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Abstract

In the present study, twenty-six rhizobacterial antagonists of Fusarium oxysporum f. sp. ciceris (Foc), isolated from Foc
infected chickpea fields were evaluated for their protein secretion. Exoprotein liberation by rhizobacterial antagonists lied
in the range between 28.2 and 795 pg/ml, where maximum exoprotein was recorded by isolate Ps47, followed by Ps45
(795.0 ug/ml) and Ps44 (578.2 pg/ml). Further observation of hydrolytic proteins, revealed most of the bacterial antagonists
to exhibit proteolytic, amylolytic, chitinolytic as well as cellulose degrading potential on minimal agar plates, supplemented
with respective substrates. About 73 and 80% of the antagonists were found positive for chitinolytic and cellulolytic activity
respectively, where isolate Bal8 scored maximum hydrolytic index for chitin and Bal0 exhibited highest cellulose hydrolytic
index of 2.1. Assay for proteases, denoted 84.6% of isolates to produce lysis zones, when gelatin was used as protein source,
where 80% of isolates showed hydrolytic activity for casein supplemented minimal salt (MS) agar. SDS-PAGE analysis for
the presence of hydrolytic enzymes in the extracellular crude protein revealed Pseudomonas isolate Ps45 and Bacillus Bala
to exhibit a range of protein bands between 5 and 150 kDa, belonging to several group of proteases, amylases, chitinases and
cellulases. Scanning Electron Microscopic examinations of the interaction zones between fungal pathogen (Foc) and isolate
Ps45, revealed hyphal distortion due to lysis effect with scanty mycelial growth compared to control, that was maintained
without any bacterial treatment. Screening and characterization of bacterial strains with the ability to produce a range of lytic
enzymes will greatly enhance our understanding for their exploitation in the management of soil borne fungal pathogens.
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Introduction

Management of plant diseases has major economic signifi-
cance as well as a crucial role in food safety. Biological
control using microbes is becoming a critically needed com-
ponent of plant disease management, particularly in reduc-
ing the impact of root diseases (Fira et al. 2018; Jensen et al.
2016). Among the root infectious microorganisms, soil
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and seed-borne plant pathogenic fungal pathogens such as
Fusarium oxysporum, F. solani, F. eumartii, Phytophthora
infestans, Pythium ultimum, Sclerotium rolfsii, Macropho-
mina phaseolina, Rhizoctonia solani, R. bataticola, and Ver-
ticillium albo-atrum contribute to major loss of agricultural
crops every year (Nion and Toyota 2015; Rajput et al. 2019;
Kumari and Khanna 2020). Though a number of chemical
fungicides are available for the management of these phy-
topathogens, but due to their inconsistency, non-availability
for some pathogens, non-targeted results and development
of resistance in fungal pathogens, there is a need for some
safe, more specific and eco-friendlier alternative. At present
biological control using bacterial and fungal antagonists,
has become a very important technique to control soil borne
fungal pathogens (Huang et al. 2020; Smoliriska and Kowal-
ska 2018). Strains of Trichoderma spp. and non-pathogenic
isolates of F. oxysporum and some rhizobacteria especially
Pseudomonas spp. and Bacillus spp. isolated from the
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rhizospheres of crop plants, are well reported to be effective
to control several soil borne plant pathogens (Raza et al.
2017; Pushpavathi et al. 2016). These biological agents not
only serve as biopesticides but also as plant growth pro-
moters by enhancing the plant’s growth via facilitating
the accession of several essential nutrients from the soil.
Moreover, the use of biocontrol agents is much safer and is
presumed to be eco-friendly (Kumari and Khanna 2018).

Biocontrol agents employ mechanisms like rapid solubi-
lization and mineralization of essential nutrients, antibiosis,
inhibition of plant ethylene synthesis and siderophore pro-
duction for inducing nutrient deprived conditions for sup-
pression of plant pathogens. In addition, one of the most
important mechanism of the rhizobacterial biocontrol agents
is hyperparasitic activity, in which they attack plant patho-
gens by excreting cell wall hydrolases (Joshi et al. 2012).
Antagonistic microorganisms involved in hyperparasitism,
invade the fungal pathogens by excretion of extracellular
enzymes such as p-1, 3-glucanase, chitinase, cellulase, dehy-
drogenase, lipase, phosphatase and protease that can lyse
pathogen cell walls or cause degradation of chlamydospores,
conidia, sporangia, and zoospores resulted in direct inhibi-
tory effect on growth as well as the resting structures of
the pathogens (Hayat et al. 2010). Among these, chitinase
and B-1, 3-glucanase are considered as the major lytic
enzymes of practical significance (Avinash and Rai 2016).
Chitinases are important, as they hydrolyse chitin [a linear
B-(1, 4)-linked N-acetyl glucosamine polysaccharide], con-
tributing 22-44% of the fungal cell walls, thus disrupt the
outer lining of the pathogens and release the cytoplasmic
fluid out of the cell (Manjula and Podile 2005). In genus
Bacillus, chitin degrading activity is very common as they
produce chitobiosidase reported to degrade the hyphal cell
walls of various root associated fungal pathogens (Gajera
et al. 2016). p-1, 3-glucanase second important enzyme
produced by antagonistic microorganisms, involved in the
biological control of phytopathogenic fungi by the degrada-
tion of glucan content in the fungal cell walls. Excretion
of hydrolytic enzymes such as chitinases and glucanases,
lipases and proteases by B. subtilis (Schallmey et al. 2004),
B. amyloliquefaciens (Solanki et al. 2012), B. cereus (Nama-
sivayam et al. 2011), B. megaterium etc. (Sekhon et al. 2006)
and P. fluorescens (Radjacommare et al 2010), P. cepacia,
P. syringae, P. putrifaciens and P. fragi (Maharana and Ray
2013), have been well documented. Such protein secretion
by plant beneficial rhizospheric bacteria plays an important
role in hyperparasitism of several fungal pathogens, thereby
reduce the phytopathogenic effect on host plants (Jadhav
et al. 2017).

