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Abstract: Fusarium and verticillium wilt are the primary diseases affecting cotton plants,
significantly reducing both the yield and quality of cotton. Paenibacillus spp. are crucial
biocontrol strains for controlling plant diseases. In this study, Paenibacillus peoriae MHJL1,
which could prevent the pathogenic fungi of fusarium and verticillium wilt and promote
cotton growth, was isolated from the rhizosphere soil of cotton plants. Whole-genome
analysis of strain MHJL1 identified 16 gene clusters for secondary metabolite synthesis,
including fusaricidins with potent antifungal properties. By optimizing the fermentation
process, the cell and spore numbers of MHJL1 were increased to 2.14 x 108 CFU/mL and
8.66 x 108 CFU/mL, respectively. Moreover, the antifungal ability of MHJL1 was also in-
creased by 31.48%. In pot experiments conducted with healthy soil, the control rates for
MH]JL1 against fusarium and verticillium wilt were found to be 44.83% and 58.27%, re-
spectively; in experiments using continuously cropped soil, the control rates were 55.22%
against fusarium wilt and 48.46% against verticillium wilt. Our findings provide valuable
insights for the biocontrol application and fermentation of P. peoriae MHJL1, while also
contributing a new resource for the development of microbial agents.

Keywords: Paenibacillus peoriae; cotton; whole-genome analysis; fusaricidins; microbial
fertilizer

1. Introduction

Cotton is a crucial economic crop grown in various countries and regions around the
world [1]. Cotton crops suffer from more than 40 types of disease during their growth and
development, among which, fusarium and verticillium wilt are significant challenges for
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the industry. Additionally, pathogens of fusarium and verticillium wilt often occur to-
gether, which severely affect the yield and quality of cotton [2-5]. Fusarium and verticil-
lium wilt are primarily caused by Fusarium oxysporum and Verticillium dahliae, respec-
tively. Both pathogens infect the vascular bundles of cotton plants, obstructing the vessels
and hindering the absorption of water and nutrients. The infection can occur at any stage
of the plant’s development [6,7].

Currently, chemical control is the primary method used to treat fusarium and verti-
cillium wilt in cotton plants. However, this approach has limitations. Chemical treatments
primarily address diseases affecting the above-ground portions of the plants, which
means their effectiveness against soil-borne diseases caused by below-ground pathogens
is limited. Furthermore, the long-term use of chemical treatments can lead to the develop-
ment of resistance in pathogens and may negatively impact environmental microbial di-
versity [8]. As a result, biological control using plant-growth-promoting rhizobacteria
(PGPR) has emerged as a significant area of research. This method of biological control is
economical, safe, non-toxic, and provides long-lasting effects, making it a popular choice
for managing soil-borne diseases [9].

As a category of PGPR used for biological control, Paenibacillus species are sourced
from a variety of origins, possess strong reproductive capabilities, and are characterized
by their non-toxic properties. Among these species, P. peoriae is recognized for its benefi-
cial biocontrol functions. For instance, P. peorize RhAn32 can inhibit the growth of
Fusarium verticillioides and exhibit a promoting effect on plants [10], P. peoriae SP9 has sig-
nificant application potential in bactericidal performance and maintaining the microeco-
logical balance of soil [11], P. peoriae To99 has been reported to inhibit bacterial spot caused
by Xanthomonas [12], P. peoriae ZBSF16 can produce iron carriers and reduce the infection
rate and disease index of grape white rot [13], and the growth parameters of pines treated
with P. peoriae strain HJ-2 were significantly higher than those of the control group, and
the incidence of stem rot was notably decreased in both greenhouse and field conditions
[14]. However, research into the biocontrol functions of P. peorize remains limited, and
there have been no reports on its application in controlling cotton diseases.

In this study, P. peoriae MHJL1 was isolated from Jining City, Shandong Province,
China. It demonstrated antagonistic effects in controlling pathogens responsible for
fusarium and verticillium wilt in cotton. The identification of this strain was based on
morphological, physiological, and biochemical characteristics, as well as genome analysis.
The antimicrobial substances produced by P. peoriae MHJL1 were analyzed preliminarily,
and the fermentation process was optimized. Additionally, pot experiments were con-
ducted on cotton seedlings. This research highlights the significant potential for the in-
dustrial fermentation and biocontrol applications of MHJL1.

