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Abstract
Biological control has gained increasing attention as a strategy to address bi-
otic and abiotic stresses in crops. In this study, we identified the strain KRS009
as Bacillus mojavensis through morphological identification and multilocus
sequence analysis. KRS009 exhibited broad‐spectrum antifungal activity
against various phytopathogenic fungi by secreting soluble and volatile com-
pounds. Additionally, the physio‐biochemical traits of strain KRS009 were
characterized, including its growth‐promoting capabilities and active enzymes.
Notably, KRS009 demonstrated the capacity for biofilm formation and exhibited
tolerance to saline‐alkali conditions. The biological security evaluation
confirmed the safety of KRS009 for both humans and plants. Furthermore,
strain KRS009 was found to trigger plant immunity by inducing systemic
resistance through salicylic acid‐ and jasmonic acid‐dependent signaling
pathways. Greenhouse experiments conducted on cotton plants proved that
the treatment with strain KRS009 effectively protected cotton against Verti-
cillium wilt caused by Verticillium dahliae and promoted the growth of cotton
under salt stress. These findings highlight the potential of B. mojavensis
KRS009 as a promising biocontrol and biofertilizer agent for promoting plant
growth, combating fungal diseases and mitigating salt stress in plants.

Fuhua Zhao and Dan Wang contributed equally to this paper.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided
the original work is properly cited.

© 2024 The Author(s). New Plant Protection published by John Wiley & Sons Australia, Ltd on behalf of Institute of Plant Protection, Chinese Academy of Agricultural
Sciences.

New Plant Prot. 2024;1:e20. wileyonlinelibrary.com/journal/npp2 - 1 of 16
https://doi.org/10.1002/npp2.20

httpsdoiorg101002npp220
https://orcid.org/0000-0003-2187-3487
mailto:zhangdandan@caas.cn
mailto:dongfeihan@usts.edu.cn
mailto:swxzxj@126.com
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/npp2
https://doi.org/10.1002/npp2.20
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fnpp2.20&domain=pdf&date_stamp=2024-12-25


Suzhou University of Science and Technology,
Grant/Award Number: USTS‐332211215 KEYWORDS

Bacillus mojavensis KRS009, biocontrol, plant immunity, salt stress, verticillium wilt

1 | INTRODUCTION

Cotton (Gossypium) is a vital renewable resource,
renowned as the primary fiber crop, as well as its
environmental and social benefits.1 However, cotton
plants face various biological and abiotic stresses that
significantly impact crop yield. Cotton Verticillium wilt
caused by Verticillium dahliae is one of the major
threats to cotton production worldwide. As a soilborne
vascular disease, cotton Verticillium wilt is widely
distributed and highly destructive, causing substantial
economic losses for the cotton industry. Abiotic
stresses, including high temperatures, drought, and
salinity, impose significant restrictions on cotton growth
and productivity, especially salt stress.2,3 There were
over 953 million hectares of saline‐alkali land in China,
of which Xinjiang accounted for 22.1% of this area,
totaling 2.2 � 107 ha.4,5 Xinjiang is one of the provinces
with the largest and most concentrated saline‐
alkalidistribution area and the most serious saline‐
alkali threat in northwest China, and there are sub-
stantial challenges in ameliorating these conditions.6

The widespread distribution of saline‐alkali land in
major cotton‐producing regions affects both the quality
and yield, leading to substantial economic losses for the
cotton industry.7 Addressing these challenges is crucial
for sustaining cotton production and ensuring the eco-
nomic well‐being of cotton‐producing regions. Conse-
quently, strategies for preventing and controlling
Verticillium wilt of cotton, as well as mitigating the
impact of soil salinization on the cotton industry, have
attracted extensive attention nowadays.

At present, the primary approaches for controlling
plant fungal diseases include breeding resistant vari-
eties, crop rotation, and chemical control. Although
resistant varieties have demonstrated excellent control
efficiency, the lengthy selection and breeding pro-
cesses present substantial challenges to their wide-
spread implementation. Chemical control, although
effective to some extent, is limited by high costs, and
poses adverse health and environmental risks.8 Addi-
tionally, crop rotation can lead to increased operational
costs and labor requirements. In contrast, biological
control has emerged as a promising alternative due to
its eco‐friendliness and cost‐effectiveness.9 Biological
control agents, which include microorganisms, antibi-
otics, and plant elicitors, were increasingly used to
combat plant fungal diseases and have gradually been
used in agricultural production.10 Among these agents,
biocontrol microorganisms are widely employed for
their ability to induce plant systemic resistance,
outcompete pathogenic fungi for nutrients and colo-
nizing space, produce plant hormones, provide

nutrients to promote plant growth, and inhibit pathogen
infection.11

Biocontrol bacteria, particularly Bacillus strains such
as B. subtilis, B. cereus, B. velezensis, Bacillus pum-
ilus, Bacillus mojavensis, and B. halodurans, play an
important role in controlling plant fungal diseases.12–14

For instance, B. halotolerans could effectively inhibit
the occurrence of tomato wilt caused by Fusarium
oxysporum f. sp. Radicis‐lycopersici and also exhibits
strong inhibition of Alternaria alternata, Botrytis cin-
erea, Rhizoctonia bataticola, and Phytophthora infes-
tans.15 In addition, some Bacillus strains not only
exhibit salt tolerance but also improve the salt toler-
ance of plants.16 It has been reported that B. hal-
otolerans strains NMCN1 and LLCG23 possess unique
genetic traits that enable them to combat salt stress,
making them suitable for use in different bio‐
formulations to enhance crop productivity in saline
soils.17 B. mojavensis is widely distributed with bio-
logical security and environmental safety, significantly
contributing to the biological control of plant fungal
diseases. The strain B. mojavensis PS‐17 has been
shown to inhibit the growth and development of path-
ogenic fungi, exhibiting halotolerance at 5% (w/v) of
NaCl and drought tolerance at an osmotic pressure of
−2.2 MPa.18,19 Additionally, B. mojavensis BQ‐33
serves as a potential biocontrol agent against kiwifruit
black spot and other plant diseases caused by fungal
pathogens.14 B. mojavensis I4 could help improve
wheat's tolerance to salt stress and can also be used
as a biofertilizer to enhance plant growth in saline soils
and support agriculture practices, which contribute to
food security in these challenging global conditions.20

Moreover, B. mojavensis has been found to alleviate
salt stress in cotton plants, demonstrating its dual
benefits in disease control and stress tolerance.
Therefore, B. mojavensis presents a promising appli-
cation prospect in crop disease control.

In this study, to better understand the antagonistic
strain KRS009, a series of experiments were per-
formed: the broad‐spectrum antifungal activity against
seven pathogenic fungi was determined by plate
confrontation and fumigation test; the taxonomic fea-
tures were determined through morphological identifi-
cation, phylogenetic analysis, and physiological and
biochemical characteristics; the effect of KRS009 on
the growth and development of V. dahliae was studied
by microscopic examination; the biocontrol functions
against cotton Verticillium wilt and the promotion of
plant growth were assessed; and the salt tolerance of
KRS009, along with its ability to enhance plant salt
tolerance, was evaluated. This work provides a foun-
dation for utilizing strain KRS009 as an effective
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biological agent to control Verticillium wilt in hypersaline
environments.

2 | MATERIALS AND METHODS

2.1 | Growth of microbes and plants

The strain KRS009 was isolated from the rhizosphere
soil of a healthy plant in a pathogen‐infested cotton field
in Xinjiang Province, China, and has been deposited in
the China General Microbiological Culture Collection
Center (CGMCC No. 27656). KRS009 was cultured in
an LB medium at 28°C. The pathogenic fungi including
V. dahliae, F. oxysporum, Colletotrichum gloeospor-
ioides, Magnaporthe oryzae, B. cinerea, Colletotrichum
falcatum, and F. graminearum were cultured on PDA
plates at 25°C. The Gossypium hirsutum (Junmian No.
1) cotton seedlings were grown in a greenhouse at
25°C with a 16 h light/8 h darkness photoperiod.

2.2 | Antifungal activity assays in vitro

The effects of KRS009 on the colony growth of seven
pathogenic fungi were evaluated through confrontation
and fumigation culture assays. For the confrontation
culture assays, a fungal bulk with a diameter of 6 mm
was inoculated at the center of a PDA plate, while a 10‐
μL suspension of KRS009 (OD600 = 1.0) was dropped
2 cm away from the fungal patch. 10 μL of LB broth
dropped at the same distance from the fungal patch
served as a control. All plates were cultured in the dark
with 25°C for three to seven days. The inhibition rate
(%) was calculated using the formula [(C‐T)/(C‐
3)] � 100, where ‘C’ represents the semidiameter of the
fungal colony in the control group, and ‘T’ represents
the semidiameter of the fungal colony in the treatment
group. Both the control and treatment groups were
performed in triplicate, and the experiment was
repeated three times. For the fumigation culture as-
says, the antifungal activity of the volatile organic
compounds (VOCs) released from KRS009 against the
seven fungal pathogens was evaluated using two
sealed base plate assays.21 The diameters of the
fungal colonies in the control and treatment groups
were marked as ‘c’ and ‘t’, respectively, and the inhi-
bition rate (%) was calculated as [(c‐t)/(c‐6)] � 100. The
culture conditions and experimental replications
remained consistent with those described above.