Hydrolytic enzymes like proteases and lipases, cause
degradation of various proteins and lipids adhered to the
cell walls or inside the cells of the pathogens. Extracellular
enzymes also include wide range of solubilizing enzymes
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that enhance the nutrient availability of the plants as well
the producing microorganism (Avinash and Rai 2016; Hayat
et al. 2010). They confer antagonistic activity as they inter-
fere indirectly with the cell wall integrity and metabolic
activities inside the cells of fungal phytopathogens (Nadeem
et al. 2013). Several reports for the exhibition of such type
of hyper-parasitic activity by an array of rhizobacteria are
there in which bacteria belonging to the genus mainly Bacil-
lus, Pseudomonas and Rhizobium have been found to cease
the growth of a range of soil borne fungal pathogens such
as F. oxysporum, R. solani, P. ultimum, S. rolfsii etc. via
the production of hydrolytic enzymes (Compant et al. 2005;
Kumar and Johri 2011; Schallmey et al. 2004; Solanki et al.
2012). Employing bacterial communities exhibiting hydro-
lytic activity as biocontrol agents, may help in reducing the
risk of fungal attack and can help in improving the crop
productivity of infested soils (Gupta et al. 2015; Upadyay
et al. 2012).

As production and liberation of extracellular enzymes by
microorganisms is reported to be inducible in the presence
of substrates, the heavily infected soils with fungal patho-
gens carry high levels of chitin, cellulose, proteins, lipids
and organic matter, thereby stimulate hydrolytic activity of
hyperparasitic microorganisms (Manjula and Podile 2005).
Before evaluating their performance under field conditions,
testing of hydrolytic attributes of biocontrol agents under
laboratory conditions is a pre requisite. In the present study
rhizobacterial antagonists, isolated from Foc infected chick-
pea fields, previously screened for their antagonistic activ-
ity against Fusarium oxysporum f. sp. ciceris (Kumari and
Khanna 2018), causing 100% loss in chickpea due to fusar-
ium wilt (Pande et al. 2010), were further investigated for
diverse extracellular hydrolytic protein secretions. Reveal-
ing the efficacy of these potential antagonists for hydrolases
secretion will not only provide an eco-friendly and sustain-
able alternative for chemical fungicides to manage Foc in
chickpea, but also other soil borne fungal pathogens due to
their similar mechanism of action on cell wall components
of a range of phytopathogenic fungi.

Materials and methods
Bacterial isolates

Twenty-six rhizobacterial cultures (11 Bacillus sp. and 15
Pseudomonas sp.), previously screened for their antago-
nistic activity against F. oxysporum f. sp. ciceris (Foc)
under in vitro conditions (Kumari and Khanna 2018), were
selected for evaluation of their efficacy to secrete extracel-
lular hydrolytic enzymes. Potential antagonists were also
investigated for their hyperparasitic activity on Foc via the
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production of diffusible hydrolytic enzymes using Scanning
Electron Microscopy (SEM).

Fungal pathogen

Chickpea wilt causing fungal pathogen Foc, previously
examined for its pathogenic effect on chickpea, was procured
from Department of Plant Breeding and Genetics, Punjab
Agricultural University, Ludhiana and was maintained on
Potato Dextrose agar slants (Kumari and Khanna 2014).

Estimation of rhizobacterial exoproteins

All the reagents were prepared following the method of
Lowry et.al (1951). For reaction mixture, to 1 ml of cul-
tural supernatant, 5 ml of freshly prepared alkaline Copper
sulphate reagent was added and mixed thoroughly. After
10 min, 0.5 ml of Folin’s reagent was added and absorbance
was read at 620 nm after 30 min of incubation at 28 +2 °C.
Total protein was expressed as (pg/ml) using bovine serum
albumin (BSA) for standard curve preparation.

Detection of lytic enzymes
Detection of chitinase

Minimum salts agar (MSA) supplemented with (1% w/v)
colloidal chitin was spot inoculated with a loop full of 24 h
grown culture of rhizobacterial antagonists. Test plates were
incubated at 30 °C for 48 h and were examined for the zones
of hydrolysis indicative of chitinase secretion.

