, has become an essential 

component of Indian cuisine. The phytochemicals of pepper 

have a remarkable potential in the history of new bioactive 

compounds and natural ingredients for agro-food, cosmetic 

and pharma industry2. However, every year, a considerable 

loss in the yield of chilli is observed due to various factors3.  

 The major disease is damping off, caused by the genus 

Pythium, affecting up to 90% of the chilli crop4. Likewise, 

the wilt causing Fusarium species not only reduces the 

growth but also affects the fruit quality and causes about 

10–80% yield loss in the total global production of chilli5. 

Another root rot-causing saprophytic pathogen, Rhizoctonia 

solani causes up to 33.2% yield loss due to disease incidence 

at the seedling stage under greenhouse conditions and about 

40.2% in the main field6. Biocontrol measures are desirable 

to control these phytopathogens to boost the economy of 

chilli cultivation. 

 Biocontrol inoculants based on naturally occurring anta-

gonists are environmental-friendly and effective agents 

against many soil-borne pathogens7. Additional properties 

like salt tolerance and plant growth promotion can improve 

their potential application even in saline soils. Among the 

abiotic factors, soil salinization is the most detrimental and 

is considered one of the significant limiting factors of agri-

cultural productivity and food security8. Worldwide, about 

20% of the agricultural land is inundated with salt water, 

and this is continuously increasing9. Halophilic and halo-

tolerant microorganisms from solar salt pans are known to 

produce several secondary metabolites which can be exploi-

ted for various applications10. The present study aims to 

evaluate the potential of halotolerant salt-pan bacteria as 

plant growth promoters and inhibitors of fungal pathogens 

affecting chilli crops in saline soils. 

Materials and methods 

Sample collection and isolation of bacteria from  
salt pans  

Isolation of bacteria was carried out on different strengths 

of Zobell marine (ZM) agar from water, sediment and bio-

film samples from three different salt pans (Ribandar, Batim 

and Agarwado) in Goa, India. Various physico-chemical 

properties of these samples, like salinity, temperature, pH, 

dissolved oxygen, conductivity and total dissolved solids, 

were assessed11. 

In-vitro antifungal test 

Fungal phytopathogens Fusarium oxysporum (8302), Fusa-

rium pallidoroseum (7890), Rhizoctonia solani (5338) and 

Pythium aphanidermatum (4746) were procured from the 

Indian Type Culture Collection (ITCC), New Delhi. The dual 

culture assay was carried out to estimate the inhibition per-

centage (L) of fungal mycelia by the bacterial isolates using 

the formula L = [(C – T)/C]  100, where C is the mycelial 

inhibition in control and T is mycelial inhibition in test12. 

In-vitro screening of salt-pan bacterial isolates for 
plant growth promoting activity  

Isolates with significant antifungal activity (>49%) against 

all four fungi were screened for plant growth-promoting 
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(PGP) activity. Antagonistic bacteria (7) were tested for the 

production of ammonia in peptone water, siderophore on 

ChromauzoralS agar and hydrogen cyanide (HCN) on ZM 

agar amended with glycine13. To test indole acetic acid 

(IAA) and exopolysaccharide (EPS) production, the ZM 

medium was supplemented with tryptophan, sucrose and 

Congo red respectively14. Production of cell wall-degrading 

enzymes chitinase, glucanase, amylase, protease, cellulase 

and lipase was determined by plate assay using 0.2% collo-

idal chitin, 0.2% laminarin, 0.2% starch, 1% skimmed milk, 

1% carboxymethylcellulose and 1% tributyrin as substrate 

respectively15. Isolates were spot-inoculated on Jensen’s 

agar plates to determine the nitrogen-fixing ability and on 

Dorwin–Fostwer medium supplemented with 1-aminocy-

clopropane-1-carboxylate (ACC) for testing the ACC dea-

minase activity14,16. Solubilization of insoluble phosphate, 

zinc, potassium and silicate by the bacterial isolates was 

determined by calculating the solubilization index of each 

bacterial isolate on Pikovskaya’s, zinc solubilizing, Aleks-

androw and modified Bunt and Rovira medium agar plates 

respectively13,17,18. 