2.3 | Identification and evaluation of
basic characteristics of strain KRS009

The cell suspensions of KRS009 were stained using the
Gram staining kit (Coolaber, SL7040), including initial

dyeing, mordant dyeing, decolorization, and redyeing.22

A single colony of KRS009 was inoculated in 50 mL of
LB, LBGM, and MSgg broth, respectively, shaken at
200 rpm for 24 h at 28°C, and then statically cultured at
28°C for 5 days to observe biofilm formation. The media
components of LBGM and MSgg were referenced from
previous research.23

Phylogenetic analysis was performed to assign the
taxonomy of strain KRS009 using multilocus sequence
analysis and typing (MLSA‐MLST) according to the
previously described method with modifications.24,25

Four housekeeping genes (rpoB, purH, gyrB, and rpoD)
of strain KRS009 were amplified using the specific
primers listed in Table S1 in Supporting
Information S2.26,27 The PCR amplification procedure
included initial denaturation at 95°C for 5 min, 33 cycles
of denaturation at 95°C for 30 s, annealing at 58°C for
30 s, extension at 72°C for 90 s, and a final extension at
72°C for 5 min. The sequences were then aligned with
the reference genome of Bacillus sp. strains from the
National Center for Biotechnology Information (http://
www.ncbi.nlm.nih.gov/genomes/lproks.cgi), followed by
the construction of a phylogenetic tree using MEGA11
and a further customization by TVBOT.

The physiological and biochemical characteristics of
KRS009 were assessed based on the methods of
Bergey's Manual of Systematic Bacteriology.28 The 10‐
μL cell suspension (OD600 = 1.0) of KRS009 was
inoculated on different functional characteristic plates
and incubated at 28°C for two to four days, with
Escherichia coli DH5α serving as a control. The activity
of amylase and protease, along with the utilization of
inorganic phosphorus, organic phosphorus, nitrogen,
potassium, siderophore production, and indole pro-
duction were assessed according to the methods
described by Wang et al.21 The saline‐alkaline toler-
ance of KRS009 was evaluated by adding cell sus-
pensions (1% v/v, OD600 = 1.0) to an LB medium with
varying salt concentrations and pH levels. Temperature
tolerance was tested at 25°C, 28°C, 30°C, 37°C, and
42°C. A safety evaluation of the strain KRS009 was
conducted by observing the damage of plant cells and a
hemolysis experiment in vitro.29 All assays were
repeated for twice, with each treatment comprising
three replicates.

2.4 | Microscopic observations

The strain KRS009 was cultured in an LB medium at
28°C for 72 h, after which it was centrifuged to obtain
the supernatant with 8000 rpm for 15 min. This super-
natant was then filtered using a sterile filter (0.22 μm),
and the cell‐free fermentation supernatant was har-
vested. Subsequently, the cell‐free fermentation su-
pernatant was co‐incubated with the conidial
suspension of V. dahliae for 24 h, and conidial
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germination was observed using a differential interfer-
ence contrast (DIC) microscope. The hyphal
morphology, along with the VOCs released from
KRS009 and the 20% cell‐free fermentation superna-
tant, was observed using a scanning electron micro-
scope (SEM). The treatment methods were referenced
to the studies of Shan et al.30 and Wang et al..21

2.5 | Biocontrol effect and plant growth
promotion assays

The 3‐week old cotton seedlings were used to test the
biocontrol effect of the strain KRS009 against Verti-
cillium wilt. The conidial suspension with 1 � 107/mL of
V. dahliae and the KRS009 cell suspension with an
OD600 of 1.0 were prepared. The biocontrol effect
assay included four groups as following: the ‘Mock’
group, which was treated with water only; the ‘KRS009’
group, which was irrigated with KRS009 cells’ sus-
pension; the ‘Vd’ group, which was inoculated with the
conidial suspension of V. dahliae; and the ‘KRS009_Vd’
group, which was inoculated with the conidial suspen-
sion of V. dahliae after being treated with the KRS009
cell suspension for 7 days. All treatments were con-
ducted in the same conditions as described before, and
the disease phenotypes were observed. The disease
index (DI) was calculated using the formula: DI = [Σ(the
seedling of every grade � relative grade)/(total
seedlings � the most serious grade)] � 100.31 The
relative biomass of V. dahliae in the ‘KRS009_Vd’
group was determined by quantitative PCR (qPCR) as
previously described.32 For the plant growth promotion
assays, the plant height, stem diameter, fresh weight,
dry weight, the relative content of chlorophyll (the value
of Soil and Plant Analyzer Development, SPAD), and
nitrogen content in cotton were recorded 30 days after
treatment with KRS009 cells’ suspension. Each
experiment was performed with the same batch of
cotton seedlings, with at least 20 cotton seedlings for
each treatment, and the experiment was repeated three
times.

To detect the expression levels of defense‐related
genes in cotton seedlings, roots from the ‘Mock’ and
‘KRS009’ groups were collected. Total RNA was
extracted using an EASYspin plus RNA speed extract
kit (Aidlab, Beijing, China), the first‐strand cDNA was
synthesized with a cDNA Synthesis SuperMix kit
(Trans‐Gen, Beijing, China), and RT‐qPCR was carried
out using TransStart Top Green qPCR SuperMix
(þDyeII) Kit (Trans‐Gen, Beijing, China) according to
the manufacturer's instructions. Expression levels of
the salicylic acid (SA)‐ and jasmonic acid (JA)‐
pathway‐related genes were detected, and the G. hir-
sutum UBQ7 (GhUBQ7) was used as the reference
gene for normalization. This assay was repeated twice,
with each containing three technical replicates. The

results were evaluated using the 2−ΔΔCT method as
described previously.33 The primer pairs are listed in
Table S1 in Supporting Information S2.

2.6 | Salt tolerance assay of cotton
seedlings

To test whether KRS009 can improve salt tolerance in
cotton seedlings, we conducted a series of experi-
ments. Firstly, the growth of cotton seedlings under
different salt concentration gradients, including
200 mM, 300 mM, 400 mM, 500 mM, and 600 mM
NaCl, were assessed to establish a threshold for salt
tolerance in cotton seedlings. Secondly, a randomized
complete block design was used with two factors at two
levels, including non‐inoculation and inoculation with
strain KRS009, across NaCl concentrations of 0 and
600 mM. This setup resulted in four groups: Mock,
KRS009, 600 mM NaCl, and KRS009_600 mM NaCl.
Each treatment was replicated three times. A 2‐mm soil
sieve was used to filter the nutrient soil. The ratio of
NaCl solution to soil is 9:8 (V/W, mL/g).

Four groups were prepared as follows: Mock: 900mL
of sterile ddH2O; KRS009: cultured in an LBmedium and
incubatedby shaking (200 rpm) for 72 hat 28°C, followed
by cell collection by centrifugation and resuspension in
900 mL of sterile ddH2O until reaching a final OD600 of
0.5; 600 mM NaCl: a 900‐mL NaCl solution with a con-
centration of 600 mM; KRS009_600 mM NaCl: KRS009
cells recovered by centrifugation and resuspended in the
900‐mL NaCl solution (600 mM) until reaching a final
OD600 of 0.5.

34 Plants subjected to treatments without
salt stress were irrigated with sterile ddH2O. The pots
were individually weighed daily using the method of
specific gravity, and the saline solution (600 mM NaCl)
was applied to maintain a consistent salt concentration
across all pots. Each group was conducted with at least
three replicates, and this assay was performed three
times.

For the detection of expression levels of salt
tolerance‐related genes, including GhARF,
GhWRKY41, GhMYB1, GhMAPK, GhbHLH, GhDBP2,
GhC2H2, GhCBL3, GhCBL4, and GhSOS4,35–39 in
cotton seedlings, the roots of cotton seedlings from four
distinct groups were collected. The RNA extraction,
cDNA synthesis, and RT‐qPCR detection were con-
ducted as above. The primer pairs are listed in Table S1
in Supporting Information S2.

2.7 | Statistical analyses

The data presented in this study were shown as
mean � SD (n = 3), and an unpaired Student's t‐test
was performed to determine statistical significance.
Statistical analyses were performed using SPSS 17.0
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(IBM, Chicago, USA). The means were compared by
analysis of variance (ANOVA), and mean differences
were evaluated using Duncan's multiple range tests. A
significance level of p < 0.01 was considered statistical
significance.

