PLOS ONE

Check for
updates

G OPEN ACCESS

Citation: Lin R, Zhang Q, Yin L, Zhang Y, Yang Q,
Liu K, et al. (2022) Isolation and characterization of
a mycosubtilin homologue antagonizing
Verticillium dahliae produced by Bacillus subtilis

strain Z15. PLoS ONE 17(6): €0269861. https://doi.

org/10.1371/journal.pone.0269861

Editor: Richa Salwan, College of Horticulture and
Forestry (Dr YS Parmar University of Horticulture
and Forestry), Nauni, Solan (HP), INDIA

Received: February 13, 2022
Accepted: May 27, 2022
Published: June 13, 2022

Copyright: © 2022 Lin et al. This is an open access
article distributed under the terms of the Creative
Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in
any medium, provided the original author and
source are credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information
files.

Funding: This work was supported by the National
Natural Science Foundation of China (Grant No.
U1703112 and 32160074). The funders had no
role in the study design, data collection and
analysis, decision to publish, or prepare the
manuscript.

RESEARCH ARTICLE

Isolation and characterization of a
mycosubtilin homologue antagonizing
Verticillium dahliae produced by Bacillus subtilis
strain Z15

Rongrong Lin', Qi Zhang', Li Yin', Yiwen Zhang', Qilin Yang?, Kai Liu', Yingdian Wang',
Shengcheng Han@' #, Huixin Zhao?*, Heping Zhao'2*
1 Beijing Key Laboratory of Gene Resource and Molecular Development, College of Life Sciences, Beijing

Normal University, Beijing, China, 2 Key Laboratory of Plant Stress Biology in Arid Land, College of Life
Science, Xinjiang Normal University, Urumgi, China

* hpzhao @bnu.edu.cn (HZ); 954843437 @qg.com (HZ); schan@bnu.edu.cn (SH)

Abstract

Bacillus subtilis strain Z15 (BS-Z15) was isolated from the cotton field of Xinjiang, China,
and characterized as an effective biocontrol agent antagonizing plant pathogen Verticillium
dahliae 991 (VD-991). However, the chemical substance produced by BS-Z15 for resis-
tance to VD-991 remains elusive. Here, a serial purification methods including HCI precipita-
tion, organic solvent extraction, and separation by semi-preparative High-Performance
Liquid Chromatography were performed to obtain a single compound about 3.5 mg/L from
the fermentation broth of BS-Z15, which has an antifungal activity against VD-991. More-
over, Fourier Transform Infrared spectrum, Nuclear Magnetic Resonance Spectroscopy,
and Tandem Mass Spectrometry analyses were carried out to finally confirm that the active
compound from BS-Z15 is a mycosubtilin homologue with C17 fatty acid chain. Genomic
sequence prediction and PCR verification further showed that the BS-Z15 genome contains
the whole mycosubtilin operon comprising four ORFs: fenf, mycA, mycB, and mycC, and the
expression levels of mycA-N, mycB-Y and mycC-N reached a peak at 32-h fermentation.
Although mycosubtilin homologue at 1 ug/mL promoted the germination of cotton seed, that
with high concentration at 10 pug/mL had no significant effect on seed germination, plant height
and dry weight. Furthermore, mycosubtilin homologue sprayed at 10 ug/mL on two-week-old
cotton leaves promotes the expression of pathogen-associated genes and gossypol accumu-
lation, and greatly decreases VD-991 infection in cotton with disease index statistics. This
study provides an efficient purification strategy for mycosubtilin homologue from BS-Z15,
which can potentially be used as a biocontrol agent for controlling verticillium wilt in cotton.

