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Cotton production is negatively affected by both biotic (diseases and insects) and abiotic (high temperature,
salinity, water deficit, and extreme pH) factors. Soil-borne diseases, especially wilts and rots, significantly reduce
cotton yield. Thus, we aimed to isolate and identify multi-stress tolerant bacterial antagonistic agents (AGAs)
against two major soil-borne pathogens, Macrophomina phaseolina and Fusarium oxysporum. A total of 132 isolates
with distinct morphologies were recovered from 25 different rhizospheric soil samples of cotton. A dual culture
plate and broth assay confirmed the antagonistic activity of the isolates against these phytopathogens. Four
selected AGAs thrived in salt stress induced by different NaCl concentrations, up to 1.71 M, except for isolate 62,
which survived up to 0.85 M. Under osmotic stress, all the AGAs were tolerant of up to —1.03 MPa. Similarly, all
the AGAs were able to survive over a temperature range of 20-50 °C except for isolate 62, which survived up to
45 °C and was regarded as thermotolerant. All four AGAs were able to grow at pH values ranging from 5 to 9.
AGA 18 and S46-7 survived under highly acidic conditions (pH 4). These multi-stress tolerant AGAs also
exhibited different plant growth-promoting activities, such as mineral solubilization, ACC-deaminase production,
and IAA production. Molecular identification revealed the following AGAs: Bacillus siamensis SSVP1 (18), Bacillus
halotolerans SSVP2 (34), Pseudomonas aeruginosa SSVP3 (62), and Bacillus tequilensis SSVP4 (S46-7). AGAs with
multiple stress tolerance traits can serve as potential biocontrol agents in the field to reduce pesticide con-
sumption in cotton-growing areas.

1. Introduction

affected by salt; it is expected that both of these stresses will reduce the
cultivable area by more than 50 % over the next two decades (Maryum

Cotton (Gossypium spp.) is the most widely cultivated agro-industrial
crop for fiber and oil. Numerous biotic (insects, pathogens) and abiotic
(drought, salt, pH, and temperature) factors have detrimental effects on
crop production. Current estimates indicate that insect pests and dis-
eases account for 15-30 % of yield losses in cotton, with this number
increasing to 50 % due to direct injury and plant disease transmission
(Zafar et al., 2022). Abiotic stresses induce a range of physiological,
molecular, biochemical, and morphological alterations that are detri-
mental to plant development, yield, and viability (Tahmasebi et al.,
2019). They also alter plant defense responses and directly affect plant-
pest interactions (Jamali et al., 2020). Globally, approximately 45 % of
agricultural land is affected by drought, and approximately 19.5 % is

et al., 2022). Due to drought and heat stress, cotton fiber production
could decrease by 34 % (Billah et al., 2021). Crops are damaged by plant
diseases particularly soil-borne infections at different stages of plant
development, resulting in a significant decrease in crop yield. Fungi are
the most devastating soil-borne pathogens and are responsible for
approximately 60 % of all crop diseases (Fernandez-San Millan et al.,
2021).

Macrophomina phaseolina and Fusarium oxysporum, two soil-borne
fungal phytopathogens, are responsible for charcoal rot and Fusarium
wilt disease, respectively, in cotton (Manikandan et al., 2022). At least
500 plant species are infected by M. phaseolina, which results in signif-
icant yield losses in soybean, maize, sorghum, and cotton. In some
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groundnut cultivars, 100 % yield loss is reported due to pre-emergence
M. phaseolina infection (Marquez et al., 2021, Degani et al., 2023). In
India, yield loss in cotton due to Fusarium wilt varies from 5 to 40 %
(Sain et al., 2023). These pathogens also affect the quality of cotton fiber
and yield, thus affecting the ginning process (Karademir et al., 2012,
Majumder et al., 2018). Antagonistic agents (AGAs) such as Bacillus spp.,
Streptomyces spp., and Pseudomonas spp., have been documented for
their biocontrol activity against several phytopathogens (Marfungah
et al., 2023, Ratnaningsih et al., 2023) and are effective and sustainable
alternatives to conventional pesticides for the control of these diseases
(Le et al., 2022). These microbes use strategies such as the production of
hydrolytic enzymes, volatile organic compounds, and antifungal com-
pounds; the induction of the host immune response; siderophore and
HCN production; and the release of different metabolites, such as lip-
opeptides, to control various pathogens (Kumar et al., 2022). Environ-
mental factors such as biotic and abiotic factors, nutrient availability,
temperature, and moisture also affect the efficacy of bacterial AGAs
against plant diseases (Bonaterra et al., 2022). To mitigate different
pathogens and abiotic factors, there is a need for the isolation of multi-
stress tolerant bacteria that can effectively control pathogens under
different stress conditions and enhance plant growth through various
plant growth-promoting activities, such as phytohormone production,
mineral solubilization, and siderophore secretion (Amna et al., 2020).
Our research objectives were to isolate and characterize multi-stress
tolerant bacterial AGAs from the cotton rhizosphere, test their efficacy
against cotton phytopathogens in plate and broth, evaluate their
different plant-growth promoting activities, and determine whether
there is a correlation between the antagonistic ability of these agents in
broth and plates.