3 | RESULTS

3.1 | KRS009 has broad‐spectrum
inhibitory activity in vitro and was
identified as B. mojavensis

In order to determine the spectrum of inhibitory acti-
vity of KRS009, confrontation tests and covering fumi-
gation treatments were conducted. In the confrontation
test, strain KRS009 exhibited a strong inhibitory effect
on the mycelial growth of seven pathogens (Figure 1A).
The fermented broth of strain KRS009 significantly
inhibited the growth of V. dahliae, B. cinerea, and M.
oryzae, with suppression rates of 90.15%, 78.97%, and
97.42%, respectively. Additionally, strain KRS009
showed inhibitory effects on C. gloeosporioides, C.
falcatum, F. graminearum, and F. oxysporum, with in-
hibition rates of 44.20%, 43.58%, 32.86%, and 67.19%,
respectively (Figure 1B,C). These results suggest that
strain KRS009 may possess the ability to secrete ant-
ifungal metabolites that exert inhibitory activity. Furt-
hermore, to distinguish the antifungal effects of
KRS009 cells and their secondary metabolites, cell
suspension (CS) and fermentation supernatant (FS,
also referred to as cell‐free supernatant), respectively,
were collected to evaluate their inhibitory functions. The
CS and FS of KRS009 exhibited varying degrees of
inhibitory effects on different fungi. Especially in the cell
suspension of KRS009, whether at 10% or 20% (v/v),
the inhibitory rate exceeded 50% (Figure S1, S2 in
Supporting Information S1). Further investigation was
conducted to study whether VOCs inhibit the growth of
pathogenic fungi. Through the covering fumigation
treatment, the inhibitory effects of VOCs on the growth
of seven pathogens were evaluated. The results indi-
cated that KRS009 exhibited varying degrees of in-
hibitory effects on these seven pathogenic fungi
(Figure 1D). Notably, the colony growth of B. cinerea
was significantly inhibited by strain KRS009, achieving
a suppression rate of 88.32%. Additionally, the inhibi-
tion rates against V. dahliae, C. gloeosporioides, C.
falcatum, F. graminearum, M. oryzae, and F. oxyspo-
rum were 29.85%, 27.27%, 21.92%, 28.65%, 38.79%,
and 35.82%, respectively (Figure 1E,F). Taken tog-
ether, these results demonstrate that strain KRS009
possesses a broad‐spectrum inhibitory effect on plant
pathogens.

Morphologically, the colony of strain KRS009
appeared oyster white and opaque, forming rough,

wrinkled circular colonies on the LB medium (Figure
S3A in Supporting Information S1). SEM observation
indicated that KRS009 is a short rod‐shaped bacterium,
with length ranging from 1.5 to 2.5 μm and widths from
0.5 to 0.8 μm (Figure S3B in Supporting
Information S1). Gram staining indicated that KRS009
is a gram‐positive, blue‐purple colored, short coryne-
form bacterium (Figure S3C in Supporting
Information S1). The strain KRS009 demonstrated the
ability to form biofilms, with E. coli DH5α serving as the
negative control (Figure S3D and S4 in Supporting
Information S1). Phylogenetic analysis confirmed that
strain KRS009 belongs to the clade I group of B.
mojavensis, based on multilocus sequence analysis
and typing (MLSA‐MLST) involving tandem loci such as
rpoB, purH, rpoD, and gyrB (Figure S3E in Supporting
Information S1).12

3.2 | Physiological and biochemical
analysis of KRS009

The physiological and biochemical characteristics of
KRS009 are summarized in Table S2 in Supporting
Information S2. In this study, the strain KRS009
exhibited a variety of enzymatic activities, including
amylase, protease, oxidase, catalase, and gelatinase
(Figure S5A in Supporting Information S1). These ac-
tivities may play crucial roles in enhancing the degra-
dation of the cell wall of pathogens, and potentially
providing accessible energy sources for the bacterium.
Additionally, KRS009 demonstrated a strong capacity
to solubilize potassium, indicating its potential as a
plant growth‐promoting agent (Figure S6A in Support-
ing Information S1). Furthermore, as an aerobic bac-
terium, KRS009 showed the capacity to reduce nitrate
(Figure S6B in Supporting Information S1). Negative
results were observed for the phenylalanine deaminase
test, inorganic phosphate dissolution, organophosphate
dissolution, nitrogen fixation, siderophore detection
test, indole test, methyl red test, citrate utilization,
hydrogen sulfide test, and glucose utilization (Figure
S5A and S6A‐B in Supporting Information S1).

Safety assessment is crucial for the potential appli-
cation of biocontrol microorganisms. Pathogenicity and
hemolysis tests were performed to evaluate the safety
of strain KRS009. Trypan blue staining revealed no
necrosis in cotton roots inoculated with strain KRS009,
indicating no adverse effects compared to the control.
In contrast, roots soaked in Ralstonia solanacearum
fermentation broth exhibited blue dye accumulation
(Figure S5B in Supporting Information S1). To ensure
human safety and health, the hemolytic test on
Columbia and Mueller–Hinton blood plates indicated
the absence of α‐hemolysin in KRS009, as evidenced
by the lack of a hemolytic ring around the colony,

NEW PLANT PROTECTION - 5 of 16

 29949890, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/npp2.20 by D

idier L
E

SU
E

U
R

 - R
eadcube (L

abtiva Inc.) , W
iley O

nline L
ibrary on [02/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



F I GURE 1 The strain KRS009 exhibits broad‐spectrum inhibitory activities against plant pathogenic fungi. (A) The antifungal
activity of strain KRS009 against seven plant pathogenic fungi was determined using plate antagonistic culture method (B, C) The
semidiameter of the fungal colonies and the inhibition rates of their growth were measured through the confrontation culture assay (D) The
antifungal activity of volatile organic compounds (VOCs) was determined by the covering fumigation method (E, F) The diameter of the fungal
colonies and their corresponding inhibition rates were measured through the covering fumigation. Error bars represent standard errors. ****:
significant differences at p < 0.0001 according to an unpaired Student's t‐test. Based on one‐way analysis of variance (ANOVA), the letters (A
to F) in the above column indicate significant differences at the p ≤ 0.01 level. Verticillium dahliae (Vd); Colletotrichum falcatum (Cf);
Colletotrichum gloeosporioides (Cg); Fusarium graminearum (Fg); F. oxysporum (Fo); Magnaporthe oryzae (Mo); and Botrytis cinerea (Bc).
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confirming that KRS009 does not break down red blood
cells (Figure S5C in Supporting Information S1). These
results affirm the safety and innocuous nature of strain
KRS009.

Given the increasing focus on crop cultivation in
high‐temperature and saline‐alkali areas,40 we evalu-
ated the resistance of strain KRS009 to both high
temperatures and saline‐alkali conditions. Culturing
KRS009 at various temperatures (25°C, 28°C, 30°C,
37°C, and 40°C) revealed its significant heat resistance
relative to the control group, with optimal growth at
28°C, identified as the most suitable culture tempera-
ture (Figure S7A,B in Supporting Information S1).
Similarly, culturing KRS009 at different pH levels (4.0,
5.0, 6.0, 7.0, 8.0, 9.0, 10.0, and 11.0) demonstrated
alkaline resistance compared to the control group, with
optimal growth at pH 7.0, which was determined to be
the most suitable culture pH (Figure S7C,D in Sup-
porting Information S1).

3.3 | The strain KRS009 inhibited the
morphological development of V. dahliae

Conidial germination was evaluated as a key factor
influencing the outbreak of plant fungal diseases.
Microscopic observations revealed that conidia treated
with KRS009 culture filtrate exhibited reduced or no
germination compared to the control group, with a
decrease in spore concentration as the treatment
period increased (Figure 2A,B).

Inoculating V. dahliae on a PDA plate containing
20% extracellular metabolites of KRS009 or VOCs
produced by KRS009 resulted in significant growth in-
hibition (Figure 2C,D), with suppression rates of
35.08% and 67.35%, respectively (Figures S8A and 8B
in Supporting Information S1). Moreover, SEM obser-
vations showed that the morphology of V. dahliae
mycelia treated with KRS009 showed rough folds,
disordered growth, breakage, and hollow formation,
whereas the control group exhibited smooth, intact
hyphae with normal growth (Figure 2E,F). The results of
stereomicroscopic observations further supported
above findings, revealing disordered, expanded, and
broken mycelia in the treatment group compared to the
control (Figures S8C and 8D in Supporting
Information S1).

3.4 | The strain KRS009 can protect
cotton from Verticillium dahliae

We further investigated whether strain KRS009 could
prevent the onset of cotton Verticillium wilt in pot as-
says. The cotton group infected solely with the patho-
genic fungus V. dahliae exhibited disease symptoms,

including slow growth, yellowing leaves, and defolia-
tion. In contrast, cotton treated with KRS009 exhibited
robust growth and enhanced resistance to Verticillium
wilt compared to control plants (Figure 3A and Figure
S9 in Supporting Information S1). Moreover, the
efficacy of KRS009 was comparable to that of the
chemical fungicide tebuconazole and other Bacillus
strains, including B. amyloliquefaciens KRS00541 and
B. subtilis KRS015 (Figure S9 in Supporting
Information S1).31 Longitudinal cutting of the cotton
stem revealed browning and wilting in the vascular
bundles of cotton from the group infected solely with V.
dahliae, whereas no such symptoms were observed in
the treatment group (Figure 3A). The disease index for
the group infected with the suspension of V. dahliae
conidia alone was 90.16%, with disease grades at
levels G1 (6.41%), G2 (16.68%), and G3 (76.90%). In
comparison, the group treated with the suspension of V.
dahliae conidia following application of KRS009
fermentation broth exhibited a disease index of 1.60%,
with disease grades at levels G0 (95.19%) and G2
(4.81%) (Figure 3B,C). Fungal biomass analysis using
quantitative PCR (qPCR) indicated a significant
reduction in fungal growth when treated with KRS009
fermentation broth compared to the control (V. dahliae)
(Figure 3D). These findings confirm that strain KRS009
can protect cotton from V. dahliae, as validated in
greenhouse experiments.