Introduction

Verticillium dahliae (VD) is a soil-borne plant fungal pathogen that causes verticillium wilt
and infects over 600 plant species, including cotton (Gossypium hirsutum), lettuce (Lactuca
sativa), tomato (Lycopersicum esculentum) and strawberry (Fragaria x ananassa Duch.) etc,
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constituting severe threats to crops worldwide and yielding huge economic losses [1-5].
Researchers have developed resistant varieties, biocontrol agents, and chemical control meth-
ods against VD. However, the obscure infection mechanism in plant, lack of high resistant
germplasm, the existence of long-term survival structure microsclerotia, and the broad ranges
of hosts cause no effective control strategy established till now [4, 6-10]. In addition, the exten-
sive application of chemical pesticides results in the increases of chemical-resistant pathogen,
environmental pollution, and the disruption of agricultural ecosystem. Over the last couple of
decades, biological control has attracted more attention, because of its advantages include low
toxicity, low pollution, and efficiency, and numerous Bacillus species are widely used for bio-
controlling a broad range of fungal plant pathogens [11-13]. Prior studies showed that one
Bacillus subtilis strain Z15 (BS-Z15), isolated from cotton field of Xinjiang, China, had excel-
lent antagonistic effect on VD-991, providing a positive role on controlling cotton verticillium
wilt in China [14, 15]. However, the chemical substance produced by BS-Z15 for resistance to
VD-991 is still unknown.

Previous studies showed that Bacillus species produces various lipopeptides for resistance
to fungal pathogens, and according to their chemical structures, lipopeptides are mainly divided
into three families: surfactins [16], fengycins [17], and iturins [18], each class exhibits different
structural and functional characteristics [19]. Surfactins are composed of a cyclic heptapeptide
connected to a C13-C16 B-hydroxy fatty acid chain, which act on biofilms, showing strong
hemolytic activity, anti-bacteria and anti-viruse activities [20]. The fengycin class of lipopeptides
are broad-spectrum antifungal agents and are particularly effective against plant pathogen [17,
21]. Fengycins are characterized by a cyclodecapeptide and a C15-C19 hydroxy fatty acid [22].
Deleu et al [23] showed that fengycins affect the structure and morphology of the membrane,
further causing the death of target cells. The iturins share a common structure: a cyclic hepta-
peptide linked to a C14-C17 B-amino fatty acid chain [24]. Mycosubtilin belongs to the iturins
family [25] and is considered as the most powerful antifungal compound [26-28]. Duitman
et al [29] identified an operon consists of four ORFs, fenF, mycA, mycB and mycC from Bacillus
subtilis strain ATCC6633, which encode enzymes for the biosynthesis of mycosubtilin. More-
over, using promoter replacement, promoter exchange and gene knock-out strategies, the
genetic engineering strains for improving mycosubtilin production were constructed from
ATCC6633, which was associated with the enhancement of the antifungal activities [26, 28].

In this study, a single active compound was isolated from the fermentation broth of BS-Z15
through the different purification methods with monitoring antifungal activity against VD-
991. Furthermore, spectral analyses were performed to identify this chemical substance as a
mycosubtilin homologue. In addition, genomic PCR and qRT-PCR was separately carried out
to verify the existence of mycosubtilin operon and the expression of mycA-N, mycB-Y and
mycC-N in BS-Z15 during the fermentation period, which is related to the production of
mycosubtilin homologue. Furthermore, we found that spraying mycosubtilin homologue on
the cotton leaves significantly reduced the disease index of cotton verticillium wilt. In addition,
the expression of disease resistance genes and gossypol accumulation in the leaves were also
promoted after spraying mycosubtilin homologue. Therefore, this study revealed that a myco-
subtilin homologue produced by BS-Z15 has an antagonistic effect against VD-991, which
contributed to controlling cotton verticillium wilt.

Materials and methods
Micro-organisms and culture conditions

BS-Z15 was previously isolated from cotton rhizosphere soil at Xinjiang province, China [14].
Bacillus subtilis strain 168 (BS-168) was kindly gifted by Kangcheng Pan at Sichuan
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Agricultural University [30]. The bacteria were cultured in beef extract-peptone medium
(0.5% beef extract, 1% peptone, 0.5% NaCl, pH 7.2), and shaken at 220 rpm, 37°C for 12 h as
the seed culture. Then, 2% seed culture was inoculated in 400 mL medium in 2-L flask, moni-
tored with ODsy5 and disk antagonism test. For purification of the active compound, the bac-
teria were cultured in the 100-L fermentation tank contained 65 L beef extract-peptone
medium at 37°C for 24 h, using peptone and beef extract as supplementary nitrogen source,
20% (v/v) HCl to adjust the pH, and the defoamer added to control tank pressure.