Safety evaluation 

The safety of the bacterial isolates was assessed by determin-

ing their hemolytic activity with plates containing 5% sterile 

human blood in agar base and checking the sensitivity of 

the isolates towards various antibiotics19. The antibiotics 

tested were amikacin, amoxyclav, ampicillin : sulbactam, 

cephalexin, cephalothin, cephotaxime, chloramphenicol, 

ciprofloxacin, clindamycin, co-trimoxazole, doxycycline 

hydrochloride, erythromycin, gentamycin, kanamycin, levo-

floxacin, lincomycin, nalidixic acid, neomycin, nitrofuran-

toin, ofloxacin, streptomycin, tetracyclin, tobramycin and 

vancomycin. The isolates were categorized as sensitive (S), 

intermediate (I) or resistant (R), as recommended by the 

Clinical and Laboratory Standards Institute, Pennsylvania, 

USA, depending on the zone of inhibition20. 

Phenotypic and biochemical characterization 

For preliminary phenotypic identification, test strains were 

Gram-stained and checked for sulphur and nitrate reduction, 

indole and enzyme (oxidase, catalase, gelatinase and urease) 

production, citrate and O-nitrophenylbeta-D-galactopyra-

noside (ONPG) utilization and methyl red–Voges Proskauer 

(MR–VP) test. The utilization of various carbohydrates by 

bacterial isolates was checked using KB009 HiCarboTM 

kits and the results were interpreted according to the manu-

facturer’s instructions. The ability of isolates to grow and 

replicate in the soil was validated by streaking them on 

soil extract agar; the oxygen requirement was assessed by 

growing the isolates in an anaerobic agar medium. Tolerance 

of the isolates to a broad range of temperature (0–65C), 

pH (2.0–14.0) and NaCl concentration (0–20% (w/v)) was 

also assessed. 

SEM analysis and molecular characterization  

Cells of 24-h-old bacterial isolates were fixed overnight in 

1.5% glutaraldehyde onto glass slides, followed by washing 

in phosphate buffer and dehydration using ethanol (10–

100% v/v concentration). Samples were then mounted on 

SEM stubs, Sparta-coated and photomicrographs were captu-

red at 15K magnification. Further, the genomic DNA was 

isolated and the 16S rRNA gene of each isolate was ampli-

fied using universal bacterial primers 27F: AGAGTTTG- 

ATCCTGGCTCCAG and 1492R: TACGGTTACCTTGTT- 

ACGACTT. The PCR product was then sequenced and mat-

ched with the GenBank database using NCBI-BLAST. 

Statistical analysis 

Experimental data were analysed using SPSS software 

(version 2020). Standard errors were calculated for all mean 

values. Post-hoc analysis was carried out using Duncan’s 

multiple range test (DMRT) and means were considered 

significant at the P  0.05 level. 

Results 

Isolation of bacteria from salt pans 

A total of 196 bacterial isolates were obtained from the three 

salt pans of Goa. The physico-chemical properties and num-

ber of isolates obtained from each sampling site were com-

piled (Supplementary Table 1 and Figure 1). The bacterial 

isolates obtained from water samples (55), sediment samples 

(48) and biofilm samples (93) were stored on ZM agar for 

further analysis. 

In-vitro antifungal assay 

Antifungal dual culture assay revealed that 21 out of 196 

bacterial isolates had an inhibitory effect on the mycelia of the 

fungal pathogens tested (Table 1). The isolates MPSK14, 

MPSK22, MPSK23, MPSK28, MPSK186, MPSK109 and 

SK473 showed >49% mycelial inhibition, while MPSK109 

showed the highest inhibition against R. solani (65.9%), 

P. aphanidermatum (56%), F. oxysporum (60.5%) and F. 

pallidoroseum (55%) (Figure 1). 

In-vitro screening of bacterial isolates for plant  
growth promoting activity 

Table 2 shows the results of the PGP traits of the selected 

bacterial isolates. All seven strains tested positive for the 

https://www.currentscience.ac.in/Volumes/123/09/1129-suppl.pdf
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Table 1. Antagonistic activity of salt-pan bacteria against chilli plant pathogens 

 Inhibition (%) 
 

Isolate Rhizoctonia solani Pythium aphanidermatum Fusarium oxysporum Fusarium pallidoroseum 
 