2. Materials and Methods

2.1. Experimental Materials

The rhizosphere soil samples of cotton plants, which were used to screen PGPR in
this study, were obtained from Jining City, Shandong Province, China. The cotton variety
used in this experiment was No. 63, which had a certain resistance to fusarium and verti-
cillium wilt, and it was purchased from Qingfeng Seed Industry Co., Ltd. (Dezhou,
China). Pathogenic fungi F. oxysporum and V. dahliaze were provided by the Chinese Acad-
emy of Agricultural Sciences [15,16].

2.2. Media

Luria—Bertani medium (LB), potato dextrose agar medium (PDA), and bean sprout
juice were used to culture the bacteria and fungi and optimize the media, respectively,
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and were prepared according to the reported reference [17,18]. The YS-1 medium was
used to test the inhibition effect and was prepared as reported [19].

2.3. Screening and Identification of the Rhizosphere PGPR of Cotton Seedlings

The agar plate dilution method was employed to isolate rhizosphere strains [20]. A
total of 10 g of rhizosphere soil was taken and added to 90 mL of sterile water with an
appropriate amount of glass beads in a flask to shake for 30 min. The soil suspension was
diluted into different concentration gradients, and 0.1 mL of the soil suspension from each
gradient was evenly spread on LB. The strains on the LB media were then incubated at 37
°C for 1-3 days. Once colonies grew on the media, single colonies were purified, picked,
and transferred to new media, numbered, and stored at 4 °C for future use. The plate
confrontation experiment [20] was used to screen the PGPR controlling F. oxysporum and
V. dahlige. The inhibition zones were measured to calculate the inhibition rates, and PGPR
that showed significant and stable effects were selected.

In accordance with the methodology outlined in [21], the genomic DNA of PGPR was
extracted, and the sequences of 16S rDNA were amplified using 27F/1492R primers and
sent to Sangon Biotech (Shanghai, China) for sequencing. The sequencing results were
compared and analyzed with relevant sequences from the NCBI database, and phyloge-
netic trees were constructed using the neighbor-joining method of Mega 5.0 [22] to iden-
tify PGPR.

2.4. Whole-Genome Analysis of Strain MHJL1

The genomic DNA of strain MHJL1 was extracted and then sent to Shanghai Person-
albio Technology Co., Ltd. (Shanghai, China) for genome sequencing. The PacBio Sequel
(PacBio, Menlo Park, CA, USA) and Illumina NovaSeq (Illumina, Inc., San Diego, CA,
USA) sequencing platforms were used to sequence. The data obtained by PacBio were
assembled with HGAP 2.3 and CANU v1.5 software to obtain contig sequences [23,24].
The data obtained via Illumina Nova 6000 were used to correct the above contig sequences,
and the complete sequence of strain MHJL1 was finally spliced [25].

The whole-genome analysis of MHJL1 was conducted with NR, Swiss-Prot, TCDB,
Pfam, COG, GO, and KEGG databases to annotate the gene function. Then, PHI (Pathogen
Host Interactions Database), VFDB (Virulence Factors of Pathogenic Bacteria), and CARD
(Comprehensive Antibiotic) were used to predict the virulence and drug-resistance genes,
and antiSMASH was used to predict the gene clusters responsible for coding the synthetic
enzymes of secondary metabolites [26]. For the assembled genome sequence, the results
of the predicted coding genes, non-coding RNAs, and gene function annotations were
combined, and the genome of strain MHJL1 was visualized using Circos 0.62 software
[27].

2.5. Identification and Analysis of Antimicrobial Substances in the Fermentation Broth of Strain
MHJL1

The fermentation broth of strain MHJL1 was extracted by adding an equal volume of
n-butanol and then concentrated according to the reported method [28]. After filtration
with a 0.22 um organic membrane, the identification and analysis of antimicrobial sub-
stances were performed via liquid chromatography tandem-mass spectrometry (LC-
MS/MS) according to the reported method, and a C18 column was used to determine the
concentration of the antimicrobial substances with two mobile phases of A (0.1% acetic
acid in water) and B (0.1% acetic acid in acetonitrile) [29]. MS-DIAL 5 was used to analyze
the data, and the specific products were identified according to the MS-DIAL database of
biological standards [30].
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2.6. Fermentation Process Optimization of Strain MHJL1

Strain MHJL1 was inoculated on an LB plate for activation, and single colonies were
selected and inoculated into triangular flasks containing 30 mL of liquid medium and then
incubated at 37 °C and 180 rpm for 12 h to create the seed solution.