Disk antagonism test against VD-991

The anti-VD-991 activity was detected by the agar-disk diffusion assay [15]. VD-991 were cul-
tured in Czapek-Dox Medium at 25°C, 180 rpm for 24 h, and 20 uL of spore suspension of
VD-991 (1015 cfu/mL) were coated on Czapek-Dox Agar Medium. Then the circular filter
paper (¢ = 6 mm) soaked with 4 pL sample was placed on the plate. After incubated at 25°C
for seven days, the inhibition zone diameter was measured. The experiments were repeated for
at least three times and the average value of inhibition zone diameter was calculated.

Isolation and purification of active compound from the fermentation broth
of BS-Z15

The fermentation broth of BS-Z15 was collected by centrifugation to remove the bacterial resi-
dues, adjusted to pH 2.0 with 6 N HCl and refrigerated at 4°C overnight for precipitation.
Then, the acid precipitates were collected by centrifugation with 4,000 g at 4°C and dissolved
in 80% (v/v) pre-cooled acetone for 4 h at -20°C. The supernatant of acetone extraction was
air-dried and dissolved in water. One volume of n-butanol was mixed thoroughly, the upper
butanol phase was collected and evaporated as the crude compound. The crude compound
was dissolved in DMSO and purified by a semi-preparative High-Performance Liquid Chro-
matography (semi-prep HPLC) system (C18, 5 um, 250*10 mm, Hypersil GOLDTM, CA).
Elution was performed with a gradient of 40%-50% acetonitrile (0.05% TFA, v/v) at a flow rate
of 2 mL min"! and monitored at 215 nm. Each peak was collected, concentrated and moni-
tored by disk antagonism test. In addition, to quantify the production of active compound at
different fermentation time, the peak area of HPLC spectrum was also monitored.

The structure analysis of the active compound with Fourier Transform
Infrared (FT-IR) spectrum, Nuclear Magnetic Resonance Spectrometry
(NMR), and Tandem Mass Spectrometry (MS/MS)

The FT-IR spectral property of peak 4 (P4) fraction collected from semi-prep HPLC was
recorded on the FT-IR spectrometer (NEXUS67, USA). The NMR (1H-NMR, 13C-NMR, 1H-
1H COSY, HMBC, HSQC and ROESY) spectral analyses of P4 fraction were recorded on a
Bruker AV500 spectrometer operating at 500 MHz, using DMSO-d6 (8H 2.51 ppm and 8C
39.50 ppm) as a solvent. All NMR data were processed with MestReNova (version 6.2.0, Mes-
relab, Spain). The MS/MS experiment was conducted on a Bruker MALDI-TOF 4700 mass
spectrometer (Accelerating voltage: 20 KV, Matrix solution: 0.1% o.-cyano-4-hydroxycinnamic
acid in acetonitrile) [31].

Validation of mycosubtilin biosynthesis genes in BS-Z15 genome

BS-Z15 genome was sequenced and deposited to NCBI database under the accession number
QOCJ00000000, BioSample SAMN09582630 and BioProject PRINA479656 [32]. Then, four
ORFs for mycosubtilin synthase genes, fenF, mycA, mycB, and mycC from Bacillus subtilis
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ATCC6633 [29] were used to blast BS-Z15 genome to characterize the homologous genes. In
addition, the encoded amino acids of these four ORFs from BS-Z15 genome were predicted by
NRPS substrate predictor (NRPSsp) [33].