MPSK109 65.9  1.2k 56  1.5j 60.5  1.5j 55  1.6fg 

ABSK11 37.4  1.8b 45  1.3b 47.4  1.2ef 40  1.5c 

ABSK171 37.6  0.5b 48  1.4cde 47.4  1.2ef 34.5  0.5ab 

MPSK186 56.7  1.3h 51  1.8fgh 55.3  2.1i 56  0.6g 

ABSK9 50  1.7ef 49  0.7def 47.4  1.8ef 40  0.5c 

BGUM136 47.2  2.2cd 46.9  2.3bcd 42.1  0.8d 32  1.6a 

MPSK14 55.5  1.9h 53  1.5hi 52.6  1.6ghi 51  2.1de 

BGUM14B 54.3  1.6gh 52.2  1.3ghi 47.4  1.8ef 49  0.3d 

BGUM256 47.6  1.3de 44.4  2.5b 47.4  2ef 32  2.2a 

BGUM359 44.5  0.5c 45  0.5b 42.1  1.3d 32  1.3a 

BGUM370 36  0.5b 45.5  1.5bc 47.4  0.9ef 40  0.7c 

BGUM440 45  2.2cd 44.4  2b 34.2  1.7b 36  0.6b 

SK473 61.6  2.3ij 54  1.5ij 54.2  1.8hi 60  0.5h 

BGUM93 47  1.3cd 44  1.9b 42.1  1.3d 40  1.5c 

MPSK20 51  1.1f 50  1.7efg 45  1.5e 50  1.3de 

MPSK22 51.4  1.8ef 56  1.2j 52  2.1gh 54.2  1.9fg 

MPSK23 63.2  0.9j 61  1.1k 54.2  1.7hi 56.3  1.9g 

MPSK51 52.5  0.6fg 51  0.5fgh 39  0.5c 34.2  1.1ab 

MPSK28 52.4  1.2fg 49.7  1.8efg 50  0.7fg 49.6  2.2de 

MPSK6 37  1.1b 40  0.5a 32  1b 34.2  0.9ab 

MPSK8 29.5  1.8a 40  1.5a 29  2.2a 35.4  1.6b 

Values are mean  standard deviation of three independent experiments. Means followed by the same letter within columns are not sig-

nificantly different (P  0.05) according to Duncan’s multiple range test. 
 

 

Table 2. In-vitro characterization of salt-pan bacterial isolates for plant growth promotion attributes and hydrolytic enzymes  

Isolate MPSK22 MPSK23 MPSK186 MPSK109 MPSK14 SK473 MPSK28 
 

IAA        

Siderophore        

HCN        

Ammonia        

Amylase        

Protease        

Lipase        

Chitinase        

-Glucanase        

Cellulase        

N fixation        

Zinc        

Silicon        

Potassium        

Phosphate        

EPS        

ACC deaminase        
 

    

                No activity Low activity Moderate activity High activity 
 

 

production of IAA, ammonia and ACC deaminase, and were 

able to grow on nitrogen-free media. Except for MPSK28, all 

the isolates produced EPS and amylase, lipase, protease and 

cellulase enzymes. These cultures were also able to solubilize 

zinc in the media. None of the isolates exhibited the production 

of HCN or solubilization of silicon, potassium and phosphate. 

Only two isolates, viz. MPSK186 and MPSK109 produced 

siderophores and three isolates, viz. MPSK22, MPSK23 and 

MPSK186 utilized colloidal chitin and laminarin. 

Safety evaluation 

All seven isolates exhibited -hemolysis on human blood 

agar, indicating negative hemolysin production against 

human blood cells (Figure 2). The sensitivity of the seven 

isolates to 24 different antibiotics and the interpretive criteria 

are given in Supplementary Table 2. The results indicate 

the susceptibility of the isolates to >50% of the antibiotics 

tested. 

Scale: 

https://www.currentscience.ac.in/Volumes/123/09/1129-suppl.pdf
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Figure 1. Antagonism exhibited by Bacillus cabrialesii strain MPSK 
109 against fungal phytopathogens. a, Rhizoctonia solani; b, Pythium 
aphanidermatum; c, Fusarium oxysporum; d, Fusarium pallidoroseum. 
 

 
 

 
 

Figure 2. a, -Hemolysis of human blood cells by MPSK 28. b, -Hemo-
lysis of human blood cells by Vibrio parahaemolyticus. 