Colloidal chitin suspension was prepared by following
the method of Skujin et al. (1965). One-gram practical grade
chitin powder was suspended in 100 ml cold (4 °C) hydro-
chloric acid (10 N) and allowed to stand at 4 °C. After 24 h,
the viscous syrup solution was filtered through glass wool
and the filtrate collected in 500 ml of cold (4 °C) distilled
H,0, was being stirred vigorously during the operation by
a magnetic stirrer to covert chitin in a dispersed colloidal
state. The colloidal suspension (now on Whatman No.1 fil-
ter paper) was washed several times with distilled H,O to
remove any trace of residual acid. The colloidal chitin was
collected in 100 ml of 0.05 M Na;PO, buffer (pH 6.0) to
provide colloidal chitin suspension containing around 10 mg
chitin per ml.

Detection of - 1, 4 glucanase

Minimum salts agar (MSA) medium plates supplemented
with carboxy methyl cellulose (CMC) (1% w/v) were spot
inoculated with rhizobacterial isolates with the help of
inoculating loop. Plates were incubated on biological oxy-
gen demand (BOD) incubators at 30 °C for 48 h. Following

the incubation, the agar plates were flooded with the Congo
red solution for 15 min and were examined for zones of
hydrolysis after washing the dye, indicating -1, 4 glucanase
activity.

Detection of protease

Minimum salts agar (MSA) plates containing 1% w/v casein
and gelatin were spot inoculated with 24 h old bacterial cul-
tures, followed by incubation at 30 °C for 48 h. Observations
were made for clear zones of hydrolysis indicating protease
secretion.

Statistical analysis

Data was analysed by Analysis of variance (ANOVA) using
SAS Software, version 9.3. The mean separation of observa-
tions was accomplished by using Tukey’s Honestly Signifi-
cant Difference test and the critical difference (C.D.) values
were calculated at the p >0.05 level to signify the differences
between the bacterial isolates.

SDS PAGE analysis of extracellular proteins

Extraction of extracellular proteins by TCA-acetone protein
precipitating method

Bacterial cultures, selected on the basis of their efficiency to
liberate hydrolytic enzymes under in vitro conditions were
grown in nutrient broth for 48—72 h followed by centrifuga-
tion at 5000 rpm for 10 min. To 5 ml of bacterial culture
supernatant, 40 ml 100% ice cold acetone and 5 ml of 100%
trichloroacetic acid (w/v) were added and allowed to pre-
cipitate for 1 h at — 20 °C. Then the precipitates were centri-
fuged at 11,500 rpm for 15 min at 4 °C and the supernatant
was discarded. The precipitates were washed thrice with
1 ml ice cold acetone followed by centrifugation to remove
all of the TCA. The pellets were air dried to remove the
acetone as it makes the resuspension more difficult. The pel-
let was stored at 20 °C, and was dissolved in sodium phos-
phate buffer (7.0 pH) (when required), by repeated pipet-
ting up and down to break up the pellet. Then the samples
were allowed to sit at room temperature for 1 h, vortexing
approximately for 10 min before use.

SDS-PAGE profiling of extracellular proteins

The molecular weight of the crude proteins was determined
by Sodium dodecyl sulphate—Poly acrylamide gel electro-
phoresis (SDS-PAGE). Bacterial proteins were allowed to
run through 5% stacking and 10% resolving gel at 15 mA
fixed current, along with 5-245 kDa protein ladder. After
the run, the gel was stained with Coomassie brilliant blue
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(R250) and destained for 8—10 h with destaining solution
prepared by adding methanol, acetic acid and water in
30:10:10 ratio. Observations for the presence of protein
bands corresponding to various lytic enzymes were made
for the selected potential isolates (Sasirekha et al. 2012).

Molecular characterization of bacterial antagonist

The selected bacterial cultures were characterized by PCR
amplification method using Bacillus and Pseudomonas spe-
cific primers. The selection of specific primers for these two
genera i.e. Bacillus and Pseudomonas was done on the basis
of the closeness of morphological and biochemical charac-
teristics of the selected bacterial cultures to these two gen-
era as described in our previous work (Kumari and Khanna
2018). Bacterial DNA extraction was performed as per the
procedure described in Kumari et al. (2016).

PCR amplification

Polymerase chain reaction (PCR) amplification of genomic
16S rRNA was carried out using BA-GS-Forward (AGA
GTTTGATCC TGGCTCAG) and BA-GS-Reverse (TAC
GGCTACCTT GTTACGACTT) specific primers for genus
Bacillus. For Pseudomonas PA-GS-Forward (GACGGG
TGAGTAATGCCTA) and PA-GS-Reverse (CACTGG
TGTTCCTTCCTATA) genus specific primers were used as
described by (Ardura et al. 2013). PCR reaction mixture
(25 pl) comprised 2 units Taq DNA polymerase, 0.2 mM
each of the four dNTPs and 30 ng of bacterial extracted
template DNA, 25 pmol each of the forward and reverse
primers, 1.5 mM Mg?* and 10X buffer. The reaction was set
at 35 cycles of amplification with the conditions included
1 min for denaturation at 94 °C, 1 min for primer annealing
at 52 °C, 1 min for elongation at 72 °C followed by final
extension forl0 min at 72 °C.

Agarose gel electrophoresis

After the amplification, the PCR product (5 pl) was run on
1.2% (wt/vol) agarose gel immersed in Tris Borate Ethylene
diamine tetra-acetic acid buffer (pH 8.3) at 40 V for 1.5 h.
Then the agarose gel stained with ethidium bromide was
visualized using UV transilluminator.