Using bean sprout juice as the base culture medium, the components of the fermen-
tation medium for culturing MHJL1 were optimized through single-factor and response
surface methodologies [31]. Various carbon sources, including soluble starch, potato pow-
der, sucrose, glucose, and corn flour, were tested at concentrations of 10 g/L, 20 g/L, 30
g/L, 40 g/L, and 50 g/L, respectively. Additionally, organic nitrogen sources such as yeast
powder, peptone, rapeseed meal powder, and soybean meal powder were evaluated at
concentrations of 10 g/L, 15 g/L, 20 g/L, and 25 g/L, respectively. Inorganic nitrogen
sources, comprising ammonium sulfate, ammonium chloride, and potassium nitrate,
were assessed at concentrations of 2 g/L, 4 g/L, 6 g/L, and 8 g/L, respectively. Furthermore,
inorganic salts, including magnesium sulfate, calcium carbonate, dipotassium hydrogen
phosphate, and monopotassium phosphate, were utilized at concentrations of 1 g/L, 2 g/L,
3 g/L, 4 g/L, and 5 g/L, respectively. The cultural conditions were also optimized for cul-
turing strain MHJL1. The fermentation conditions of seed age, inoculum size, liquid vol-
ume, initial pH, rotation speed, and temperature were optimized. The seed ages were set
at8h, 10 h, 12 h, 14 h, and 16 h, respectively. The initial pH values were set at 5, 6, 7, and
8, respectively. The temperatures were set at 28 °C, 32 °C, 37 °C, and 42 °C, respectively.
The rotation speeds were set at 160 rpm, 180 rpm, 200 rpm, and 220 rpm, respectively. The
inoculum concentrations were established at 1%, 2%, 3%, 4%, and 5%, respectively. The
liquid volumes in flasks of 250 mL were set to 25 mL, 50 mL, 75 mL, and 100 mL, respec-
tively, with 2% seed liquid inoculation. The principle of single-factor analysis was em-
ployed throughout the study. The optimal process was determined using the agar plate
dilution method for colony counting.

The optimization of medium components for increasing the spore amount of strain
MH]JL1 was conducted using the above-optimized fermentation medium. The concentra-
tions of carbon sources were varied at levels of 30 g/L, 38 g/L, 45 g/L, 50 g/L, 55 g/L, and
60 g/L, respectively. Organic nitrogen sources were tested at concentrations of 15 g/L, 20
g/L, 24 g/L, 30 g/L, and 35 g/L, respectively. Inorganic nitrogen sources were adjusted to
levels of 0.5 g/L, 1 g/L, 2 g/L, 4 g/L, 6 g/L, and 8 g/L, respectively. Additionally, the con-
centrations of inorganic salts were set at 1 g/L, 2 g/L, 3 g/L, 3.9 g/L, 5 g/L, and 6 g/L, re-
spectively. The cultural conditions were also optimized for increasing the spore amount
of MHJL1 as for the living cell optimization. The seed ages were set at 8 h, 10h, 12 h, 14 h,
and 16 h, respectively. The initial pH values were set at 5, 6, 7, 8, and 9, respectively. The
temperatures were set at 30 °C, 32 °C, 35 °C, 37 °C, and 40 °C, respectively. The rotation
speeds were set at 140 rpm, 160 rpm, 180 rpm, 200 rpm, and 220 rpm, respectively. The
inoculum concentrations were established at 1%, 2%, 3%, 4%, and 5%, respectively. The
liquid volumes in flasks of 250 mL were set to 25 mL, 50 mL, 75 mL, and 100 mL, respec-
tively, with 2% seed liquid inoculation. The principle of single-factor analysis was always
maintained, with the initial pH being natural, a liquid volume of 50 mL, and 2% amount
of seed liquid. The stirring speed was set at 180 rpm, the temperature was set at 37 °C, and
the shaking cultivation was prolonged for 36 h. After a water bath at 80 °C, the spore
number was determined using the agar plate dilution technique.

The fermentation optimization of the production of antifungal substances by MHJL1
was conducted using YS-1 as the base medium. Different carbon sources (corn flour, po-
tato flour, sucrose, glucose, and soluble starch at concentrations of 50 g/L, 60 g/L, 70 g/L,
80 g/L, and 90 g/L, respectively) and organic nitrogen sources (urea, soybean meal, pep-
tone, rapeseed meal, and yeast powder at concentrations of 10 g/L, 15 g/L, 20 g/L, 25 g/L,
and 30 g/L, respectively) were selected for testing, while maintaining the principle of a
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single factor. A total of 2% seed liquid was inoculated into 50 mL of sterilized medium
and cultured in a shaking flask at 180 rpm and 37 °C. Samples were taken at 0 h, 8 h, 12 h,
24h,36h,48h,60h, 72 h, 84 h, and 96 h, and the control activity of the fermentation broth
was also measured. The Oxford cup method was used as the measurement method
[32,33]. Each of the above treatments was repeated three times to determine the optimal
composition.