Bacterial genomic DNA was extracted by advanced CTAB method [34]. Three key genes,
mycB, ituA and sfp separately associated with mycosubtilin, iturin A and surfactin biosynthe-
sis, were validated by PCR amplification with BS-Z15 and BS-168 genome. PCR reactions were
carried out on a MyCycler™ thermal cycler (Bio-Rad, USA) with a 15 pL reaction mixture. The
amplification conditions were the initial denaturation at 95°C for 3 min, following with 35
cycles of 95°C for 15 s, 50°C for 30 s and 72°C for 25 s, and the final extension at 72°C for 5
min. Then, 10 uL of the amplification products was separated on a 1% agarose gel in 1XTAE
buffer. The primers used are listed in S1 Table.

Expression detection of mycosubtilin biosynthesis genes by quantitative
real-time PCR (qRT-PCR)

Total RNA was isolated from BS-Z15 at different culture times using Total RNA Extraction Kit
(Promega, USA) according to the manufacturer’s protocol. qRT-PCR was performed using an
ABI Quant Studio 6 Flex Real-Time PCR System (Applied Biosystems, USA) with Power
SYBR Green PCR Master Mix (Applied Biosystems). The thermal program was 10 min at
95°C, followed by 40 cycles of 15 s at 95°C and 60 s at 60°C. The relative expression of target
gene was normalized to that of 16S rDNA as the control. The relative expression at 0-h was set
as 1.0 and value changes of more than twofold (> 2 or < 0.5) were indicated the significantly
expression difference. Three biological replicates were performed per sample. The primers
used are listed in S1 Table.

Effect of mycosubtilin homologue on VD-991 growth in liquid culture

The spores of VD-991 (8105 cfu/mL) were cultured with 0, 1, 5 and 10 ug/mL mycosubtilin
homologue (filtrated sterilization with 0.22-pm filter membrane) in the 24-well culture plate
containing 800 pL Czapek-Dox Medium, and shaken at 180 rpm at 25°C for 3 days. Then, the
colony area of VD-991 was measured with Image] software (Version 1.53g4, National Insti-
tutes of Health, USA). The experiments were repeated at least three times and three replicates
for each time.

Effects of mycosubtilin homologue on cotton seed germination, seedling
growth, and gene expression in leaves

The seeds of Gossypium hirsutum L cv. Xinluzao-72 (Xinluzao-92) were surface-sterilized with
2% sodium hypochlorite and cultured according to a prior study [35], separately soaked in 1,
10, and 100 pug/mL mycosubtilin homologue solution for 6 h, then germinated on gauze at
25°C for 52 h. Sterile water (ddH,O) was used as control. The germination experiments were
repeated six times and 100 seeds for each time.

The cotton seeds were sown in plastic pots filled with sterile soil and placed in a greenhouse
with day (25°C, 16 hr, light intensity at 6000 Lx)—night (21°C, 8 hr) rhythm for growth. 5 mL
mycosubtilin homologue solution (10 pg/mL) was sprayed on two-week-old cotton leaves
once a day for three consecutive days. ddH,O was used as the control. Then, plant height and
dry weight of each plant were measured after 21 days.

In addition, two-week-old cotton leaves were treated with 5 mL mycosubtilin homologue
solution (10 ug/mL) for 24 h, and collected for detecting the target gene expression. The
expression levels of Isochorismate synthase 1 (ICS1), Pathogenesis-related protein-1 (PR1),
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Phenylalnine-ammonia lyase (PAL), and 2-Oxoglutarate/ Fe(II)-dependent dioxygenase (ODD)
were detected by qRT-PCR. 18S rDNA was used as control. The gene expression level with the
treatment of ddH,O was set as 1.0. Three biological replicates were performed. The primers
used are listed in S1 Table.