Scanning electron microscopic (SEM) examination
of the effect of crude protein extract of potential
antagonist on test fungus

The effect of crude protein extract on fungal pathogen was
examined by dual culture well agar plate assay where, 5 mm
agar disc of test fungus i.e. F. oxysporum f. sp. ciceris (Foc)
was placed on PDA plates at the centre and 20 pl of crude
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extract of a selected potential antagonist was released in a
well, prepared by removing agar bit aseptically from the agar
surface with a sterile cork borer at least 3 cm apart from the
fungal inoculum. The PDA plates with test fungal pathogen
at the centre without bacterial antagonists served as control.
A separate agar disc containing healthy mycelial growth of
Foc, having no effect of bacterial crude was maintained as
control to compare the visual changes in the treated and
untreated hyphae under SEM. The inoculated plates were
incubated at 28 +2 °C for 5 days till, clear zone of inhibi-
tion of the test fungus was observed. From the interaction
sites between crude extract and test fungus, a disc of 10 mm
in diameter containing peripheral hyphae of the pathogen
was picked for SEM examination. The selected agar disc
was treated with 2.5% Glutaraldehyde at 4 °C for 24 h, fol-
lowed by immersing the disc thrice in 0.1 M Cacodylate
buffer. Then the sample was dipped in 1% Osmium tetra-
oxide, followed by dehydration using graded aqueous ethyl
alcohol of increasing series concentrations i.e. 30, 50, 70,
90, 95 and finally 100% ethanol for five minutes. Then the
sample was completely dried using critical point dryer and
was subjected to anion sputtering unit for coating the bit
with Gold-Palladium (Kumari et al. 2016). After that the
gold—palladium coated sample was examined under scan-
ning electron microscope, SEM unit at Electron Microscopy
and Nanoscience (EMN) laboratory, Punjab Agricultural
University, Ludhiana.

Results and discussion
Assay for extracellular proteins

Extracellular protein secretions by PGPR majorly contribute
cell wall degrading enzymes that play a very crucial role in
the antibiosis against various phytopathogens (Maksimov
et al. 2013; Neeraja et al. 2010; Dunne et al. 2000). All the
rhizobacterial isolates were found positive for exoproteins
secretion in liquid medium ranging from 28.2 to 795.0 pg/
ml. Isolate Ps47 exhibited highest protein liberation of
795.0 pg/ml, followed by Ps45 (642. 7 pg/ml) and Ps44
(578.2 pg/ml) (Table 1). Protein liberation efficacy was sig-
nificantly variable among the bacterial isolates as previously
observed for their antagonistic activity against Foc (Kumari
and Khanna 2018). In a similar study conducted by Basha
and Ulaganathan (2002), extra-cellular protein precipitates
from a strain of B. subtilis culture filtrate showed growth-
retarding and mycolytic effect on the test fungus Curvularia
lunata. Ajit et al. (2006), reported the antagonistic role of
bacterial exoproteins from fluorescent Pseudomonas strains
against F. oxysporum f. sp. dianthi.

Liberation of hydrolytic proteins is one of the mecha-
nisms implicated by antagonistic rhizobacteria for halting
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Table 1 Estimation of

. . Serial No.  Foc antagonists Exoproteins (ug/ml)  Serial No.  Foc antagonists Exoproteins (ug/ml)

exoproteins by antagonistic

rhizobacteria 1 Bala 44744153 14 Ps8 329.2+0.76
2 Bad 28.2+043 15 Ps10b 450.3+0.23
3 Ba7 182.2+1.15 16 Psl1 546.9+1.11
4 Ba8 364.4+2.29 17 Ps14 584.9+0.85
5 Bal0 172.8+1.18 18 Ps15 218.8+1.79
6 Ball 28.2+0.59 19 Ps16b 71.1+0.42
7 Bal7 2279+1.13 20 Ps21 85.6+0.83
8 Bal8 429.3+0.21 21 Ps33 361.6+0.97
9 Bal9 556.6+1.15 22 Ps37 120.2+0.31
10 Ba27 476.5+1.10 23 Ps43 415.7+0.88
11 Ba32 395.1+0.87 24 Ps44 5782+1.38
12 Psl 268.4+0.34 25 Ps45 642.7+0.24
13 Ps5 364.4+0.50 26 Ps47 795.0+2.33
* CD at 5% 30.35 * CD at 5% 30.35

Foc Fusarium oxysporum f. sp. ciceris

Each value represents mean+SE (Standard error) of three replications, Critical difference (CD) values
were calculated at the p >0.05 level to signify the differences between the bacterial isolates

the growth of fungal pathogens present in close vicinity
(Silva et al. 2018; Sabaratnam and Traquair 2015). In addi-
tion to their direct role in antagonistic activity, bacterial exo-
proteins help in neutralizing and thus reducing the effect of
certain toxic metabolites produced by the pathogens in the
plant biosphere via indirect mechanism (Kim et al. 2013).
Moreover, some of the bacterial protein secretions also help
in solubilization or mineralization of essential nutrients in
the soil and help in maintaining the soil texture, suitable for
the plant growth (Avinash and Rai 2016).