2. Materials and methods
2.1. Isolation of AGAs

Samples of rhizospheric soil were collected from cotton fields across
several parts of the Mahendergarh district, Haryana, India (28°20" N,
76°07" E). Appropriate dilutions (10~%-10~") were spreaded on Nutrient
Agar (NA) (HiMedia, India) plates to obtain individual colonies and
incubated at 30 °C for 24-48 h (LabTech incubator, South Korea). Col-
onies with different morphologies were purified on NA and stored at
4 °C (Tapia-Vazquez et al., 2020, Zhou et al., 2020).

2.2. Pathogenic cultures and antagonistic activity test

Two soil-borne fungal pathogens, M. phaseolina (Tassi) Goidanieh
ITCC-5519 and F. oxysporum Schlecht ITCC-5330, which were originally
isolated from cotton roots, were collected from the ITCC-IARI, New
Delhi. The percentage inhibition test was performed following the
methods of Zhang et al. (2020) with slight modifications. A fungal disc
of size 5 mm cut from an agar plate of 5-day-old pathogenic culture was
placed at the center of the Sabouraud dextrose agar (SDA) (HiMedia,
India) plate. The plate was radially divided into three sections and AGA
was streaked 2 cm away from the fungal disc in each section. As a
control, a plate with a fungal agar plug without AGA was maintained.
The plates were incubated at 25 °C until the control plate displayed full
growth. Using formula (A), the percentage of growth inhibition was
calculated.

Percentage inhibition = [(D1 — D2)/(D1 — size of fungal disc)] x 100
A)
where D1 represents the diameter of the fungal colony growth on the

control plate and D2 represents the diameter of the fungal colony growth
on the test plate.
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2.3. Fungal pathogen biomass estimation under antagonistic assay
conditions

The ability of the isolates to suppress the fungal pathogens,
M. phaseolina ITCC-5519 and F. oxysporum ITCC-5330, in broth was
evaluated by measuring the dry weight of the fungal mycelia in the
presence of the AGAs compared to that of control by following the
methods of Tamreihao et al. (2016) with a few modifications. AGAs
were cultured overnight in NB containing glass tubes at 30 °C and 170
rpm, and then, 1 mL of the resulting culture was seeded into a 50 mL
flask containing 25 mL of Sabouraud dextrose broth (SDB) and a 5 mm
disc of fungal pathogens. Fungal discs without AGA inoculation (path-
ogen control) and with only AGA isolates (bacterial control) were
maintained as controls. The dual broth culture was incubated for 5 days
at 30 °C and 170 rpm followed by centrifugation at 7,000 rpm for 10 min
using a centrifuge (Eppendorf 5810R, Germany). After removing the
supernatant, the mycelia dry weight was determined by drying the pellet
at 50 °C in a hot air oven (Shivaki, India). To calculate the biomass in-
hibition percentage the following formula was used.

Biomass inhibition (%) = [{W1 — (W2 — W3) }/W1] x 100; (B)

where W1 represents the dry mycelial weight (g) of the pathogen con-
trol, W2 is the dry mycelial weight of the pathogen and bacteria (g), and
W3 is the dry weight of bacteria (g) alone.