2.7. Pot Experiments for Controlling the Fusarium and Verticillium Wilt of Cotton Using Strain
MH]JL1

The pathogens of the fusarium and verticillium wilt of cotton were inoculated onto
solid plates of potato dextrose agar (PDA) and cultured at 28 °C for 7 days. After that,
hyphae were inoculated into 50 mL of PDA liquid media. The pathogens were shaken at
28 °C and 160 rpm for 48 h, and then filtered through a sterile filter. The bacterial amount
of the microbial suspension was adjusted to 6 x 106 CFU/mL. The healthy soil was obtained
at the experimental base of Shandong Agricultural University, and the continuously
cropped soil of cotton was obtained from Jining City, Shandong Province, China. The raw
soil was mixed with vermiculite. Six groups were set up for the pot experiments: the con-
trol group (CK) containing only water; a group containing the fermentation liquid of
strain MHJL1; a group containing the fermentation liquid of the pathogen V. dahlie; a
group containing the fermentation liquid of the pathogen F. oxysporum; a group contain-
ing both the fermentation liquids of V. dahlige and strain MHJL1; and a group containing
both the fermentation liquids of F. oxysporum and strain MHJL1. Three distinct biological
treatments were set for each group. Following the planting process, the status of cotton
seedlings was monitored every day. When diseases were stabilized, the incidence of cot-
ton seedlings under different treatment conditions was statistically analyzed. The disease
levels were recorded according to the following classification criteria, and a disease index
was calculated to determine the relative control effectiveness. Classification standards:
Level 0: cotton seedlings are healthy and grow normally, with no diseased leaves; Level
1: the diseased area is less than one-third of the total area of cotton seedlings; Level 2: the
diseased area is more than one-third but less than two-thirds of the total area of cotton
seedlings; Level 3: the diseased area is more than two-thirds of the total area of cotton
seedlings; Level 4: the cotton seedlings are severely wilted or dead. Disease index = (} level
number x number of diseased plants at each level) / (total number of surveyed plants x
highest disease level) x 100. Control effect (%) = (control disease index — treatment disease
index)/control disease index x 100. The averages and the standard deviations of the data
are presented.

2.8. Data Statistics and Analysis

SPSS statistical software version 19.0 (IBM, Armonk, NY, USA) was used to analyze
the data results via a one-way analysis of variance (ANOVA) with a Duncan’s multiple
range test; meanwhile, each value was represented by the mean + standard deviation, and
different superscripts showed a significant difference (p < 0.05) [4]. Figures are presented
using Origin software 2022 (OriginLab Corp., Northampton, MA, USA) [20].

3. Results
3.1. Screening, Functional Analysis, and Identification of P. Peoriae MHJL1

In this study, PGPR from cotton rhizosphere soils were screened to control the path-
ogenic fungi F. oxysporum and V. dahlia. Among the isolated PGPR, the strain MHJL1

showing inhibitory effects on both pathogenic fungi (Figure 1A,B) was obtained. Colonies
of MHJL1 on LB solid medium are round, form a flat dry surface and spiny edge, and
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show a milky translucent color (Figure 1C). The cells of MHJL1 are rod-shaped and Gram-
positive (Figure 1E). The results of physiological and biochemical tests indicated that
MH]JL1 was positive for mannitol, xylose, arabinose, starch hydrolysis, gelatin liquefac-
tion, glucose, and nitrate reduction and organophosphorus dissolving (Figure 1D), while
being negative for oxidase, catalase, citrate utilization, indole, and hydrogen sulfide.