Fluorescent Pseudomonas and Bacillus species are well
known biocontrol agents for the suppression of plant path-
ogenic microorganisms by the secretion of extracellular
metabolites such as phenazine and its derivatives, exert-
ing inhibitory effect even at very low concentrations (Bach
et al 2016; Namasivayam et al. 2011). In a study conducted
by Manjula and Podile (2005), enhanced production and
liberation of extracellular proteins such as (3-1,4-N-Acetyl
glucosaminidase and p-1,3-glucanase by B. subtilis was
recorded when chitin was added as substrate to the culture
medium, indicating the inducible nature of mechanisms
involved in protein synthesis and secretion.

Assay for lytic enzymes

Several bacterial communities such as B. subtilis, B.
mycoides, Burkholderia cepacia and Paenibacillus riogran-
densis, P. fluorescens, P. cepacian, P. gessardii and Entero-
bacter agglomerans in the plant rhizosphere release chi-
tinases, cellulases, hemicellulases and proteases that are
able to hydrolyse chitin, cellulose, hemicelluloses and
proteins respectively, contribute in the direct suppression

of several plant pathogens (Bach et al. 2016; Chang et al.
2010; Kumudini et al. 2017; Saraf et al. 2014). Among the
26 Foc, rhizobacterial antagonists, 19 isolates exhibited chi-
tinolytic activity (Fig. 1a), maximum activity was recorded
by Bal8 with the hydrolytic index of 4.8 +1.11. Chitinases
play a vital role in the antagonistic activity of PGPRs against
fungal pathogens as chitin contributes the major content of
their cell walls (Brzezinska et al. 2014). In a study conducted
by Ramesh et al. (2009), about 75.0 and 66.7% inhibition of
sclerotia of R. solani by the crude chitinase after 8 days of
incubation period from two Pseudomonas isolates i.e. EB69
and EC18, was recorded. In the same study, the inhibiting
effect of crude enzyme was observed on sclerotia bodies of
S. rolfsi. Ajit et al. (2006), reported the chitinolytic activ-
ity of fluorescent Pseudomonas against F. oxysporum f. sp.
dianthi causing carnation wilt. All these studies including
the present one, indicate the potential of some bacterial
strains to produce active chitinases in medium that could be
effective in inhibiting the growth as well as germination of
resting spores of many phytopathogenic fungi.

Another group of enzymes include cellulases consisting
of exo- and endo- -1,4-glucanases that cleave the complex
cellulose structure into the simpler ones along with p-1,4-
glucosidase that degrade celluloses into glucose subunit
(Chaiharn et al. 2008). About 80% of the Foc antagonists
were found to exhibit B-1-4 glucanase activity to hydrolyse
carboxy methyl cellulose (CMC) (Fig. 1b), maximally with
Bal0 holding the hydrolytic index of 2.1 +£0.38 (Table 2).
Starch hydrolysis was recorded by all the antagonists, indi-
cating the release of amylase (Fig. 1¢). Proteolytic enzymes
also play a very important role in biological control of phy-
topathogens. Among the antagonists, 84.6% of the isolates
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Fig. 1 Zones of lysis on respective agar media by rhizobacterial iso-
lates. a Chitinase activity on Chitin supplemented minimal medium,
b -1, 4-glucanase activity on carboxy methyl cellulose supplemented
minimal salts (MS) agar medium, ¢ a -amylase activity on starch

were found to be proteolytic when gelatin was used as a
protein substrate (Fig. le, 1f). For casein, 80% of the antago-
nists recorded positive for the hydrolysis, that was slightly
less compared to that observed in case of gelatin, might be
due to difference in capability of bacterial cultures to hydro-
lyse proteins of different origin and composition (Fig. 1d).
For caseinase activity, Bala and Ps45 isolates were found
to be most efficient with proteolytic index of 2.5+0.15 and
2.5+0.14 respectively, whereas for the animal-based protein
(gelatin) hydrolytic activity marked Bal9, Ba4 and Ps47 as
maximum proteolytic index holders.

Observations revealed the isolates Bala, Bal9, Ps45
and Ps47 to be potent lytic enzymes producers (Table 2).
In a study conducted by Kamensky et al. (2003), observa-
tions revealed that despite the chitinases, several proteases
released by antagonistic bacteria have an important role
in suppression of germination as well as growth of several
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supplemented MS agar medium, d Protease (Caseinase) activity on
casein supplemented MS agar medium, e, f Protease (Gelatinase)
activity on gelatin supplemented MS agar medium

soil born phytopathogenic fungi. Kumar et al. (2012)
reported several bacterial sp. of Bacillus producing cell
wall degrading enzymes viz., chitinase, -1, 4-glucanase
and protease to degrade the fungal cell wall components
attacking chitin, glycosidic and peptide bonds. Some of
the isolates (examined in the current study) exhibiting the
antagonistic activity to Foc, reported in one of our previ-
ous studies (Kumari and Khanna 2018), did not exhibit one
or more lytic enzymes activity suggesting that production
of hydrolytic enzymes can be one the antagonistic but not
always the sole mechanism for inhibition of fungal growth.
Furthermore, it has been reported that some of the bacte-
rial strains show appreciable chitinase activity, but do not
inhibit the growth of fungal pathogens, suggesting that
production of hydrolytic enzymes is not always correlated
with the antiphytopathogenic effect (Sindhu and Dadarwal
2001).
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Table 2 Lytic enzymes