Phenotypic and biochemical characterization 

In the sulphur, indole, motility (SIM) medium, all the isolates 

except MPSK28 exhibited diffused growth suggesting moti-

lity; however, all isolates tested negative for sulphur redu-

ction. The biochemical tests revealed that all the bacterial 

isolates were positive for oxidase and catalase production 

and negative for gelatinase and indole production. Only two 

isolates, viz. MPSK22 and MPSK23 showed the production 

of urease enzyme; nitrate reduction was observed in all the 

isolates except MPSK28. MPSK14, MPSK22, MPSK23 

and SK473 utilized ONPG, whereas MPSK14, MPSK22, 

MPSK23, MPSK109 and MPSK186 utilized citrate. It was 

also observed that except for MPSK28, all the isolates showed 

a positive VP reaction and MPSK186 solely showed a posi-

tive MR reaction. Based on the Gram-staining and the above 

results, isolates MPSK14, MPSK22, MPSK23, MPSK109, 

MPSK186 and SK473 were inferred to belong to the genus 

Bacillus, whereas MPSK28 to the genus Brevibacterium. 

The results showed that all the isolates were halotolerant 

and could tolerate pH values up to 12. MPSK22, MPSK23 

and MPSK28 grew in the media with up to 17% NaCl and 

MPSK14, MPSK109, MPSK186 and SK473 could tolerate 

up to 15% of NaCl. The minimum temperature which sup-

ported the growth of all the isolates was 15C; however, 

the maximum temperature was 30C for MPSK28, 50C for 

MPSK22 and MPSK23, and 60C for the remaining iso-

lates. Further, MPSK22 and MPSK23 were determined to be 

facultative aerobes, whereas the remaining isolates were 

obligate aerobes. The ability of all these isolates to replicate 

in the soil was confirmed by the growth observed on the soil 

extract agar. The utilization pattern of 31 different carbo-

hydrates by the seven halotolerant isolates is given in Sup-

plementary Table 3. 

SEM analysis and molecular characterization 

Scanning electron microscope images confirmed that all the 

isolates except MPSK28 were long rods, with dimensions 

ranging from 2.056 m  715.3 nm to 2.563 m  889.5 nm 

(Figure 3). Cells of MPSK28 appeared as joint short rods 

with two cells orienting to give a V-shape, which is typical of 

the genus Brevibacterium. Molecular sequencing of MPSK22 

and MPSK23 showed similarity to Bacillus licheniformis 

and Bacillus paralicheniformis respectively. Similarly, 

MPSK186 showed similarity to Bacillus subtilis subsp. 

inaquosorum and MPSK109 showed similarity to Bacillus 

cabrialessi. Both MPSK14 and SK473 showed high similarity 

to Bacillus tequilensis, and MPSK28 showed high similarity 

to Brevibacterium antiquum. The partial 16S rRNA gene se-

quences of the antagonistic strains were deposited at NCBI 

GenBank and the accession numbers were obtained (Figure 4). 

Discussion 

Several Bacillus spp. have been reported as potential bio-

control agents (BCAs) against phytopathogens affecting 

https://www.currentscience.ac.in/Volumes/123/09/1129-suppl.pdf
https://www.currentscience.ac.in/Volumes/123/09/1129-suppl.pdf
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Figure 3. Scanning electron photomicrographs showing individual cells of (a) MPSK 22, (b) MPSK 23, (c) MPSK 186, (d) MPSK 
109, (e) MPSK 14, ( f ) SK 473, (g) MPSK 28. 

 

 

 
 

Figure 4. Phylogenetic tree of partial 16S rDNA sequences of halotol-
erant strains with those of maximum similar entries of type strains from 
NCBI nucleotide database. The tree was made maximum likelihood 
method with 1000 bootstrap resamplings. 

chilli plants. However, no studies have reported the applica-

tion of salt-pan bacteria as BCAs against fungal pathogens 

R. solani, P. aphanidermatum, F. oxysporum and F. palli-

doroseum3. In this study, we explored halotolerant Brevi-

bacterium and Bacillus strains from different salt pans of 

Goa (Batim, Ribandar and Agarwada) for their antagonistic 

activity against fungal pathogens. The isolates of B. tequi-

lensis (MPSK14 and SK473), B. lichenifromis (MPSK22), 

B. paralichenifromis (MPSK23), B. antiquum (MPSK28), B. 

subtilis subsp. inaquosorum (MPSK186) and B. cabrialessi 

(MPSK109) were all able to grow on soil extract agar and 

exhibited tolerance towards a wide range of temperature 

(15–60°C), pH (5–12) and NaCl concentration (0–17%), thus 

demonstrating their ability to survive and proliferate in the 

varying dynamics of the soil. These isolates did not hae-

molyse human erythrocytes in-vitro, proving safe for in-vivo 

applications20. Further, the results of the antibiotic suscep-

tibility test showed their strong susceptibility to tetracycline, 

a broad-spectrum antibiotic which could be used in case of 

an emergency. 
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 Bacillus tequilensis as a BCA has been reported previo-

usly21–23. In the present study, we show the antagonistic acti-

vity of salt-pan B. tequilensis (MPSK14 and SK473) against 

F. pallidoroseum. Previous studies have also proved the 

antifungal activity of B. paralicheniformis against F. oxys-

porum and R. solani24,25. However, to our knowledge, no 

previous studies on salt-pan B. paralicheniformis (MPSK23) 

were found to be antagonistic to F. pallidoroseum and P. 