2.4. Multi-stress tolerance abilities

Cell growth experiments were conducted to evaluate the multi-stress
tolerance of AGAs under four different stress conditions (salinity,
drought, temperature, and acidity/alkalinity). All the AGAs were
checked for their ability to grow in nutrient broth (HiMedia, India) at
various NaCl concentrations (0.17 M-1.71 M), various polyethylene
glycol concentrations (PEG) 6000 (5, 10, 15, 20, 25, and 30 % w/v) to
create nutrient solutions with different osmotic potentials (—0.05 MPa
to —1.03 MPa), various temperatures (20, 25, 30, 35, 40, 45, and 50 °C),
and various pH values (4, 5, 6, 7, 8, 9, 10, 11, and 12) for acidic and
alkaline stress to assess their salt, osmotic stress, temperature, and pH
tolerance abilities, respectively. After 24 h of incubation at 30 °C (except
for the temperature stress evaluation) and 170 rpm, the stress tolerance
was evaluated by measuring the OD at 600 nm using a BioTek Synergy
H1 Multimode Reader (Agilent, USA), uninoculated media were used as
blank. At a certain stress level, an OD of 0.1 was indicative of tolerance
in bacterial cells (Amna et al., 2020).

2.5. Fungal biomass degradation ability of multi-stress tolerant AGAs and
their effect on the cytoplasmic integrity of fungal pathogens

Fungal pathogen biomass degradation ability was checked by
growing fungal pathogens in SDB under static conditions for 4 days, and
then inoculating the selected multi-stress tolerant AGAs (18, 34, 62, and
$46-7) followed by incubation for 3 days at 30 °C and 170 rpm. The
biomass degradation percentage was calculated by using formula (B). A
few drops of dual culture broth were observed after staining with lac-
tophenol cotton blue directly under a phase contrast microscope
(Olympus optical microscope, Japan) to observe the effect of the AGAs
on mycelial integrity and the cell wall (Alblooshi et al., 2022).

2.6. Plant growth-promoting activities of selected multi-stress tolerant
AGAs

2.6.1. Mineral solubilization

AGAs were checked for their ability to solubilize minerals such as
phosphate (P), potassium (K), and zinc (Zn). For quantitative estimation
of P solubilization, AGAs were inoculated in Pikovskaya broth supple-
mented with tricalcium phosphate (HiMedia, India) and incubated at
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30°Cand 170 rpm for 5 days. The amount of solubilized P was measured
spectrophotometrically (Analytik Jena SPECORD 210, Germany) by
recording absorbance at 600 nm as described by Senthilkumar et al.
(2021) and compared with P standard (100 mg/L-1000 mg/L KHaPOy).

AGAs were inoculated in Aleksandrov broth medium supplemented
with potassium alumino-silicate (HiMedia, India) and incubated for 5
days at 30 °C and 170 rpm for quantitative estimation of solubilized K.
The supernatant was collected after centrifugation at 5000 rpm for 10
min and the amount of K solubilized was measured using a flame
photometer (Esico, India) (Sun et al., 2020).

Zn solubilization by AGAs was checked by spot inoculation on
modified Pikovskaya agar plates supplemented with zinc oxide (HiMe-
dia, India) instead of tri-calcium phosphate. The plates were incubated
at 30 °C for 5 days. The presence of a clear zone around the colony
indicated Zn solubilization (Kamran et al., 2017).

2.6.2. Indole-3-acetic acid (IAA) production

IAA production was checked by following the method of Gang et al.
(2019). The isolates were inoculated in NB supplemented with L-tryp-
tophan (0.15 % w/v) (HiMedia, India) and incubated for 24 h at 30 °C
and 170 rpm. IAA production was checked spectrophotometrically at
536 nm and compared with a standard IAA curve (10-100 pg/ml) to
calculate the concentration.

2.6.3. HCN production

HCN production was checked following the methods of Bakker and
Schippers (1987). The plates containing King’s B media supplemented
with 4.4 g/L glycine (HiMedia, India) were streaked with each isolate,
and the lid of each Petri dish was placed with Whatman no. 1 filter paper
soaked in 2 % sodium carbonate and 0.5 % picric acid (HiMedia, India).
The plates were sealed with parafilm and incubated for 4 days at 30 °C.
The presence of a deep brown colour on the filter paper indicated the
production of HCN.

2.6.4. Ammonia production

The production of ammonia was checked by inoculating isolates in
tubes containing peptone water and incubating them at 30 °C and 170
rpm for seven days. The yellow to brown colour appearance after the
addition of 0.5 mL of Nessler’s reagent (Merck, Germany) indicated
ammonia production (Bhattacharyya et al., 2020).