. . Serial No.  Antagonistic isolates  Proteolytic index Polysaccharide hydrolytic index
production by Foc antagonists
Casein Gelatin Starch Carboxy Chitin
methyl cel-
lulose

1 Bala 1.7+£0.08 2.5+0.15 25+0.15 1.7+0.86 1.8+0.15
2 Ba4 20+0.16 1.5+003 15+033 2.0+0.10 1.3+£0.56
3 Ba7 - 1.3+0.09 13+096 - 1.9+0.67
4 Ba8 - - 1.8+022 - -
5 Bal0 1.7+20.09  1.1+0.60 1.1+0.60 2.1+0.38 23+1.23
6 Ball - 1.2+0.10 1.2+0.12 - -
7 Bal7 1.5+0.07 13+0.70 1.3+0.71 1.5+0.76 -
8 Bal8 1.2+£0.10 1.7+0.11  1.7x011 1.2+0.10 48+1.11
9 Bal9 2.1+0.03 2.1+0.12 2.1+0.12 1.7+095 23+1.16
10 Ba27 1.2+0.06 23+090 23+090 1.2+0.66 -
11 Ba32 - 1.3+0.67 13+0.63 - 2.9+0.10
12 Psl 1.5+0.12  1.8+022 1.8+022 1.5+£0.12 1.6+1.02
13 Ps5 1.5+0.08 - 1.9+0.19 1.5+0.88 -
14 Ps8 1.5+0.11 - 14+0.12  1.6+0.12 2.1+0.14
15 Ps10b 14+0.71 1.4+0.06 14+060 1.4+0.29 1.4+0.35
16 Ps11 1.1+0.21 1.5+0.07 15+0.71 1.2+0.57 1.4+0.69
17 Ps14 1.6+0.05 1.7+0.61 1.7+0.63 1.6+0.61 2.0+£0.70
18 Ps15 1.3+023 15+1.14 15+1.13 13+1.21 2.1+0.31
19 Ps16b 12+0.06 2.0+0.57 2.0+0.58 1.2+0.67 1.7+£0.54
20 Ps21 - - 12+1.05 - -
21 Ps33 12+083 1.5+0.14 15+123 1.3+0.83 -
22 Ps37 1.1+0.13 2.0+0.21 2.0+023 1.1+0.13 1.3+0.39
23 Ps43 13+0.14 1.5+0.14 15+0.14 13+145 2.0+0.92
24 Ps44 14+057 19+039 19+0.89 14+0.24 1.7+0.13
25 Ps45 1.5+097 25+0.14 25+1.12 1.5+0.57 2.0+0.11
26 Ps47 20+0.87 23+0.72 23+0.74 2.0+1.02 1.7+0.14
27 CD at 5% NS 0.37 0.06 NS 0.11

Foc Fusarium oxysporum f. sp. ciceris, (—) Not detected

Each value represents mean+SE (Standard error) of three replications, Critical difference (CD) values
were calculated at the p>0.05 level to signify the differences between the bacterial isolates, NS stands for
non significant results between the bacterial isolates

Detection of lytic enzymes by SDS-PAGE

To determine the ability of rhizobacterial isolates to secrete
antifungal proteins, eight potential Foc antagonists i.e. Bala,
Bal8, Bal9, Ps10b, Ps14, Ps45, Ps47 and Ps44, selected on
the basis of exoproteins and lytic enzymes production, were
analysed for the presence of various hydrolytic enzymes. For
that purpose, extracellular proteins extracted and purified by
TCA-acetone precipitation of cell-free culture supernatants,
were profiled by SDS polyacrylamide gel electrophoresis.
Coomassie brilliant blue staining revealed a wide range of
protein bands with an apparent molecular mass between 5-
150 kDa, whereas protein composition was recorded with
high variability among the isolates (Fig. 2). The antagonists,
Bala and Ps45 were recorded with highly dense protein
profile, comprising more than 15 distinct bands over the