91 r MHJL1
E ‘ F X0, Pacnubacillus peoriae (NR117740.1)
s Paenibacillus brasilensis (NR025106.1)

[ Pacnitucillus wenxiniae (NR 43946 1)
ol Paenibacillus puldeungensis (NR117451.1)
\ ® Pacnibacillus sabinae (NR122065 1)

r Pacnibacillus algicola (NRI79981.1)
| Pacnibacillus dakarensis (NR169361.1)

Pacnibucillus liginis (NR117012.1)
/ ‘ | Pacnibucillus glucanolyticus(NR115597.1)
Pucnibucillus scgetis (NR1S1983.1)
‘ Pacnibacillus glycinis (NRIS1147.1)
/ L Pacnibacillus marchantiophytorum (NR148618.1)
I — Pacnibacillus plantarum (NR181097.1)
Paenibacillus anseongense (NR1$0326.10

Pacnibacillus alginolyticus (NR040893 1

\ ) 10 um

001

Figure 1. Identification and functional analysis of strain MHJL1. (A) The inhibitory effect of MHJL1
on F. oxysporum. (B) The inhibitory effect of MHJL1 on V. dahlia. (C) The colony morphology of
MH]JL1. (D) The growth characteristics of MHJL1 on a bacterial medium with organic phosphorus;
a transparent circle appeared. (E) The cell morphology (magnification: 10 x 100) of MHJL1. (F) The
phylogenetic tree of MHJL1 based on 16S rRNA.

The 165 rRNA sequence of MHJL1 was analyzed, and a phylogenetic tree was gen-
erated, as shown in Figure 1F. The result indicated that MHJL1 was closely related to P.
peoriae. Combining the morphological, physiological, and biochemical reaction character-
istics, as well as the phylogenetic analysis results based on the 16S rRNA sequence, strain
MH]JL1 was preliminarily identified as P. peoriae.

To further elucidate the taxonomic classification of MHJL1 and explore its genetic
basis for controlling disease and promoting growth, the whole genome of strain MHJL1
was sequenced and the sequence was deposited in the National Center for Biotechnology
Information (NCBI) under GenBank accession numbers CP157265.1 and CP157266.1.1.
The sequencing results showed that strain MHJL1 contained a circular chromosome with
a sequence length of 6,046,407 bp and a GC content of 46%, as well as a circular plasmid
with a sequence length of 52,026 bp and a GC content of 41% (Figure 2A,B). ANI analysis
was performed between MH]JL1 and the related species. Strain MHJL1 had the highest
ANI value with P. peoriae, reaching 95%, and the corresponding coverage rate was 87%.
Thus, strain MHJL1 was finally identified as P. peoriae.
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Figure 2. The maps and genome annotation of strain MHJL1. (A) The circular chromosome map of
MH]JLL1. (B) The circular plasmid map of MHJL1. (C) The KEGG classification of the genes identified
within MHJL1.

A total of 5599 genes were predicted in the complete genome of MHJL1. In the chro-
mosome genome, there were 210 non-coding RNAs, including 39 rRNAs, 107 tRNAs, and
64 other non-coding RNAs; no non-coding RNAs were found in the plasmid. The gene
annotation results of strain MHJL1 using the KEGG database are shown in Figure 2C. A
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total of 4371 genes were annotated and divided into 46 functional classes. These 46 classes
were associated with different metabolic pathways and divided into seven major catego-
ries: simplified hierarchical structure, cellular processes, environmental information pro-
cessing, genetic information processing, human diseases, metabolism, and biological sys-
tems. It is important to highlight that strain MHJL1 possesses 16 gene clusters associated
with the synthesis of secondary metabolites. Notably, three of these gene clusters exhibit
100% similarities to the established gene clusters responsible for coding the synthetic en-
zymes of fusaricidin B, paenilan, and tridecaptin, respectively.

3.2. Identification and Analysis of Antimicrobial Substances in the Fermentation Liquid of Strain
MH]JL1

The antibiotics detected in the fermentation liquid of strain MHJL1 are shown in Ta-
ble 1. A series of fusaricidins that could control pathogenic fungi were successfully de-
tected: a substance with a mass-to-charge ratio of 883 Da ([M + H]*) and a molecular for-
mula of CaH7N10011 was presumed to be the signal of fusaricidin A; a substance with a
mass-to-charge ratio of 897 Da ([M + H]*) and a molecular formula of C+2H7N10Ou was
presumed to be the signal of fusaricidin B; a substance with a mass-to-charge ratio of 947
Da ([M + HJ*) and a molecular formula of C4sH7N100O12 was presumed to be the signal of
fusaricidin C; a substance with a mass-to-charge ratio of 961 Da ([M + H]*) and a molecular
formula of C4H7N16O14 was presumed to be the signal of fusaricidin D; a substance with
a mass-to-charge ratio of 911 Da ([M + H]*) and a molecular formula of C4H7sN10O11 was
presumed to be the signal of lipopeptide antibiotic LI-FO5b/LI-F08a; a substance with a
mass-to-charge ratio of 931 Da ([M + HJ*) and a molecular formula of CssH7N10O11 was
presumed to be the signal of lipopeptide antibiotic LI-F07a; and a substance with a mass-
to-charge ratio of 945 Da ([M + HJ*) and a molecular formula of C4sH7N10O11 was pre-
sumed to be the signal of lipopeptide antibiotic LI-FO7b.