2.6.5. Siderophore production

The production of siderophores by the selected AGA isolates was
examined using chrome azurol sulfonate (CAS) agar solid medium
(Merck, Germany). The presence of a yellow to orange halo around the
bacterial colony indicated siderophore production (Alexander and
Zuberer, 1991).

2.6.6. 1-Aminocyclopropane-1-carboxylic acid (ACC) deaminase
production

ACC-deaminase production by AGAs was checked by following the
protocol of Senthilkumar et al. (2021). AGAs were grown in NB over-
night and centrifuged to collect cell pellets. The pellet was washed
before suspending it in DF minimal salt media supplemented with 3 mM
ACC (Merck, Germany) and incubated at 30 °C and 170 rpm for 72 h.
The absorbance was measured at 540 nm, and the concentration of
a-ketobutyrate was determined via comparison with the standard curve
(0.1-1.0 pmol/mL). The protein concentration in each sample was
measured using the Bradford method.

2.7. Molecular characterization of isolates

Using 16S rRNA sequencing, four selected multi-stress tolerant AGAs
(18, 34, 62, and S46-7) were identified. These isolates were cultured in
NB overnight at 30 °C with shaking at 150 rpm. Using the Promega Kit
(Cat no. D6005), genomic DNA was extracted and amplified using the
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universal primers: 27F 5-AGA GTT TGA TCC TGG CTC AG-3' and 1492R
5-GGT TAC CTT GTT ACG ACT T-3. The PCR products were subse-
quently sequenced by Barcode Biosciences Private Limited, Karnataka,
India, according to the manufacturer’s protocol. The sequences were
identified using EzBioCloud (accessed on 31 May 2023) (Yoon et al.,
2017) and submitted to the NCBI database. ClustalW was used for
multiple sequence alignment and MEGA11 was used to construct a
phylogenetic tree using the neighbour-joining method (Tamura et al.,
2021).

2.8. Statistical analysis

Minitab Statistical Software and Microsoft Excel were used to carry
out statistical analyses of the data at the P = 0.05 (95 % confidence
interval) level of significance. To minimize the experimental errors and
variations, complete random design was used to conduct the experi-
ments. The effect of treatments was examined by performing one-way
ANOVA with replications and treatments as random effects, followed
by the Tukey test (P < 0.05). Different letters in the figures represent
significantly different activities of different AGAs under the same con-
ditions, as assessed by ANOVA followed by the Tukey test with P < 0.05.

3. Results
3.1. Isolation of AGAs

From 25 different rhizospheric soil samples, a total of 132 isolates
with unique morphologies were isolated and purified. These isolates
were maintained and stored on NA slants and glycerol stocks at —20 °C.

3.2. Antagonistic activity of isolates against fungal pathogens

After initial screening against M. phaseolina ITCC-5519 and
F. oxysporum ITCC-5330, only 30 isolates were chosen for a percentage
inhibition assay. As illustrated in Fig. 1, the antagonistic activity of the
isolates was evaluated using a dual-plate assay. Fig. 1A shows that
compared with the control, AGA 18 and 62 inhibited the mycelial
growth of M. phaseolina ITCC-5519. AGA 62 also degraded the mycelia
of M. phaseolina ITCC-5519, possibly through the secretion of several
easily diffusing antifungal compounds. Similar results were observed in
a dual assay against F. oxysporum ITCC-5330 as shown in Fig. 1B.

Out of the 30 isolates, 17 showed promising activity against both
pathogens (Fig. 2A). AGAs 18, S24-7, 65, S24-11, S26-1, 62, and S46-20
inhibited M. phaseolina ITCC-5519 with inhibition percentages of 79.61,
77.25, 76.73, 76.21, 75.69, 75.42, and 74.38 %, respectively. Against
F. oxysporum ITCC-5330, AGAs 62, 18, 65, S24-11, S46-7, S24-7, and
S46-8 exhibited maximal inhibition rates of 79.35, 77.28, 77.28, 66.54,
65.49, 65.49, and 64.97 %, respectively.