Previous studies have demonstrated that biocontrol
microorganisms can induce an immune response in
plants by secreting secondary metabolites that
enhance their ability to resist biotic stress, such as
pathogenic fungi. To investigate whether KRS009 could
trigger the plant defense response, the expression
levels of the related marker gene in the salicylic acid
(SA)‐ and jasmonic acid (JA)‐signaling pathways were
examined using reverse transcription quantitative PCR
(RT‐qPCR). Cotton plants treated with KRS009
fermentation broth for two days showed a significant
induction of marker genes in the SA‐ (GhEDS1, GhICS,
GhNPR1, GhNDR1,WRKY7, GhPR1, and GhPR5) and
JA‐ (GhAOS, GhJAZ, GhAOCS, GhLOX1, and
GhOPR3) signaling pathways compared to the water‐
treated control cotton (Figure 3E,F). These results
suggest that KRS009, effectively inhibits the occur-
rence of Verticillium wilt, potentially by stimulating the
plant immune response associated with the SA‐ and
JA‐signaling pathways.

Plant growth‐promoting rhizobacteria (PGPR)
represent a diverse group of plant‐associated microor-
ganisms that colonize plant roots, interact with plants,
stimulate growth, and positively influence plant meta-
bolism. B. mojavensis has been identified as a typical
PGPR.42 The impact of B. mojavensis KRS009
(OD600 = 1.0) on cotton growth was investigated
(Figure S10A in Supporting Information S1). Treatment
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F I GURE 2 The Strain KRS009 influences on the growth and development of V. dahliae. (A) The spore germination of V. dahliae in the
presence of KRS009 fermentation broth was observed using a differential interference contrast microscope (DIC). The spores incubated in LB
broth were set as the control (B) The amount of sporulation at different time points was counted by incubating KRS009 fermentation
supernatant (KRS009‐FS) with the V. dahliae spore solution. The **** indicates statistical difference with p ≤ 0.0001 compared to the control
group (C) The inhibitory activity of covering fumigation of KRS009 against V. dahliae grown on potato dextrose agar (PDA) plates was
assessed, with covering fumigation of a Luria‐Bertani (LB) solid medium against V. dahliae as control group (D) The antifungal activity of
different concentrations of KRS009 fermentation supernatant (KRS009‐FS) against V. dahliae on PDA plates was evaluated, with different
concentrations of an LB solid medium used as controls (E, F) A scanning electron microscope (SEM) was used to examine hyphal morphology
defects from the edges and superficial state, as well as from the clear outline and internal cellular state of the inhibitory zone of V. dahliae, due
to the secondary metabolites and VOCs of strain KRS009. The ruler at the bottom right of the image indicates the actual size.
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with KRS009 markedly increased plant height, stem
diameter, fresh weight, and dry weight of cotton
compared to the control (Figure S10B in Supporting
Information S1). Furthermore, the contents of

chlorophyll and nitrogen in leaves of cotton treated
with KRS009 fermentation broth were increased
through a chlorophyll analyzer (Figure S10C in Sup-
porting Information S1). In conclusion, the KRS009

F I GURE 3 The efficacy of KRS009 in controlling Verticillium wilt in cotton. (A) The cotton plant phenotypes after the treatments with
uninoculated control (Mock), inoculation of V. dahliae (Vd), inoculation of Bacillus mojavensis KRS009 (KRS009), and inoculation of B.
mojavensis KRS009 followed by V. dahliae 7 days later (KRS009_Vd) were collected 21 days after V. dahliae infection, respectively (B) The
statistical analysis of the disease grade of Verticillium wilt in cotton (C) The disease index of Verticillium wilt on cotton was evaluated 21 days
after V. dahliae infection (D) Fungal biomass of V. dahliae on cotton roots was determined by quantitative PCR (qPCR) (E, F) The relative
expression levels of defense‐related genes involved salicylic acid (SA) and jasmonic acid (JA) pathways. Error bars represent standard errors.
*, **, ***, and **** denote significant differences at p < 0.05, p < 0.01, p < 0.001, and p < 0.0001, respectively, between the treatment and
control groups according to unpaired Student's t‐test.
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fermentation broth effectively promotes the growth of
cotton plants.

3.5 | KRS009 has the ability to tolerate
salt

Observations of strain KRS009 growth in an LB medium
with varying sodium chloride concentrations revealed
that KRS009 exhibited enhanced salt tolerance
compared to the DH5α control group (Figure 4A,B). After
5 days of static culture, biofilm formation was observed
in the KRS009 culture. The formation of biofilm was
positively correlated with the increase of NaCl concen-
tration (Figure 4C). The verification of salt tolerance in
KRS009 was further confirmed by culturing on Luria‐
Bertani (LB) plates with different salt concentrations
(Figure 4D). Moreover, the expression levels of exopo-
lysaccharides (EPS)‐related genes43 showed that eps‐J
and eps‐L were upregulated during biofilm formation
under salt stress (Figure S11 in Supporting
Information S1). These results indicate that KRS009 not
only possesses salt tolerance but also has the capability
to form the biofilm under relatively high salt stress.

3.6 | KRS009 can improve plant salt
tolerance

In order to study the role of KRS009 in cotton adapta-
tion to salt stress, a salt tolerance test was conducted.
Six groups were established, including Mock, 200 mM,
300 mM, 400 mM, 500 mM, and 600 mM NaCl. The
emergence of cotton was monitored on the seventh,
14th, and 21st days, with the emergence rate calcu-
lated based on the appearance of two cotyledons as the
standard. The results indicated that NaCl treatment
resulted in a decreasing trend in emergence rates of
seeds and an increasing trend in emergence time, and
the emergence rate in 600 mM NaCl was lower than
other treatments with lower concentrations (Figure 5A
and Figure S12A in Supporting Information S1). To
investigate the effects of NaCl on cotton plants, growth
parameters from the above five different salt stress
treatment groups were recorded and compared with the
control. The results indicate that at an NaCl concen-
tration of 300 mM, there is an observed increase in
SPAD values, plant height, nitrogen content, fresh
weight, and dry weight in cotton. In contrast, at an NaCl
concentration of 600 mM, these parameters show a

F I GURE 4 KRS009 possesses the ability to tolerate salt. (A) The growth of KRS009 was observed at different salt concentrations, with
Escherichia coli DH5α serving as the negative control (B) KRS009 was cultured at different salt concentrations to evaluate its growth (C) The
biofilm formation of KRS009 was observed by culturing in a Luria‐Bertani (LB) medium with different salt concentrations, with E. coli DH5α as
the negative control (D) The salt tolerance of KRS009 was evaluated by culturing on Luria‐Bertani (LB) plates with different salt
concentrations, with E. coli DH5α cultured as the negative control.
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significant decline (Figure S12B‒F in Supporting
Information S1). These findings indicate that an optimal
salt concentration can promote the growth of cotton
plants, whereas elevated salt concentration can impede
healthy development, establishing 600 mM NaCl as the
critical threshold for salinity tolerance in cotton.

Subsequently, several growth index of cotton
seedlings treated with KRS009 under salt stress was

investigated in a potted plant experiment. In the
“600 mM NaCl " group, cotton emergence was much
lower than in the “Mock” group, with slow seedling
development and dwarfed plants (Figure 5B). Param-
eters such as cotton fresh weight, dry weight, plant
height, leaf area, nitrogen, and chlorophyll levels were
all significantly diminished in the “600 mM NaCl " group
compared to the “Mock” group (Figure 5C). Conversely,

F I GURE 5 KRS009 improves the tolerance of cotton to salt stress. (A) The phenotype of cotton under different NaCl concentrations
(B) Determination of the ability of KRS009 to relieve salt stress in cotton. Four groups are set as following: KRS009, 600 mM NaCl, KRS009
mixed with 600 mM NaCl (600 mM NaCl_ KRS009), and control group treated with water only (C) The fresh weight, dry weight, plant height,
leaf area, value of SPAD and content of nitrogen in cotton seedlings were measured in the above four groups (D) Relative expression of salt
tolerance genes in cotton roots treated with KRS009 detected by qPCR. Each treatment value is presented as the mean of three replications
(n = 3) with the standard error (SE). Error bars represent standard errors. *, **, ***, and **** stand for the significant differences at p < 0.05,
p < 0.01, p < 0.001, and p < 0.0001, respectively, between the treatment and control groups according to unpaired Student's t‐test.
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“KRS009” demonstrated a strong capacity to enhance
growth, leading to increases in the aforementioned
diameters of cotton compared to the control
(Figure 5B,C). Notably, the cotton plants in the
“600 mM_KRS009” group exhibited superior growth
compared to those in the “600 mM NaCl” group, even
surpassing the control group, with elevated fresh
weight, dry weight, plant height, leaf area, chlorophyll,
and nitrogen contents (Figure 5B,C). These results
demonstrate that strain KRS009 not only alleviates the
salt stress but also promotes the growth of cotton
under such conditions.