Fig.2 SDS PAGE profiling of bacterial exoproteins, M: Protein lad-
der, Lane 1. Ps14, Lane 2. Ps10b, Lane 3. Ps45, Lane 4. Ps47, Lane
5. Ps44, Lane 6. Bal9, Lane 7. Bal8, Lane 8. Bala. Marker masses
are indicated, The hydrolytic enzyme activity band corresponds to
expected masses of the expressed proteins
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stained polyacrylamide gel (Fig. 2). The protein profiles of
almost all the isolates showed bands between 25 and 30 kDa,
presenting proteases, especially P1 and P2 with molecular
weight of 28 and 25 kDa respectively, as indicated by Anna-
malai et al. (2014), when evaluated proteases of Bacillus
megaterium by SDS-PAGE method. Shahbazi et al. (2012)
reported most of bacterial strains to comprise the molecular
mass of purified proteases in the range of 30-50 kDa, and
in the present study most of the isolates were observed with
polypeptide chains in the same range, inferring the libera-
tion of a variety of proteases in the growth medium. Among
all the lytic enzymes, proteases constitute one of the most
important groups of hydrolytic enzymes and they account
for approximately a quarter of the total global microbial
enzyme production (Mala and Srividya 2010). Observation
for the stained gel recorded, six isolates i.e. Bala, Bal8,
Bal9, Ps44, Ps45 and Ps47, with apparently pure protein
bands of 45 kDa, supported the observations made by Ueda
et al. (2005), where a thermophilic bacterium belonging
to Ralstonia sp. showed a distinct band of 45,000 Da, that
was reported to belong ChiB group of chitinases. Sutrisno
et al. (2004) also reported Chitinase B (ChiB) enzyme in
chitin degrading bacteria with a protein band of same size
as observed in the present study i.e. 45 kDa. Other classes
of chitinases i.e. Chi50 and Chi60 with band size of 50
and 60 kDa (Ruiz-Sanchez et al. 2005) were also observed
in the case of Bala, Bal9, Ps44, Ps45 an Ps47 bacterial
antagonists. However, Chi 180 with polypeptide bands of
apparently 180 kDa was obtained in only 2 isolates i.e.
Bal9 and Ps45, classified as N-acetyl glucosaminidase in
the similar study conducted by Ruiz-Sanchez et al. (2005)
(Fig. 2). In a similar study, Chao-Lin et al. (2009) reported
two bands of 43 and 55 kDa in Aeromonas schubertii that
were assumed to have maximum homology with Chi53 and
Chi61, belonging to endochitinase family. Chitinase produc-
ing PGPR have been successfully used as anti-fungal, pest
control and degradation agents at various suppressive soils
sites (Gomez-Ramirez et al. 2004). Observations for protein
bands belonging to cellulases, revealed four potential bands
of 58,72, 94 and 110 kDa according to the study conducted
by Kohring et al. (1990), when SDS PAGE analysis for cel-
lulases and xylanases was performed for subunit analysis of
Clostridium thermocellum JW20. In corroboration to this
study, Isolate Ps45, Ps47 and Bala were found to exhibit
protein bands equivalent to 58, 72 and 94 kDa, however the
protein band of 110 kDa was exhibited by only Ps45 along
with two bacilli i.e., Bala and Bal8 (Fig. 2). Clear pro-
tein bands were expressed corresponding to 60 kDa in case
of Ps45 and Bala, however diminished bands of the same
molecular weight were also observed for Bal9, Ps44, Ps45
and Ps10b, contributing their amylolytic activity according
to Xian et al. (2015), when Calcium independent a- amylase
from Talaromyces pinophilus 1-95 was characterised using
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SDS-PAGE. However, in a study carried out by Sarian et al.
(2012), an apparent mass of 95 Kda was observed from the
purified enzyme from potato starch hydrolysing Microbac-
terium aurum strain B8.A that was visualized only in case
of isolate Ps45 in the present study revealing its potential
hydrolytic activity for carbohydrate-based molecules. Anal-
ysis for hydrolytic proteins provides a benchmark for the
hyperparasic activity of antagonistic microorganisms and
revealing antagonistic mechanisms at molecular level opens
the door for screening potential antagonists with special met-
abolic tools to control several plant pathogens and hence the
economic losses in the agricultural system.

Molecular identification of the potential antagonists

The PCR amplification studies using 16S-rDNA targeted
genus-specific primers for Bacillus revealed all the three
bacterial isolates (Bala, Bal8 and Bal9) to belong Bacil-
lus sp. that were isolated from nutrient agar medium and
were already tested for their characteristic dark blue/green
colouration on Bacillus agar medium specific for Bacil-
lus genus (Fig. 3a). The PCR amplification product for the
bacterial isolates was recorded with molecular weight of
approximately 1.5 bp, confirming their belongingness to
Bacillus sp. (Fig. 4a) (Akbalik 2003; Kumari et al. 2016).
The rest five pigment producing isolates (Ps10b, Ps14, Ps45,
Ps47 and Ps44), previously isolated from King’s B medium
(Kumari and Khanna 2018), phenotypically identified on
Pseudomonas agar medium for the production of blue green
or fluorescent green pigment (Fig. 3b), yielded a PCR prod-
uct of 618 bp (Fig. 4b), confirming their identity as isolates
belonging to Pseudomonas sp. supported by a study con-
ducted by Spilker et al. (2004), where out of 42, 28 isolates
were recorded positive for their molecular identification to
belong Pseudomonas sp. using PA-GS forward and reverse
primers with a product yield of same molecular weight. Sev-
eral reports have confirmed Bacillus and Pseudomonas sp.
as promising agents for disease management of several phy-
topathogens, due to their antagonistic behaviour (Ahemad
and Kibret 2014; Gopalakrishnan et al. 2016; Leon et al.
2009). Bacilli have been well reported to liberate certain
volatile, non-volatile and thermostable metabolites infer-
ring antagonistic behaviour to many plant pathogens (Singh
et al. 2014). Fluorescent Pseudomonas have also been well
reported to produce a range of antibiotics like pyoluteorin
(P1t), pyrrolnitrin (Prn), aerugine, oomycin A, kanosamine,
2,4 diacetyl phloroglucinol (DAPG), phenazine-1-carboxylic
acid (PCA), phenazine-1-carboxamide (PCN), zwittermycin-
A, pseudomonic acid, cepafungins, hydrocyanic acid and
ammonia (Fernando et al. 2006; Rezzonico et al. 2007; Sha-
lini and Srivastava 2007). Both of these genera have been
well recommended as biocontrol agents due to their versatile
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Fig. 3 Morphological identifi-
cation of rhizobacterial isolates
on respective media. a Blue
coloured colonies on Bacillus
agar medium (for Bacillus sp.).
a Blue green pigment producing
colonies on Pseudomonas agar
medium (for Pseudomonas sp.)