3.3. Fungal pathogen biomass inhibition under antagonistic assay
conditions

Isolate 62 showed the highest fungal biomass inhibition (99.88 %) of
M. phaseolina ITCC-5519, whereas the highest biomass inhibition of
F. oxysporum ITCC-5330 was shown by isolate S46-7 (100 %), followed
by 62 (99.54 %). The biomass inhibition of M. phaseolina ITCC-5519 and
F. oxysporum ITCC-5330 by various isolates is shown in Fig. 2B. All the
isolates were able to inhibit the fungal biomass of M. phaseolina ITCC-
5519 by more than 96 % and more than 80 % of that of F. oxysporum
ITCC-5330, except for S24-12 (67.18 %). The ability of AGAs to inhibit
biomass was greater against M. phaseolina ITCC-5519 than against
F. oxysporum ITCC-5330, but for some AGAs, there was no significant
difference in this activity.

The correlation between the inhibitory ability of AGAs in plate assays
and their capacity to inhibit fungal biomass was determined and is
depicted in Fig. 3. The correlation coefficients (r) for M. phaseolina ITCC-
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M. phaseolina (control) AGA 18 & M. phaseolina AGA 62 & M. phaseolina
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F. oxysporum (control)  AGA 18 & F. oxysporum AGA 62 & F. oxysporum

O
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Fig. 1. Dual culture test of AGAs against pathogenic fungi; A. The antifungal activity of AGA 18 and 62 against M. phaseolina ITCC-5519; B. The antagonistic activity

of AGA 18 and 62 against F. oxysporum ITCC-5330.
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Fig. 2. Antagonistic activity of AGAs against fungal pathogens; A. Mycelial inhibition in dual plate assay; B. Biomass inhibition in broth assay.

5519 and F. oxysporum ITCC-5330 were 0.605 and 0.495, respectively,
indicating a positive but weak relationship between the antagonistic
effects of the agents on the plate and in the broth.

3.4. Multi-stress tolerance abilities

All 17 AGAs were subjected to different stress conditions, but the
data for only four AGAs are shown in Fig. 4. These AGAs were selected
based on their multi-stress tolerance ability and antagonistic activity
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Fig. 3. Correlation between the fungal pathogen biomass inhibition ability of
AGAs in broth and percentage mycelia inhibition in a plate assay.

against both pathogens. The salt tolerance of the AGAs was evaluated at
various NaCl concentrations. Interestingly, the growth of the AGAs was
greater in the 0.17 M NaCl treatment group than in the control group,
but it decreased steadily thereafter. Three AGAs, 18, 34, and S46-7 were
able to survive and tolerate salt stress up to 1.71 M NaCl, but AGA 62
showed good growth up to only 0.85 M NaCl (Fig. 4A). All the isolates
were regarded as halophiles (Irshad et al., 2014).

318
1.6 - = 34

3 &

]

2
S46-7

b

173

1
W

>

OD (600 nm)
a
a

T
Control 0.7TM  0.34M  0SIM  068M 085M  LO2M  LIYM L36M LSIM L7TIM

NaCl concentations

1.0 4

0
b
b

O

OD (600 nm)

7 e

30°C 35°C
Temperature range

Journal of the Saudi Society of Agricultural Sciences xxx (XxxX) XXX

The drought tolerance of the AGAs was evaluated with PEG 6000 at
concentrations of 0 % (control), 5 % (—0.05 MPa), 10 % (—0.15 MPa),
15 % (—0.30 MPa), 20 % (—0.49 MPa), 25 % (—0.70 MPa), and 30 %
(—1.03 MPa). Due to osmotic stress generated by PEG 6000, the cell OD
of the AGAs decreased under stressed conditions relative to that of the
control, as their growth was inhibited; nonetheless, all four AGAs (18,
34, 62, and S46-7) were regarded as tolerant even at —1.03 MPa
(Fig. 4B) since their 24-hour cell-OD was more than 0.1 (Amna et al.,
2020).

The AGAs were able to grow well at a temperature range of 20-50 °C,
except for AGA 62, which was not able to grow at 50 °C. All four AGAs
were regarded as thermotolerant due to their ability to grow at 45 °C
(Fig. 4C), as an OD greater than 0.2 (600 nm) at 45 °C reflects the
thermotolerant nature of microbes (Amna et al., 2020).