Each stress factor triggers a complex cellular and
molecular network in crop plants, which utilize a com-
plex antioxidative defense system to repair or prevent
damage through inducing stress‐related genes.35 To
investigate whether KRS009 can induce plant defense
responses, RT‐qPCR was conducted to assess the
expression levels of salt tolerance‐related genes.
Transcription factors such as WRKY, bHLH, MYB, and
ARF are known to respond to salt stress.36 The
expression levels of these genes were all upregulated
in the KRS009 treatment group under salt stress.
Notably, the C2H2 zinc finger protein, which belongs to
the largest transcription factor family in plants, was
identified solely in the forward library. The expression
levels of GhARF, GhWRKY41, and GhC2H2 genes in
the KRS009 and the salt stress‐treated group were
significantly upregulated than the salt stress treatment
only (Figure 5D). Moreover, treatment with KRS009 at
600 mM salinity in cotton resulted in a considerable
upregulation of the DREB/CBF subfamily genes
GhMAPK, GhSOS4, GhCBL3, GhCBL4, and GhDBP2
(Figure 5D).44 Together, these findings showed that
KRS009 had the ability to enhance the salt tolerance of
cotton.

4 | DISCUSSION

The rhizosphere is the region surrounding plant roots
where microbial activity is maximized. Beneficial and
harmful activities of microorganisms in the rhizosphere
play a critical role in influencing plant growth and
development.45 Microbial community in the rhizosphere
is dominantly composed of bacteria, followed by fungi,
protozoa, Actinomycetes, etc.46 Mutualistic rhizo-
spheric bacteria that improve plant growth and health
are referred to as PGPR. These bacteria are essential
due to their multifaceted contributions to plant well‐
being,47 For instance, B. subtilis YB‐15 has been
identified as a promising biocontrol agent against
Fusarium crown rot and a promoter of wheat growth.
Reduced Fusarium crown rot can be attributed to direct
antagonism by the production of β‐1,3‐glucanase,
amylase, protease, and cellulase, along with the ca-
pacity of B. subtilis YB‐15 to induce defense‐related

enzyme activities of wheat seedlings, both indepen-
dently and in seedlings infected with F. pseudogrami-
nearum.48 In this study, we isolated the strain KRS009
from the rhizosphere soil of healthy plants in a cotton
field infested with pathogens. Through MLSA‐MLST
analysis of tandem loci of rpoB, purH, rpoD, and gyrB
and morphological identification, the strain KRS009
was identified as gram‐positive B. mojavensis (Figure
S3C,E in Supporting Information S1).

PGPRs are recognized for their ability to promote
plant growth and improve nutrition, either directly or
indirectly. The direct facilitation of plant growth by
PGPRs includes the supplementation of essential nu-
trients such as nitrogen, phosphate, zinc, potassium,
and iron, along with the production of phytohormones.49

Additionally, PGPRs synthesize a variety of enzymes
and metabolites, including proteases, amylases, and
cellulases, which can inhibit plant pathogens and pro-
mote plant growth.50 The evaluation results
for physiological and biochemical characteristics of the
strain KRS009 revealed that B. mojavensis KRS009, as
a PGPR, possesses the ability to solubilize potassium
and exhibits enzyme activities such as those of
amylase and protease (Figure S5), indicating its po-
tential to inhibit plant pathogens and promote plant
growth.

B. mojavensis KRS009 exhibits a broad‐spectrum
antifungal effect against various fungal species,
including V. dahliae, B. cinerea, M. oryzae, C. gloeo-
sporioides, C. falcatum, F. graminearum, and F. oxy-
sporum (Figure 1A,D). Recent reports have also
indicated that B. mojavensis demonstrates antagonistic
properties against both plant and human pathogens,
particularly concerning fungal diseases. Additionally,
KRS009 was observed to be nontoxic with no phyto-
toxic effects on cotton buds (Figure S5B in Supporting
Information S1). It also did not induce hemolysis in red
blood cells based on the hemolysis test (Figure S5C in
Supporting Information S1). Therefore, our study
characterizes B. mojavensis as safe for both plants
and humans. The nontoxicity and safety of these
strains are important prerequisites for the further
development of potential biocontrol microbial re-
sources or biofertilizers.

Previous studies have reported that salinity stress
enhances biofilm production in some rhizobacteria.51

The increase in biofilm production in Bacillus spp. under
salinity stress is possibly attributed to the increased
levels of exopolysaccharides at elevated concentra-
tions of salt.52 Exopolysaccharides (EPS) play a critical
role in mechanically stabilizing the three‐dimensional
structure of biofilm architecture53 and in protecting
biofilm‐forming cells from various environmental
stresses. Similarly, the biofilm formation of B. moja-
vensis KRS009 significantly increased at elevated NaCl
concentrations (Figure 4C). Biofilm formation is a se-
lective survival strategy for microbial cells in
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unfavorable environments51 and is an important char-
acteristic for better colonization in the rhizosphere and
roots,13 thus prompting increased focuses on the
inoculation of biofilm‐forming microorganisms. B.
mojavensis D50's biofilms can affect its colonization,
and are used to prevent and treat the fungal plant
pathogen B. cinerea.54 Here, the expression levels of
EPS‐related genes showed that eps‐J and eps‐L were
upregulated during biofilm formation of KRS009 under
salt stress (Figure S11 in Supporting Information S1).
Furthermore, biofilm production in salt‐tolerant PGPR
induced by high salt levels enhances root colonization,
alleviates salt stress, and thus improves plant growth.55

Interestingly, an important link has been found between
the exopolysaccharide‐producing potential of PGPR
and the amelioration of salt stress. Although we did not
observe biofilm formation and EPS production on the
surface of cotton roots, the observed enhancements in
plant growth parameters may be attributed to increased
biofilm production by the respective strains under
higher salinity.

In response to various environmental stresses,
plants initiate multiple perception and signaling path-
ways, which may interact at different steps. For
example, the MAPK cascade is essential for various
signaling pathways under both biotic and abiotic
stresses. Plant subjected to both cold and salt
stresses exhibit crosstalks between cold‐ and salt‐
tolerance related pathways.56 Several recent reports
also emphasized the importance of transcription fac-
tors in mediating responses to abiotic stresses.
Different families of transcription factors, such as
WRKY‐type transcription factor families, play diverse
roles in plant development and stress regulation.57 It is
well‐known that interaction networks during salt stress
involve pathways such as those involving salt overly
sensitive (SOS), mitogen‐activated protein kinase
(MAPK), calcineurin B‐like proteins (CBLs), and DRE‐
binding protein 2 (DBP2). The SOS and MAPK path-
ways play key roles in the salt stress response.37,38

Previous research has found that SOS4, encoding a
pyridoxal kinase, is involved in the biosynthesis of
pyridoxal‐5‐phosphate in Arabidopsis. Pyridoxal‐5‐
phosphate was supposed to regulate Naþ/Kþ homeo-
stasis by regulating the activities of ion transporters.58

In this study, KRS009 was found to be instrumental in
regulating the expression of plant salt‐tolerant genes
WRKY, bHLH, MYB, ARF, SOS, MAPK, CBLs, and
DBP2 under salt stress, thus providing necessary in-
formation for the functional characterization of various
salt‐tolerant genes in plants under salt stress. These
results showed that overexpression of the salt stress
response transcription factor in cotton treated with
KRS009 could improve the salt tolerance of cotton and
increase its yield under salt stress (Figures 5B,D). We
measured not only the salt tolerance of strain KRS009
but also the optimal temperature and pH for its growth

conditions. These results indicate that strain KRS009
exhibits not only salt tolerance (Figures 4A,B and D)
but also resistance to high temperatures and alkaline
conditions (Figure S8 in Supporting Information S1),
thus establishing a solid foundation for future research
on the influence of strain KRS009 on plant growth and
development under high‐temperature stress and in
alkaline environments.

5 | CONCLUSION

In conclusion, B. mojavensis KRS009, isolated from the
rhizosphere soil of a healthy plant in a pathogen‐
infested cotton field, was identified through morpho-
logical, molecular, and physio‐biochemical character-
istics. This strain exhibits a broad spectrum of
antifungal activity against various fungal pathogens and
is safe for plants, animals, and humans. Additionally, B.
mojavensis KRS009 also demonstrates plant growth‐
promoting traits in vitro, along with characteristics of
salt and alkali resistance, thriving at high temperature
and exhibiting biofilm formation. Furthermore, KRS009
effectively mitigates the occurrence of Verticillium wilt in
cotton. Additionally, KRS009 strain can also trigger a
wide plant immune response, enhancing salt tolerance
in cotton plants, which can be improved under salt
stress. In summary, KRS009 shows promise as a
valuable resource for biocontrol agents and bio-
fertilizers in saline‐alkali areas.