Table 1. Information about antimicrobial substances in the fermentation liquid of strain MHJL1.

) . e q Theoretical Measured Molecular Retention Peak Area
Series of Fusaricidins Molecular Weight (Da) Time/min (106 my-min)
Weight (Da)
LI-FO4a (Fusaricidin A) 883.5611 883.5627 5.26 218.3836
LI-F04b (Fusaricidin B)/LI-

F05a/LL1-F06a 897.5768 897.5803 5.26 249.2986
LI-FO3a (Fusaricidin C) 947.5560 947.5578 4.99 17.8481
LI-FO3b (Fusaricidin D) 961.5717 961.5696 5.02 9.9679

LI-FO5b/LI-F08a 911.5924 911.5931 5.44 140.2047
LI-F07a 931.5611 931.5644 5.51 312.9192
LI-F07b 945.5768 945.5735 5.72 2.8556

3.3. Optimization of the Fermentation Process for Strain MHJL1

Using bean sprout juice as the base culture medium, the components of the fermen-
tation medium for culturing strain MHJL1 were optimized to contain 38 g/L potato pow-
der, 24 g/L. soybean meal powder, 3.8 g/L. magnesium sulfate, and 4 g/L. ammonium chlo-
ride. Furthermore, the best fermentation conditions were an inoculum age of 12 h, 3%
inoculum amount, 50 mL/250 mL liquid volume, pH 6, fermentation temperature of 37
°C, and shaking speed of 200 rpm. As a result, the cell number of strain MHJL1 could
reach 2.14 x 108 CFU/mL via the optimized fermentation process (Supplementary Mate-
rials—Figures S1-5S3).

Based on the cell number optimization of living cells, the best fermentation medium
for spore production was also determined to contain 60 g/L potato powder, 24 g/L soybean
meal powder, 1.94 g/L magnesium sulfate, and 1 g/L ammonium chloride. Furthermore,



Microorganisms 2025, 13, 261 9 of 14

the optimal fermentation conditions for spore production were a seed age of 12 h, 4%
inoculum amount, 50 mL/250 mL liquid volume, pH 6, fermentation temperature of 37
°C, and shaking speed of 200 rpm, resulting in an increase in spore amount from 2.41 x
107 CFU/mL to 8.66 x 108 CFU/mL (Supplementary Materials—Figures S4-57).

Based on the YS-1 medium, the fermentation medium for producing antifungal sub-
stances was optimized to contain 62.28 g/L glucose, 26.37 g/L soybean meal powder, 6 g/L
sodium chloride, 2 g/L. magnesium sulfate, and 0.1 g/L dipotassium hydrogen phosphate.
Through medium optimization, the inhibition zone diameter of strain MHJL1 was increased
by 31.48% compared to the control. (Supplementary Materials—Figures S8 and S9).

3.4. Control Effects of Strain MHJL1 on the Fusarium and Verticillium Wilt of Cotton

The effects of the solution of strain MHJL1 on controlling the fusarium and verticil-
lium wilt of cotton were tested. In the pot experiments with healthy soil, the relative in-
hibitory effect of MHJL1 against fusarium and verticillium wilt was 44.83% and 58.27%,
respectively (Table 2). In the pot experiments with continuously cropped soil, the relative
inhibitory effect of MHJL1 against fusarium and verticillium wilt was 55.22% and 48.46%,
respectively (Table 2). The disease indices of cotton seedlings in all the treatment groups
that added the microbial agent of MHJL1 were decreased compared to the control group.
The F. oxysporum and V. dahliae groups, which were only inoculated with F. oxysporum and
V. dahliae, respectively, showed significant differences in disease occurrence compared to
those simultaneously treated with MHJL1. The findings of our study demonstrated that
the pathogenic fungi exhibited a measurable degree of pathogenicity toward cotton plants,
while MHJL1 was found to be effective in controlling the pathogenic fungi, thereby di-
minishing their associated pathogenicity (Figure 3).