All four AGAs were able to grow well at pH range of 5-9. Two AGAs,
18 and S46-7, were able to thrive well even at pH 4 and were therefore
regarded as moderate acidophiles (Ibrahim et al., 2023). At pH 10, AGA
34, 62, and S46-7 grew well, but only AGA 62 was able to survive at pH
11 and 12 (Fig. 4D). All these AGAs were regarded as alkaliphiles/alkali
tolerant due to their ability to grow at a pH higher than 10 (Rao et al.,
2022).

3.5. Fungal biomass degradation ability of multi-stress tolerant AGAs and
their effect on the cytoplasmic integrity of fungal pathogens

All four multi-stress tolerant AGAs, 18, 62, 65, and S46-20, degraded
the biomass of both fungal pathogens very effectively as shown in Fig. 5.
The order of the biomass degradation ability of the AGAs against
M. phaseolina ITCC-5519 was AGA 62 (97.83 %), 18 (97.59 %), S46-7
(97.20 %), and 34 (87.88 %) whereas in the case of F. oxysporum
ITCC-5330, AGA 62 (96.81 %), S46-7 (95.37 %), 18 (85.73 %), and 34
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Fig. 4. Growth of different AGAs in terms of 24-hour OD under different stress conditions; A. At different NaCl concentrations; B. at different concentrations of PEG

6000; C. at different temperatures; D. at different pH values.
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Fig. 5. Fungal pathogen biomass degradation by AGAs in broth.

(84.15 %) occurred. AGA 62 and S46-7 effectively degraded the biomass
of both fungal pathogens.

Compared to that in the control group, cytoplasm breakdown was
observed in the mycelia of the fungal pathogens via phase contrast mi-
croscopy (Fig. 6). In the case of the pathogen F. oxysporum ITCC-5330,
spore development was also detected in the control; however, in the
presence of AGAs, spores were either non-existent or present in a much
smaller amount than in the control.

3.6. Plant growth promoting activities of selected multi-stress tolerant
AGAs

All four AGAs solubilized phosphate and potassium, but only two, 18
and 62 were able to solubilize zinc. AGA 34 showed maximum phos-
phate and potassium solubilization of 489.17 mg/mL and 13.40 mg/mL,
respectively (Fig. 7A, B). IAA production by AGAs was in the range of
4.94-11.84 pg/mL. AGA S46-7 exhibited the maximum [AA production
(11.84 pg/mL) (Fig. 7C). Only AGA 62 showed ammonia, HCN, and
siderophore production. For ACC-deaminase activity, all four AGAs
showed positive results, and the maximum ACC-deaminase activity was
shown by AGA 18 i.e., 0.37 umol o-ketobutyrate/mg protein/min
(Fig. 7D).

Cytoplasmic degradation

AGA 62 & M. phaseolina
A B

M. phaseolina (control)
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3.7. Molecular characterization of isolates

Based on 16S rRNA gene sequencing and identification via EzBio-
Cloud, the identified AGAs were Bacillus siamensis SSVP1 (18), Bacillus
halotolerans SSVP2 (34), Pseudomonas aeruginosa SSVP3 (62), and Ba-
cillus tequilensis SSVP4 (S46-7). The sequences were submitted to NCBI
GenBank with accession numbers of OR078455, OR078456, OR078457,
and OR078458, respectively. The phylogenetic relationships of the
AGAs are shown in Fig. 8.

4. Discussion

F. oxysporum and M. phaseolina are considered among the most
devastating soil-borne pathogens of cotton, and various abiotic condi-
tions exacerbate their infection, resulting in poor plant growth and yield
(Alshoraky, 2021, Degani et al., 2022, Singh et al., 2023). Numerous
studies have previously demonstrated the ability of rhizospheric
microflora to control plant pathogens and enhance plant growth (Backer
et al., 2018, Saeed et al., 2021). As the majority of AGAs are not stress
tolerant, their antagonistic action under stressful conditions is weak-
ened; therefore, in the present study, we isolated AGAs from the rhizo-
sphere of cotton and evaluated their antagonistic potential against
M. phaseolina ITCC-5519 and F. oxysporum ITCC-5330, as well as their
efficacy under four different abiotic stresses (salt, pH, drought, and
temperature). The samples were collected from Mahendergarh, India,
which is a semi-arid region with very hot summers and cold winters.