AUTHOR CONTRIBUTIONS
Fuhua Zhao: Investigation, data curation, formal anal-
ysis, writing‐original draft. Dan Wang: Investigation,
conceptualization, methodology, visualization, writing‐
original draft. Huizi Liu: Investigation, data curation,
formal analysis. Yujia Shan: Investigation, data cura-
tion, formal analysis. Hongyue Qi: Investigation, data
curation, formal analysis. Jieyin Chen: Funding
acquisition, conceptualization, resources, supervision,
project administration, writing‐review and editing. Did-
ier Lesueur: Writing‐review and editing. Dongfei Han:
Funding acquisition, conceptualization, supervision,
methodology, writing‐review and editing. Xiaojun
Zhang: Writing‐review and editing. Dandan Zhang:
Funding acquisition, conceptualization, resources, su-
pervision, project administration, writing‐review and
editing.

ACKNOWLEDGMENTS
This work was supported by the Special Projects Fund
of Central Government Guiding Local Science and
Technology Development (ZYYD2023B15), the Na-
tional Key Research and Development Program of
China (2022YFD1401200), the Agricultural Sciences
Talent Program CAAS (J.Y.C.), the Agricultural Science
and Technology Innovation Program grant (J.Y.C.), the

NEW PLANT PROTECTION - 13 of 16

 29949890, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/npp2.20 by D

idier L
E

SU
E

U
R

 - R
eadcube (L

abtiva Inc.) , W
iley O

nline L
ibrary on [02/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Gusu Innovation and Entrepreneurship Talent Program
(ZXL2024372) granted to D.H., the Jiangsu Provincial
Science and Technology Planning Project
(BK20231516)granted to D.H., Suzhou Science and
Technology Development project (SNG2023018)
granted to D.H., and the talent fund of Suzhou Uni-
versity of Science and Technology (USTS‐332211215)
granted to D.H.

CONFLICT OF INTEREST STATEMENT
All authors read and approved the final manuscript. All
authors declared no conflict of interest.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are
available in the supplementary material of this article.

ORCID
Dandan Zhang https://orcid.org/0000-0003-2187-
3487

REFERENCES
1. Man, M., Zhu, Y., Liu, L., Luo, L., Han, X., Qiu, L., Li, F., Ren,

M., & Xing, Y. (2022). Defense mechanisms of cotton Fusarium
and Verticillium wilt and comparison of pathogenic response in
cotton and humans. International Journal of Molecular Sci-
ences, 23(20), 12217. https://doi.org/10.3390/ijms232012217

2. Gong, Z., Xiong, L., Shi, H., Yang, S., Herrera‐Estrella, L. R.,
Xu, G., Chao, D. Y., Li, J., Wang, P. Y., Qin, F., Li, J., Ding, Y.,
Shi, Y., Wang, Y., Yang, Y., Guo, Y., & Zhu, J. K. (2020). Plant
abiotic stress response and nutrient use efficiency. Science
China Life Sciences, 63(5), 635–674. https://doi.org/10.1007/
s11427‐020‐1683‐x

3. Billah, M., Li, F., & Yang, Z. (2021). Regulatory network of cotton
genes in response to salt, drought and wilt diseases (Verticillium
and Fusarium): Progress and perspective. Frontiers in Plant
Science, 12, 759245. https://doi.org/10.3389/fpls.2021.759245

4. Peng, Z., Zulfiqar, T., Yang, H., Wang, M., & Zhang, F. (2024).
Effect of Arbuscular Mycorrhizal Fungi (AMF) on photosynthetic
characteristics of cotton seedlings under saline‐alkali stress.
Scientific Reports, 14(1), 8633. https://doi.org/10.1038/s41598‐
024‐58979‐8

5. Bichel, A., Oelbermann, M., Voroney, P., & Echarte, L. (2016).
Sequestration of native soil organic carbon and residue carbon
in complex agroecosystems. Carbon Management, 7(5–6),
261–270. https://doi.org/10.1080/17583004.2016.1230441

6. Qu, X. (2008). Advancement and prospect of farmland drainage
in China. Journal of Irrigation and Drainage, 27(1), 108–111.

7. Yang, L., Tan, L., Zhang, F., Gale, W. J., Cheng, Z., & Sang, W.
(2018). Duration of continuous cropping with straw return affects
the composition and structure of soil bacterial communities in
cotton fields. Canadian Journal of Microbiology, 64(3), 167–181.
https://doi.org/10.1139/cjm‐2017‐0443

8. Zhang, D. D., Jiang, J. P., & Zhu, B. C. (2014). Optimization of
fermentation conditions of a biocontrol bacterial isolate Bacillus
z‐5 against cotton Verticillium wilt. Cotton Science, 26(1), 10–
17. https://doi.org/10.3969/j.issn.1002‐7807.2014.01.002

9. Li, Q. S., Xie, Z. M., Liu, Z., Zhang, G. L., Wu, D. M., & Tian, Y.
(2018). Screening and identification of antagonistic bacterium
H14 against Verticillium dahliae Kleb and it antagonistic mech-
anisms. Plant Protection, 45(6), 1204–1211. https://doi.org/10.
13802/j.cnki.zwbhxb.2018.2017091

10. Qiu, D. (2010). Current status and development strategy for
biological control of plant diseases in China. Plant Protection,
36(4), 15–18. https://doi.org/10.3969/j.issn.0529‐1542.2010.
04.004

11. Yao, Y. Y., & Ying, H. (2021). Progress in control of soil‐borne
diseases by rhizosphere microorganisms under intercropping.
Wuhan Institute of Technology, 43(4), 381–390. https://doi.org/
10.19843/j.cnki.CN42‐1779/TQ.202101007

12. Ehling‐Schulz, M., Lereclus, D., & Koehler, T. M. (2019). The
Bacillus cereus group: Bacillus species with pathogenic poten-
tial. Microbiology Spectrum, 7(3), 10–1128. https://doi.org/10.
1128/microbiolspec.GPP3‐0032‐2018

13. Ansari, F. A., Ahmad, I., & Pichtel, J. (2019). Growth stimulation
and alleviation of salinity stress to wheat by the biofilm forming
Bacillus pumilus strain FAB10. Applied Soil Ecology, 143, 45–
54. https://doi.org/10.1016/j.apsoil.2019.05.023

14. Wang, B., Lei, X., Chen, J., Li, W., Long, Y., & Wang, W. (2022).
Antifungal activities of Bacillus mojavensis BQ‐33 towards the
kiwifruit black spot disease caused by the fungal pathogen
Didymella glomerata. Microorganisms, 10(10), 2085. https://doi.
org/10.3390/microorganisms10102085

15. Slama, H. B., Cherif‐Silini, H., Chenari Bouket, A., Qader, M.,
Silini, A., Yahiaoui, B., Alenezi, F. N., Luptakova, L., Triki, M. A.,
Vallat, A., Oszako, T., Rateb, M. E., & Belbahri, L. (2019).
Screening for Fusarium antagonistic bacteria from contrasting
niches designated the endophyte Bacillus halotolerans as plant
warden against Fusarium. Frontiers in Microbiology, 9, 3236.
https://doi.org/10.3389/fmicb.2018.03236

16. Liu, Y., Xun, W., Chen, L., Xu, Z., Zhang, N., Feng, H., Zhang,
Q., & Zhang, R. (2022). Rhizosphere microbes enhance plant
salt tolerance: Toward crop production in saline soil. Compu-
tational and Structural Biotechnology, 20, 6543–6551. https://
doi.org/10.1016/j.csbj.2022.11.046

17. Ayaz, M., Ali, Q., Jiang, Q., Wang, R., Wang, Z., Mu, G., Khan,
S. A., Khan, A. R., Manghwar, H., Wu, H., Gao, X., & Gu, Q.
(2022). Salt tolerant Bacillus strains improve plant growth traits
and regulation of phytohormones in wheat under salinity stress.
Plants, 11(20), 2769. https://doi.org/10.3390/plants11202769

18. Saxena, A. K., Kumar, M., Chakdar, H., Anuroopa, N., &
Bagyaraj, D. J. (2020). Bacillus species in soil as a natural
resource for plant health and nutrition. Journal of Applied
Microbiology, 128(6), 1583–1594. https://doi.org/10.1111/jam.
14506

19. Diabankana, R. G. C., Afordoanyi, D. M., Safin, R. I., Nizamov,
R. M., Karimova, L. Z., & Validov, S. Z. (2021). Antifungal
properties, abiotic stress resistance, and biocontrol ability of
Bacillus mojavensis PS17. Current Microbiology, 78(8), 3124–
3132. https://doi.org/10.1007/s00284‐021‐02578‐7

20. Ghazala, I., Chiab, N., Saidi, M. N., & Gargouri‐Bouzid, R.
(2023). The plant growth‐promoting bacteria strain Bacillus
mojavensis I4 enhanced salt stress tolerance in durum wheat.
Current Microbiology, 80(5), 178. https://doi.org/10.1007/
s00284‐023‐03288‐y