aphanidermatum. The present study shows the potential of 

a halotolerant B. subtilis subsp. inaquosorum (MPSK186) 

as a BCA against F. pallidoroseum, P. aphanidermatum and 

R. solani. Another interesting finding of this study is the 

antifungal activity exhibited by the salt-pan B. cabrialesii 

(MPSK109) against P. aphanidermatum, F. oxysporum and 

F. pallidoroseum. Although previous studies have reported 

antifungal activity of B. cabrialesii against Bipolaris soro-

kiniana affecting wheat and Botrytis cinerea, Rhizoctonia 

solani, Verticillium dahlia and Phytophthora infestans affect-

ing tomato26,27, no report is available on its activity against 

the pathogens tested in the present study. In the case of B. 

antiquum, there is a report on its antagonistic activity against 

Macrophomina phaseolina, the causal agent of charcoal 

rot28. The present study demonstrates the biocontrol ability 

of B. antiquum (MPSK 28) against other disease-causing 

phytopathogens. 

 These salt-pan isolates exhibited several PGP activities 

which have not been reported previously. B. licheniformis 

strain MPSK22, B. paralicheniformis strain MPSK23 and 

B. cabrialesii strain MPSK109 showed solubilization of 

insoluble zinc from the medium. Micronutrients such as 

Zn, Fe and Mn are deficient in most soils29. Zn solubilization 

by microorganisms in this context proves to be beneficial 

and economical in agricultural applications. B. paralicheni-

formis strain MPSK23 also exhibited ACC deaminase acti-

vity, and production of cell wall-degrading chitinase and 

glucanase. Various bacterial isolates have been shown to 

excrete chitinases and glucanases to digest chitin and -

glucans from the fungal hyphae, and the products of diges-

tion are used as energy sources30. This enzymatic digestion 

of the fungal pathogens could present an effective method 

for biological control by bacteria31. ACC deaminase acts by 

degrading ACC, the precursor of ethylene, resulting in the 

production of -ketobutyrate and ammonia, which prevents 

excessive increase in the synthesis of ethylene under various 

stress conditions. It is one of the most efficient mechanisms 

to induce plant tolerance to salt stress32. B. subtilis subsp. 

inaquosorum strain MPSK186, used in the present study, 

has shown siderophore production, dinitrogen fixation and 

ACC deaminase activity. It is known that microbial sidero-

phores provide plants with iron nutrition to enhance their 

growth when the bioavailability of Fe is low. Siderophores 

also compete with phytopathogens for iron, thus negatively 

affecting the growth of several fungal pathogens33. Fur-

thermore, due to the ability of the bacteria to fix atmos-

pheric nitrogen, the dinitrogen is converted to ammonia 

which is assimilated by the plants34. The present study has 

also demonstrated nitrogen fixation, ammonia production and 

ACC deaminase activity in the salt-pan isolates of B. cab-

rialesii strain MPSK109 and B. antiquum strain MPSK28. 

Ammonia production is known to not only satisfy the ni-

trogen demand of the host plant but, in excess, can reduce 

the colonization of plants by pathogens, thus protecting the 

plant from various diseases. B. cabrialesii strain MPSK109 

also produced cellulase, lipase and amylase enzymes. Cell 

wall-degrading enzymes like cellulases help in the pene-

tration of plant tissue by PGP bacteria, and enzymes like 

lipases, amylases and proteases are known to degrade the 

cell wall of pathogens to a considerable extent35,36. 

Conclusion 

The results of this study indicated the potential of haloto-

lerant bacteria isolated from the salt pans of Goa as promis-

ing antifungal agents, with additional PGP activities against 

pathogens of chilli. Further field trials will confirm their 

synergistic effect on the environment, ascertaining their use 

as sustainable BCAs. Overall, the present study showed the 

potential application of such bacteria as candidates for yield 

improvement and biological control for integrated use in 

disease and nutrient management strategies in saline soils. 
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