L5Kb 618 bp

Fig.4 PCR analysis of amplified products using genus specific prim-
ers, a Amplified product of 1.5 Kb using Bacillus genus specific
primers (M: 1 Kb DNA ladder, Lane 1. Bala, Lane 2. Ba89, Lane
3. Bal9), b Amplified product 618 bp Kb using Pseudomonas genus
specific primers (M: 1 Kb DNA ladder, Lane 1. Ps44, Lane 2. Ps45,
Lane 3. Ps47, Lane 4. Ps10b, Lane 5. Ps14)

inhibitory activity against soil borne phytopathogens (Trotel-
Aziz et al. 2008; Wang et al. 2016).

Effect of bacterial crude extract on test fungus

On the basis of protein secretion, hydrolytic enzyme produc-
tion under in vitro conditions as well as SDS PAGE analy-
sis, a Pseudomonas isolate Ps45 was selected to evaluate
the visual effect of antagonistic bacterial secretions on the
hyphal growth of Foc under SEM. The 50-scale bar magni-
fied images of the zone of interaction between the bacterial
crude protein extract and fungal growth, revealed the sectors
of sparse hyphae, apparent contraction of hyphal dia with
rough cell surface morphology (Fig. 5b, d), compared to
thicker, uniform, dense hyphae observed in control (Fig. Sa,
¢). Moreover, the fungal growth was also restricted in terms
of hyphal distortion and compaction as scanty hyphal growth
was observed than the control. SEM investigations of 20
scale bar magnification further, disclosed the inhibitory

effect, where flattening effect along with marks of lesions
revealed the spurting of cytoplasmic fluid out of the hyphal
cells, conferring non-uniform, deflated abandoned hyphae
(Fig. 5d) as compared to uniform healthy ones in the con-
trol (Fig. 5c¢). This disorganization of the cytoplasm, could
be due to lytic effect on the fungal cell walls by various
enzymes and antibiotics liberated in the vicinity by rhizo-
bacterial antagonists, one of the most important mechanisms
to inhibit the pathogens (Abdel-Monaim et al. 2016). Dis-
tortion of fungal mycelium and induction of hyphal surface
flaking has also been reported by Sadfi et al. (2002) due
to lysis and bursting of cytoplasmic material. Such irregu-
lar, lysed hyphae with diminished fungal growth illustrate
the antagonistic behaviour of pseudomonads probably due
to the production of various allelochemicals (Granjo et al.
2007). Though the fungal pathogens utilize chitin apposition
in their cell walls to reduce the inhibitory effect of antime-
tabolites, nonetheless antagonistic pseudomonads have also
been reported to overcome such barriers to cause severe fun-
gal cell injuries (Aziz et al. 2012; Kai et al. 2007). Similarly,
Kumari et al. (2016), observed marked antagonistic effect on
the hyphal structure when visualized the effect of Bacillus
cultures secretions on Fusarium oxysporum f.sp. ciceris. All
these observations exemplify the antagonistic behaviour of
rhizobacterial isolates against fungal pathogens via the pro-
duction and liberation of various lytic enzymes, antibiotics
and other volatile and diffusible antimetabolites (Kumari
and Khanna 2019).

Conclusion
Species specific PCR amplification of rhizobacterial antago-

nists of Foc, confirmed the selected isolates, Bala as Bacil-
lus spp. and Ps45 and Ps47 as Pseudomonas isolates. These
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Fig.5 Scanning electron micro-
scope (SEM) of interaction
between crude extract of bacte-
rial antagonist and F. oxyspo-
rum. a, b scale bar-50 um, ¢, d
scale bar-20 pm. a, ¢ Smooth,
uniform, dense hyphae from
Fusarium oxysporum f. sp.
ciceris pure culture (Control).
b, d Flattened, shrunken, sparse
hyphal growth with lesions at
linings due to the hydrolytic
effect of crude extract

bacterial antagonists produce a range of enzymes including
proteases, chitinases, cellulases and amylases, exhibiting
efficient hydrolytic activity to target cell walls of fungal
phytopathogens. Biological evaluation of crude protein
extract of a selected potential Pseudomonas isolate Ps45
using SEM, confirmed lysis along the hyphal cell wall lin-
ing in contrast to healthy regular, smooth surfaced hyphae
in the fungal pathogen culture maintained as control, infer-
ring the role of various hydrolytic proteins in disrupting the
fungal pathogen’s growth. Characterization of antagonistic
rhizobacterial communities exhibiting hydrolytic activity via
liberation of a range of extracellular enzymes, will greatly
enhance our understanding of their role in the management
of several soil borne fungal phytopathogens on the condition
of their similar effect under controlled glass house condi-
tions as well as field conditions.
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