21. Wang, D., Luo, W. Z., Zhang, D. D., Li, R., Kong, Z. Q., Song, J.,
Dai, X. F., Alkan, N., & Chen, J. Y. (2023). Insights into the
biocontrol function of a Burkholderia gladioli strain against
Botrytis cinerea. Microbiology Spectrum, 11(2), e0480522.
https://doi.org/10.1128/spectrum.04805‐22

22. Tripathi, N., & Sapra, A. (2023). Gram staining. In StatPearls.
Treasure Island. StatPearls Publishing.

23. Gao, T., Greenwich, J., Li, Y., Wang, Q., & Chai, Y. (2015). The
bacterial tyrosine kinase activator TkmA contributes to biofilm
formation largely independently of the cognate kinase PtkA in
Bacillus subtilis. Journal of Bacteriology, 197(21), 3421–3432.
https://doi.org/10.1128/JB.00438‐15

24. Glaeser, S. P., & Kämpfer, P. (2015). Multilocus sequence
analysis (MLSA) in prokaryotic taxonomy. Systematic & Applied

14 of 16 - NEW PLANT PROTECTION

 29949890, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/npp2.20 by D

idier L
E

SU
E

U
R

 - R
eadcube (L

abtiva Inc.) , W
iley O

nline L
ibrary on [02/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0003-2187-3487
https://orcid.org/0000-0003-2187-3487
https://orcid.org/0000-0003-2187-3487
https://doi.org/10.3390/ijms232012217
https://doi.org/10.1007/s11427-020-1683-x
https://doi.org/10.1007/s11427-020-1683-x
https://doi.org/10.3389/fpls.2021.759245
https://doi.org/10.1038/s41598-024-58979-8
https://doi.org/10.1038/s41598-024-58979-8
https://doi.org/10.1080/17583004.2016.1230441
https://doi.org/10.1139/cjm-2017-0443
https://doi.org/10.3969/j.issn.1002-7807.2014.01.002
https://doi.org/10.13802/j.cnki.zwbhxb.2018.2017091
https://doi.org/10.13802/j.cnki.zwbhxb.2018.2017091
https://doi.org/10.3969/j.issn.0529-1542.2010.04.004
https://doi.org/10.3969/j.issn.0529-1542.2010.04.004
https://doi.org/10.19843/j.cnki.CN42-1779/TQ.202101007
https://doi.org/10.19843/j.cnki.CN42-1779/TQ.202101007
https://doi.org/10.1128/microbiolspec.GPP3-0032-2018
https://doi.org/10.1128/microbiolspec.GPP3-0032-2018
https://doi.org/10.1016/j.apsoil.2019.05.023
https://doi.org/10.3390/microorganisms10102085
https://doi.org/10.3390/microorganisms10102085
https://doi.org/10.3389/fmicb.2018.03236
https://doi.org/10.1016/j.csbj.2022.11.046
https://doi.org/10.1016/j.csbj.2022.11.046
https://doi.org/10.3390/plants11202769
https://doi.org/10.1111/jam.14506
https://doi.org/10.1111/jam.14506
https://doi.org/10.1007/s00284-021-02578-7
https://doi.org/10.1007/s00284-023-03288-y
https://doi.org/10.1007/s00284-023-03288-y
https://doi.org/10.1128/spectrum.04805-22
https://doi.org/10.1128/JB.00438-15


Microbiology, 38(4), 237–245. https://doi.org/10.1016/j.syapm.
2015.03.007

25. Matsumura, Y. (2013). Multilocus sequence typing (MLST)
analysis. Rinsho byori. The Japanese Journal of Clinical Pa-
thology, 61(12), 1116–1122.

26. Agunwah, I. M., Ogueke, C. C., Nwosu, J. N., & Anyogu, A.
(2024). Microbiological evaluation of the indigenous fermented
condiment okpeye available at various retail markets in the
south‐eastern region of Nigeria. Heliyon, 10(3), e25493. https://
doi.org/10.1016/j.heliyon.2024.e25493

27. Chen, T., Zhang, Z., Li, W., Chen, J., Chen, X., Wang, B., Ma,
J., Dai, Y., Ding, H., Wang, W., & Long, Y. (2022). Biocontrol
potential of Bacillus subtilis CTXW 7‐6‐2 against kiwifruit soft rot
pathogens revealed by whole‐genome sequencing and
biochemical characterization. Frontiers in Microbiology, 13,
1069109. https://doi.org/10.3389/fmicb.2022.1069109

28. Ashwini, N., & Srividya, S. (2014). Potentiality of Bacillus subtilis
as biocontrol agent for management of anthracnose disease of
chilli caused by Colletotrichum gloeosporioides OGC1. 3
Biotech, 4(2), 127–136. https://doi.org/10.1007/s13205‐013‐
0134‐4

29. Chávez‐Ramírez, B., Kerber‐Díaz, J. C., Acoltzi‐Conde, M. C.,
Ibarra, J. A., Vásquez‐Murrieta, M. S., & Estrada‐de Los Santos,
P. (2020). Inhibition of Rhizoctonia solani RhCh‐14 and Pythium
ultimum PyFr‐14 by Paenibacillus polymyxa NMA1017 and
Burkholderia cenocepacia CACua‐24: A proposal for biocontrol
of phytopathogenic fungi. Microbiological Research, 230,
126347. https://doi.org/10.1016/j.micres.2019.126347

30. Shan, Y., Wang, D., Zhao, F. H., Song, J., Zhu, H., Li, Y.,
Zhang, X. J., Dai, X. F., Han, D., & Chen, J. Y. (2024). Insights
into the biocontrol and plant growth promotion functions of Ba-
cillus altitudinis strain KRS010 against Verticillium dahliae. BMC
Biology, 22(1), 116. https://doi.org/10.1186/s12915‐024‐
01913‐1

31. Song, J., Wang, D., Han, D., Zhang, D. D., Li, R., Kong, Z. Q.,
Dai, X. F., Subbarao, K. V., & Chen, J. Y. (2024). Character-
ization of the endophytic Bacillus subtilis KRS015 strain for its
biocontrol efficacy against Verticillium dahliae. Phytopathology,
114(1), 61–72. https://doi.org/10.1094/PHYTO‐04‐23‐0142‐R

32. Santhanam, P., van Esse, H. P., Albert, I., Faino, L.,
Nürnberger, T., & Thomma, B. P. (2013). Evidence for func-
tional diversification within a fungal NEP1‐like protein family.
Molecular plant‐microbe interactions. Molecular Plant‐Microbe
Interactions, 26(3), 278–286. https://doi.org/10.1094/MPMI‐09‐
12‐0222‐R

33. Livak, K. J., & Schmittgen, T. D. (2001). Analysis of relative
gene expression data using real‐time quantitative PCR and the
2(‐Delta Delta C(T)) method. Methods, 25(4), 402–408. https://
doi.org/10.1006/meth.2001.1262

34. Wei, H., He, W., Li, Z., Ge, L., Zhang, J., & Liu, T. (2022). Salt‐
tolerant endophytic bacterium Enterobacter ludwigii B30
enhance bermudagrass growth under salt stress by modulating
plant physiology and changing rhizosphere and root bacterial
community. Frontiers in Plant Science, 13, 959427. https://doi.
org/10.3389/fpls.2022.959427

35. Ciarmiello, L. F., Piccirillo, P., Pontecorvo, G., De Luca, A.,
Kafantaris, I., & Woodrow, P. (2011). A PCR based SNPs
marker for specific characterization of English walnut (Juglans
regia L.) cultivars. Molecular Biology Reports, 38(2), 1237–
1249. https://doi.org/10.1007/s11033‐010‐0223‐y

36. Zhang, X., Zhen, J. B., Li, H. H., Kang, M. M., Yang, Y. M.,
Kong, J., & Hua, J. P. (2011). Expression profile of early
responsive genes under salt stress in upland cotton (Gossypium
hirsutum L.). Plant Molecular Biology Reporter, 29(3), 626–637.
https://doi.org/10.1007/s11105‐010‐0269‐y

37. Xiong, L., Schumaker, K. S., & Zhu, J. K. (2002). Cell signaling
during cold, drought, and salt stress. The Plant Cell, 14(Suppl),
S165–S183. https://doi.org/10.1105/tpc.000596

38. Chinnusamy, V., Zhu, J., & Zhu, J. K. (2006). Salt stress
signaling and mechanisms of plant salt tolerance. Genetic En-
gineering, 27, 141–177. https://doi.org/10.1007/0‐387‐25856‐
6_9

39. Huang, B., Jin, L., & Liu, J. Y. (2008). Identification and char-
acterization of the novel gene GhDBP2 encoding a DRE‐binding
protein from cotton (Gossypium hirsutum). Journal of Plant
Physiology, 165(2), 214–223. https://doi.org/10.1016/j.jplph.
2006.11.003

40. Tang, J., Zhang, S., Zhang, X., Chen, J., He, X., & Zhang, Q.
(2020). Effects of pyrolysis temperature on soil‐plant‐microbe
responses to Solidago canadensis L.‐derived biochar in
coastal saline‐alkali soil. Science of the Total Environment, 731,
138938. https://doi.org/10.1016/j.scitotenv.2020.138938