Table 2. Controlling the fusarium wilt and verticillium wilt of cotton by the microbial agent of strain

MH]JL1.
Soil Type Treatment Disease Indices (%) Relative Efficacy (%)
V. Dahliae 61.64+2.082 -
Healthy Soil V. Dahliae + Strain MHJL1 25.72+3.61P 58.27
F. Oxysporum 55.28 £4.60 2 -
F. Oxysporum + Strain MHJL1 30.50 +1.28 ® 44.83
V. Dahliae 63.83+2.722 -
Continuously V. Dahliae + Strain MHJL1 3290+ 1.68° 48.46
Cropped Soil F. Oxysporum 62.62+2.692 -
F. Oxysporum + Strain MHJL1 28.04 +2.56 ° 55.22

Note: The data in the table are “mean * standard deviations”, and groups with identical letters have

no significant difference, while groups with different letters have a statistically significant difference.

Figure 3. The potted cotton plants grown for 50 d in healthy soil or continuously cropped soil. (A-
F) The cotton plants grown in healthy soil for 50 d. (G-L) The cotton plants grown in soil with con-
tinuously cropped obstacles for 50 d. (A,G) represent the control groups using water; (B,H)
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represent the microbial agent groups using the fermentation liquid of strain MHJL1; (C,I) represent
the V. dahliae groups with only the application of V. dahliae; (D,]) represent the F. oxysporum groups
with only the application of F. oxysporum; (E,K) represent the V. dahliae + microbial agent groups
with the simultaneous application of V. dahlize and the microbial agent of strain MHJL1; (F,L) rep-
resent the F. oxysporum + microbial agent groups with the simultaneous application of F. oxysporum

and the microbial agent of strain MHJL1.

For healthy soil, compared to the control, the treatment group with only the strain
MH]JL1 showed an increase in cotton plant height, root length, stem diameter, and fresh
weight by 30%, 14.12%, 16.02%, and 24.46%, respectively; for continuously cropped soil,
the increases in cotton plant height, root length, stem diameter, and fresh weight were
31.50%, 34.29%, 28.23%, and 120.47%, respectively (Table 3). The treatment group that ap-
plied both strain MHJL1 and the pathogenic fungi showed improvements in cotton plants
compared to the control group or the groups that applied only the pathogenic fungi. The
findings demonstrated that strain MHJL1 exhibited a positive influence on the growth of
cotton (Figure 3).

Table 3. Comparison of cotton growth indicators under different set groups.

Groups Plant Root Stem Fresh
P Height/cm Length/cm Thickness/mm Weight/g
Control 1667+1544 85+259¢  164+028c 1.88+033¢
Strain MHJL1 ~ 21.67+1.03® 9.7+0572  191+0072 234+0.17¢
V. Dahliae 1593+0.68¢ 583+1.031 149+0.16¢ 1.35+049¢
. Dahli i
Healthy Soil ' DMie +Sain g 95, 1580 87751945  1704040°  2.01+042°
MHJL1
F. Oxysporum 1263+152F  61+216c  134+0.16f 1.07+026°
F. Oxysporum + Strain . a a 4
MHILL 1833+1.84c 7.4+161 15140264 1.53+0.28
Control 1323+0.83¢ 8.17+0.85¢ 1.65+021¢ 0.89+0.18¢
Strain MHJL1 17441352 10974341+ 212+020° 196+0432
V. Dahlige 1313+0.72¢ 783+121¢ 159+013¢ 085+0.19¢
Continuously V. Dahlige + Strain
b b b b
Cropped Soil MHILL 16070755 9.00+1.18% 1.83+021t 129+0.16
F. Oxysporum 147040824 7.07+068¢ 1.59+0.05¢ 0.77+0.10°
F. Oxysporum +Strain ) o5 050¢  880+044c  172£013¢  1.12+0.15¢

MH]JL1

Note: The data in the table are “mean + standard deviations”, and groups with identical letters have

no significant difference, while groups with different letters have a statistically significant difference.

4. Discussion

Using PGPR to suppress plant pathogens is a key strategy in biological control. In
this study, P. peoriae MHJL1 was screened, identified, and confirmed to control the
fusarium and verticillium wilt of cotton. In pot experiments using healthy soil and soil
with continuously cropped obstacles, the relative control effects of MHJL1 against the
fusarium and verticillium wilt of cotton were both high. Some other studies have also
found that P. peoriae had inhibitory effects on various plant pathogens: P. peoriae ZF390
was reported to have a significant control effect on soft rot disease [34]; four strains of P.
peoriae from the rhizosphere of lettuce crops were found to promote crop growth and re-
duce the incidence of wilt disease under field conditions [35]. Thus, it was verified that P.
peorige is an important species for the biological control of many plant pathogens.