The biomass inhibition and dual plate assay data suggest that these
AGAs could be promising biocontrol option for controlling the tested
pathogens in the field. In vitro assessment of the antagonistic activities
of different AGAs has shown mycelia growth inhibition of pathogens
M. phaseolina ITCC-5519 and F. oxysporum ITCC-5330. Surprisingly,
P. aeruginosa SSVP3 (62) inhibited and degraded the mycelia of
M. phaseolina ITCC-5519 in plate assay. Various Bacillus and Pseudo-
monas species are reported to inhibit Fusarium and Macrophomina
mycelia growth through the secretion of different antifungal compounds
and secondary metabolites (Pal et al., 2001, Xu et al., 2020). Different
hydrolytic enzymes, such as chitinase, glucanase, protease, and cellulase
secreted by various biocontrol agents also play significant roles in the
biocontrol of fungal pathogens (Jadhav et al., 2017). Several researchers
have reported similar results for the mycelial growth inhibition of
Macrophomina by Bacillus amyloliquefaciens (66.8 %) (Rangel-Montoya
et al., 2022), B. siamensis (75 %) (Hussain and Khan, 2020), Pseudomonas
sp. (61.69 %) (Sundar et al., 2021) and Fusarium by B. siamensis (47.39
%) (Khalil et al., 2021), Streptomyces sp. (76.54 %) (Colombo et al.,
2019), and Pseudomonas sp. (61.69 %) (Kumar et al., 2022) in plate
assays.

Spore Cytoplasmic degradation

F. oxysporum (control)  AGA 62 & F. oxysporum

C D

Fig. 6. Cytoplasmic degradation inside mycelia of fungal pathogens in the presence of AGAs; A. Intact mycelia of M. phaseolina ITCC-5519 in the control; B.
Cytoplasmic degradation of M. phaseolina ITCC-5519 mycelia in the presence of AGA 62; C. Spores and intact mycelia of F. oxysporum ITCC-5330; D. Cytoplasmic

degradation and no spore formation in the presence of AGA 62.
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Bacillus siamensis SSVP1 (OR078455)
Bacillus siamensis KCTC 13613 (AJVF01000043)
Bacillus tequilensis SSVP4 (OR078458)
o Bacillus rugosus SPB7 (JABUX0010000041)
Bacillus tequilensis KCTC 13622 (AYTO01000043)
Bacillus cabrialesii TE3 (MK462260)

| Bacillus halotolerans ATCC 25096 (LPVF01000003)
Bacillus halotolerans SSVP2 (OR078456)
{Pseudomonas aeruginosa SSVP3 (OR078457)

Pseudomonas aeruginosa JCM 5962 (BAMA01000316)

sl Pseudomonas lalkuanensis PEOS (MF943158)

Pseudomonas otitidis MCC10330 (4Y953147)

—
0.05

Aspergillus niger ATCC 16888

Fig. 8. Phylogenetic relationship of AGAs with other bacteria. The 16S rDNA sequences used for comparison were downloaded from EzBioCloud (https://www.ezbi
ocloud.net/identify). Aspergillus niger ATCC 16888 ITS region was used as an outgroup for comparison. GenBank accession numbers for all species are given in
parentheses. The analysis was performed using the Bootstrap method with 1000 replications using the Kimura 2-parameter model in MEGA11 software.

The percentage biomass inhibition activity of the AGAs ranged from
96.15 to 99.88 % against M. phaseolina and 67.18 to 100 % against
F. oxysporum. The antagonistic activity of these AGAs may be due to the
secretion of lytic enzymes, volatile organic compounds, antifungal
compounds, secondary metabolites, siderophores, and mycoparasitism
(Kohl et al., 2019, Panchalingam et al., 2022). Several researchers have
relied on an estimation of fungal biomass inhibition to determine the in

vitro antagonistic activity of antagonistic agents (Trivedi et al., 2008,
Tamreihao et al., 2016, Mardanova et al., 2017). Trivedi et al. (2008)
reported a maximum of 76.9 % biomass degradation of Fusarium by
Pseudomonas corrugate. In the broth assay, greater biomass inhibition
was observed than mycelial growth inhibition on the plate, possibly due
to the close contact of the AGAs with fungal pathogens and the easy
diffusion of antifungal metabolites secreted by the AGAs. However, a
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positive correlation was observed between the ability of AGAs to inhibit
mycelial growth on plates and biomass inhibition in broth, suggesting
that AGAs that inhibited growth on plates should also show biomass
inhibition.