41. Qi, H. Y., Wang, D., Han, D., Song, J., Ali, M., Dai, X. F., Zhang,
X. J., & Chen, J. Y. (2023). Unlocking antagonistic potential of
Bacillus amyloliquefaciens KRS005 to control gray mold. Fron-
tiers in Microbiology, 14, 1189354. https://doi.org/10.3389/
fmicb.2023.1189354

42. Danish, M., Shahid, M., Zeyad, M. T., Bukhari, N. A., Al‐Khattaf,
F. S., Hatamleh, A. A., & Ali, S. (2022). Bacillus mojavensis, a
metal‐tolerant plant growth‐promoting bacterium, improves
growth, photosynthetic attributes, gas exchange parameters,
and alkalo‐polyphenol contents in silver nanoparticle (Ag‐NP)‐
treated Withania somnifera L. (Ashwagandha). ACS Omega,
7(16), 13878–13893. https://doi.org/10.1021/acsomega.
2c00262

43. Xu, Y., Yang, L., Wang, H., Wei, X., Shi, Y., Liang, D., Cao,
M., & He, N. (2022). Putative functions of EpsK in teichuronic
acid synthesis and phosphate starvation in Bacillus lichen-
iformis. Synthetic and Systems Biotechnology, 7(2), 815–823.
https://doi.org/10.1016/j.synbio.2022.04.001

44. Huang, B., Jin, L., & Liu, J. Y. (2008). Identification and char-
acterization of the novel gene GhDBP2 encoding a DRE‐binding
protein from cotton (Gossypium hirsutum). Journal of Plant
Physiology, 165(2), 214–223. https://doi.org/10.1016/j.jplph.
2006.11.003

45. Kim, K., Jang, Y. J., Lee, S. M., Oh, B. T., Chae, J. C., & Lee,
K. J. (2014). Alleviation of salt stress by enterobacter sp. EJ01
in tomato and Arabidopsis is accompanied by up‐regulation of
conserved salinity responsive factors in plants. Molecules and
Cells, 37(2), 109–117. https://doi.org/10.14348/molcells.2014.
2239

46. Poria, V., Singh, S., Nain, L., Singh, B., & Saini, J. K. (2021).
Rhizospheric microbial communities: Occurrence, distribution,
and functions. In M. Nath, D. Bhatt, P. Bhargava, & D. K.
Choudhary (Eds.), Microbial Metatranscriptomics Belowground
(pp. 239–271). Springer. https://doi.org/10.1007/978‐981‐15‐
9758‐9_12

47. Bhat, B. A., Tariq, L., Nissar, S., Islam, S. T., Islam, S. U.,
Mangral, Z., Ilyas, N., Sayyed, R. Z., Muthusamy, G., Kim, W., &
Dar, T. U. H. (2022). The role of plant‐associated rhizobacteria
in plant growth, biocontrol and abiotic stress management.
Journal of Applied Microbiology, 133(5), 2717–2741. https://doi.
org/10.1111/jam.15796

48. Xu, W., Yang, Q., Xie, X., Goodwin, P. H., Deng, X., Zhang, J.,
Sun, R., Wang, Q., Xia, M., Wu, C., & Yang, L. (2022). Genomic
and phenotypic insights into the potential of Bacillus subtilis YB‐
15 isolated from rhizosphere to biocontrol against crown rot and
promote growth of wheat. Biology, 11(5), 778. https://doi.org/10.
3390/biology11050778

49. Jha, B., Gontia, I., & Hartmann, A. (2012). The roots of the
halophyte Salicornia brachiata are a source of new halotolerant
diazotrophic bacteria with plant growth promoting potential.
Plant and Soil, 356(1‐2), 265–277. https://doi.org/10.1007/
s11104‐011‐0877‐9

50. Ali, S., Hameed, S., Shahid, M., Iqbal, M., Lazarovits, G., &
Imran, A. (2020). Functional characterization of potential PGPR

NEW PLANT PROTECTION - 15 of 16

 29949890, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/npp2.20 by D

idier L
E

SU
E

U
R

 - R
eadcube (L

abtiva Inc.) , W
iley O

nline L
ibrary on [02/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.syapm.2015.03.007
https://doi.org/10.1016/j.syapm.2015.03.007
https://doi.org/10.1016/j.heliyon.2024.e25493
https://doi.org/10.1016/j.heliyon.2024.e25493
https://doi.org/10.3389/fmicb.2022.1069109
https://doi.org/10.1007/s13205-013-0134-4
https://doi.org/10.1007/s13205-013-0134-4
https://doi.org/10.1016/j.micres.2019.126347
https://doi.org/10.1186/s12915-024-01913-1
https://doi.org/10.1186/s12915-024-01913-1
https://doi.org/10.1094/PHYTO-04-23-0142-R
https://doi.org/10.1094/MPMI-09-12-0222-R
https://doi.org/10.1094/MPMI-09-12-0222-R
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.3389/fpls.2022.959427
https://doi.org/10.3389/fpls.2022.959427
https://doi.org/10.1007/s11033-010-0223-y
https://doi.org/10.1007/s11105-010-0269-y
https://doi.org/10.1105/tpc.000596
https://doi.org/10.1007/0-387-25856-6_9
https://doi.org/10.1007/0-387-25856-6_9
https://doi.org/10.1016/j.jplph.2006.11.003
https://doi.org/10.1016/j.jplph.2006.11.003
https://doi.org/10.1016/j.scitotenv.2020.138938
https://doi.org/10.3389/fmicb.2023.1189354
https://doi.org/10.3389/fmicb.2023.1189354
https://doi.org/10.1021/acsomega.2c00262
https://doi.org/10.1021/acsomega.2c00262
https://doi.org/10.1016/j.synbio.2022.04.001
https://doi.org/10.1016/j.jplph.2006.11.003
https://doi.org/10.1016/j.jplph.2006.11.003
https://doi.org/10.14348/molcells.2014.2239
https://doi.org/10.14348/molcells.2014.2239
https://doi.org/10.1007/978-981-15-9758-9_12
https://doi.org/10.1007/978-981-15-9758-9_12
https://doi.org/10.1111/jam.15796
https://doi.org/10.1111/jam.15796
https://doi.org/10.3390/biology11050778
https://doi.org/10.3390/biology11050778
https://doi.org/10.1007/s11104-011-0877-9
https://doi.org/10.1007/s11104-011-0877-9


exhibiting broad‐spectrum antifungal activity. Microbiological
Research, 232, 126389. https://doi.org/10.1016/j.micres.2019.
126389

51. Cam, S., Küçük, C., & Almaca, A. (2023). Bacillus strains exhibit
various plant growth promoting traits and their biofilm‐forming
capability correlates to their salt stress alleviation effect on
maize seedlings. Journal of Biotechnology, 369, 35c42–42.
https://doi.org/10.1016/j.jbiotec.2023.05.004

52. Cam, S., Kücük, C., & Cevheri, C. (2022). The effect of salinity‐
resistant biofilm‐forming Azotobacter spp. on salt tolerance in
maize growth. Zemdirbyste‐Agriculture, 109(4), 349–358.
https://doi.org/10.13080/z‐a.2022.109.045

53. Morcillo, R. J. L., & Manzanera, M. (2021). The effects of plant‐
associated bacterial exopolysaccharides on plant abiotic stress
tolerance. Metabolites, 11(6), 337. https://doi.org/10.3390/
metabo11060337

54. Zheng, L., Gu, X., Sun, L., Dong, M., Gao, A., Han, Z., Pan,
H., & Zhang, H. (2023). Adding metal ions to the Bacillus
mojavensis D50 promotes biofilm formation and improves ability
of biocontrol. Journal of Fungi, 9(5), 526. https://doi.org/10.
3390/jof9050526

55. Velmourougane, K., Prasanna, R., & Saxena, A. K. (2017).
Agriculturally important microbial biofilms: Present status and

future prospects. Journal of Basic Microbiology, 57(7), 548–573.
https://doi.org/10.1002/jobm.201700046

56. Mishra, S., Kumar, S., Saha, B., Awasthi, J., Dey, M., Panda,
S., & Sahoo, L. (2016). Crosstalk between salt, drought, and
cold stress in plants: Toward genetic engineering for stress
tolerance. In N. Tuteja & S. S. Gill (Eds.), Abiotic Stress
Response in Plants. https://doi.org/10.1002/9783527694
570.ch4

57. Javed, T., & Gao, S. J. (2023). WRKY transcription factors in
plant defense. Trends in Genetics, 39(10), 787–801. https://doi.
org/10.1016/j.tig.2023.07.001

58. Shi, H., Xiong, L., Stevenson, B., Lu, T., & Zhu, J. K. (2002). The
Arabidopsis salt overly sensitive 4 mutants uncover a critical
role for vitamin B6 in plant salt tolerance. The Plant Cell, 14(3),
575–588. https://doi.org/10.1105/tpc.010417

SUPPORTING INFORMATION
Additional supporting information can be found online in
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