In the genome of strain MHJL1, a total of 16 secondary metabolite gene clusters were
discovered, and 3 gene clusters had 100% similarity to the verified synthetic gene clusters



Microorganisms 2025, 13, 261

11 of 14

for coding the synthetic enzymes of fusaricidin B, paenilan, and tridecaptin. The three
above-mentioned secondary metabolites have also been studied in some Paenibacillus
spp., for example, Paenibacillus polymyxa [36]. Based on 165 rRNA, P. peoriae is very closely
related to P. polymyxa and also has similar synthetic antimicrobial substances [12]. Seven
homologous compounds of fusaricidins were tested via LC-MS/MS in the fermentation
liquid of strain MHJL1. Fusaricidins are lipopeptide antibiotics, which have outstanding
antifungal activities on fungal pathogens, such as F. oxysporum and Botrytis cinerea [37,38].

The optimization of the fermentation parameters is an important step in the success-
ful industrialization of microbial fermentation products. It was reported that the yield of
the antifungal substances of P. polymyxa DS-R5 was increased by 123% through an opti-
mized culture and formula [39]. In this experiment, the cell number, spore amount, and
antibiotic yield of P. peorine MHJL1 were optimized. The effects of the fermentation com-
ponents and conditions of strain MHJL1 were investigated via single-factor and response
surface methodologies. The optimized cell number of MHJL1 could reach 2.14 x 108
CFU/mL, and the amount of spores could reach 8.66 x 108 CFU/mL. Furthermore, the in-
hibition zone diameter of MHJL1 was increased by 31.48%. In addition, the optimized
organic nitrogen source was soybean meal, which is an industrial and agricultural by-
product with a low cost and wide source suitable for the industrial fermentation of micro-
organisms. The results of our pilot study on MHJL1 provide the theoretical basis and tech-
nical reference for improving the fermentation process and are conducive to the industrial
development of the biocontrol capacity of the strain.

Based on the preliminary development of the liquid inoculant of strain MHJL1, re-
search into the solid inoculant of strain MHJL1 was also tested (data not shown). Com-
pared to traditional liquid microbial agents, solid microbial agents have advantages such
as low cost, high content of viable spores, ease of storage, and convenience in transporta-
tion. The properties of the carriers play a key role in the quality of solid microbial agents
[40,41]. For strain MHJL1, diatomaceous earth was chosen as the carrier, with polytetra-
fluoroethylene dispersion as the dispersant and dextrin as the UV protectant [42].

In addition to the function of preventing disease, P. peoriae also has growth-promot-
ing functions in plants [43]. This study also first confirmed that strain MHJL1 had a good
growth-promoting effect on cotton plants under different soil types. However, the explo-
ration of the growth-promoting function of P. peoriae is still insufficient. The mechanisms
of P. peoriae for plant growth and disease prevention still need to be discovered.

5. Conclusions

In this study, P. peoriae MH]JL1 was isolated from the rhizosphere soil of cotton and
was found to have antagonistic effects against fusarium and verticillium wilt while also
improving the growth-promoting capacity of cotton seedlings. Sixteen gene clusters of
secondary metabolites were identified from the genome of strain MHJL1, which can pro-
duce several fusaricidins to control pathogenic fungi. Improving the fermentation process
enhanced the strain’s growth, spore production, and yield of antibacterial substances,
which in turn boosted the disease-resistant growth ability of cotton seedlings.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/microorganisms13020261/s1, Figure S1: Effects of medium
components on the number of living cells of strain MHJL1. Figure S2: The combination of response
surface and regression equation analysis on the number of living cells of strain MHJL1 using differ-
ent medium components. Figure S3: The effect of culture conditions on the number of living cells of
strain MHJL1. Figure S4: The effect of medium components on the spore production of strain
MH]JL1. Figure S5: The combination of response surface and regression equation analysis on the

spore production of strain MHJL1 using different medium components. Figure S6: The effect of
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culture conditions on the spore production of strain MHJL1. Figure S7: The combination of response
surface and regression equation analysis on the spore production of strain MHJL1 under different
culture conditions. Figure S8: The effect of medium components on the inhibition zone diameters of
strain MHJL1 controlling F. oxysporum under different incubation time. Figure S9: The combination
of response surface and regression equation analysis on the yield of antifungal substances of strain

MH]JL1 using different medium components.
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