Due to changing environmental conditions, crops face different
abiotic stresses that reduce productivity and increase infection proba-
bility. Assessment of the stress tolerance of AGAs revealed that all four
AGAs B. siamensis SSVP1 (18), B. halotolerans SSVP2 (34), P. aeruginosa
SSVP3 (62), and B. tequilensis SSVP4 (S46-7) were able to tolerate
multiple stresses (temperature, pH, salinity, and osmotic stress). There
are several reports on the salt tolerating ability of B. siamensis (Gan et al.,
2022), B. halotolerans (Zhang et al., 2018), P. aeruginosa (Kaleh et al.,
2022), and B. tequilensis (Oviya et al., 2023) as well as on their drought
(Zhang et al., 2018, Kushwaha et al., 2020), temperature (Lee et al.,
2018), and pH (Shylla et al., 2021) tolerance ability; however, none of
these reports has shown the stress tolerance ability of isolates against all
four stresses. Therefore, our study is the first to report multiple stress
tolerant AGAs with high antagonistic potential against the fungal
pathogens M. phaseolina ITCC-5519 and F. oxysporum ITCC-5330. Bac-
teria use several mechanisms including exopolysaccharide secretion,
biofilm formation, and osmolyte synthesis, to endure different abiotic
stresses and help plants tolerate these stresses through the production of
ACC deaminase, phytohormone-like auxin, gibberellin, cytokinin (CK),
extracellular polymeric substances, volatile compounds, siderophores,
biofilm formation, osmolytes, or increased antioxidant production
(Kumar et al., 2022).

Fungal pathogens grow more slowly than antagonistic agents;
therefore, to observe the effect of AGAs on fully grown mycelia of
pathogens, AGAs were inoculated 4 days after fungal pathogen inocu-
lation. This showed interesting results indicating the efficacy of the
AGAs in degrading the mycelial biomass of the pathogens. The per-
centage biomass degradation ability of the AGAs ranged from 87.88 to
97.83 % for M. phaseolina and 84.15 to 96.81 % for F. oxysporum. The
biomass degradation ability of the AGAs varied among each other as
well as among pathogens, possibly due to the different biocontrol
mechanisms used, varying metabolites, lytic enzyme secretion levels,
and counter mechanisms of the pathogens (Gang et al., 2019, Gan et al.,
2022). Under the microscope, significant morphological changes were
observed in the mycelia of both pathogens compared to those of the
control. Cytoplasmic degradation was visible during the co-culture of
AGAs and pathogens.

AGAs exhibited different plant growth-promoting activities, such as
mineral solubilization (P, K, and Zn), IAA, ACC-deaminase, ammonia,
HCN, and siderophore production. These activities help plants withstand
different abiotic stresses and promote plant growth. ACC-deaminase
production is a well-known mechanism of stress endurance. Bacillus
spp. and Pseudomonas spp. are well known for their different plant
growth-promoting activities (Ali et al., 2020, Carlson et al., 2020,
Marfungah et al., 2023, Ratnaningsih et al., 2023).

Multi-stress tolerant AGAs are viable alternative options for chem-
icals that can adapt to and withstand high-stress conditions, such as low/
high temperature, osmotic stress, salt, and acidity/basic stress, such that
stable populations can be maintained in stressed environments. Our
study highlights the potential of multi-stress tolerant AGAs as biocontrol
agents and biofertilizers due to their high antagonistic activity and
different plant growth promoting activities.

5. Conclusion

The application of antagonistic agents to control soil-borne patho-
gens such as M. phaseolina and F. oxysporum is effective for many crops.
Out of a total of 132 isolates, 30 had potential antagonistic activity
against M. phaseolina and F. oxysporum. Additionally, these isolates can
inhibit these pathogens under multiple stress conditions and have the
potential to increase plant productivity by producing different plant
growth-promoting substances. These isolates were identified as Bacillus
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spp. and Pseudomonas sp. based on molecular analysis. However, a
detailed study of the ability of these AGAs to establish their growth-
promoting potency and biocontrol efficiency in natural environments
will lead to the use of these strains as crucial bioinoculants for integrated
disease management which will benefit the farmers. Therefore, pot and
field studies must be done to assess and validate the true efficacy and
practical implications of the findings.
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