Gossypol content measurement in cotton leaves

The gossypol content was measured according to previous report with modification [36].
Two-week-old cotton leaves were sprayed with 5 mL mycosubtilin (10 pg/ml) once a day for
three consecutive days, then dried for gossypol extraction. 50 mg dried leaves were ground in
liquid nitrogen, extracted with 2.5 mL acetone by ultrasonification for 20 min, and centrifuga-
tion with 10,000 g at 4°C for 20 min. The supernatant was filtered with 0.22-um filter mem-
brane, injected to the HPLC system and eluted with 100% acetonitrile at 1 ml min™', which was
monitored on 234 nm. Different concentrations of gossypol were passed through HPLC and
peak area was calculated for the standard curve. The experiments were repeated for at least
three times.

Effects of mycosubtilin homologue on cotton against VD-991 infection

To explore the biocontrol effects of mycosubtilin homologue on cotton verticillium wilt, path-
ogen incubated experiments were performed on the roots of two-week-old cotton seedlings [2,
37]. Briefly, the cotton seedlings were carefully taken out from the soil, the root were wounded
with tip infection of VD-991 spore (4*10A5 cfu/mL) for 5 min, then replanted in the soil. After
three days, 5 mL mycosubtilin solution (10 pg/mL) was sprayed on cotton leaves once a day
for 3 days. The disease index (DI) was recorded every 7-days after VD-991 inoculation [38]. At
least 20 cotton plants in each experiment, and three replicates are performed.

Statistical analysis

Statistical analyses were performed using the GraphPad Prism 9.0 software. The statistical sig-
nificances were determined by unpaired Student’s t-test. ns indicates no significant difference,
*,** and *** indicates statistical significance at P < 0.05, P < 0.01 and P < 0.001, respectively.

Result

Isolation and purification of a single antifungal compound produced by
BS-Z15

To explore the mechanism on antagonizing VD-991 of BS-Z15, the isolation of the antifungal
active substance produced by BS-Z15 becomes top priority. A modified purification strategy
was performed with detecting anti-VD-991 activity. Firstly, the pellet from HCI precipitation
of fermentation broth, the supernatant extracted by 80% (v/v) acetone (acetone phase) and the
organic phase of n-butanol extraction showed strong anti-VD-991 activity (Fig 1A). These
results indicated that the anti-fungal compound from BS-Z15 is an amphiphilic molecular.
Then, the crude compound was separated by semi-prep HPLC. Four main peaks named P1 to
P4, were eluted. Anti-fungal activity experiments showed that only P4 fraction exhibits a
strong antagonistic activity against VD-991, which is yielded about 3.5 mg/L from the fermen-
tation broth of BS-Z15 (Fig 1B). In addition, the active compound at 1 pg/mL has no effect on
VD-991 growth, however, that at 5 and 10 ug/mL greatly inhibited VD-991 growth (Fig 1C).
These results revealed that a single anti-VD-991 active compound is isolated from the fermen-
tation broth of BS-Z15.
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Fig 1. The isolation and purification of active compound resistance to Verticillium dahliae 991 (VD-991) from Bacillus subtilis Z15
(BS-Z15). (A) Flow chart showing the isolation and purification steps with BS-Z15 fermentation broth (left), and the active compound
from each step were monitored by disk antagonism test (right). S indicates supernatant and P indicates pellet. (B) Semi-prep HPLC
chromatogram of the crude compound collected from N-butanol extraction. The peaks P1 to P4 were collected for disk antagonism test
against VD-991. CK is a positive control from fermentation broth. (C) The effect of P4 fraction on the growth of VD-991. The spores of
VD-991 about 8*10A5 were cultured, and different concentrations of P4 fraction were added. The growth status was photographed after 3
days and the colony area was measured with Image]J software. The experiments were repeated for three times. Data represents as

mean + SD (standard deviation). ns indicates no significant difference and *** indicates extreme significant at P < 0.001 (Student’s t-test).

https://doi.org/10.1371/journal.pone.0269861.g001

Structure resolution of P4 fraction by FT-IR, NMR and MS/MS analysis

In order to characterize the structure feature of that single active compound, FT-IR, NMR,
and MS/MS spectra analyses was performed. Firstly, FT-IR spectrum showed a significant
absorbance peak of amide bond N-H in 3320 cm’}, two C-H bands in 2925 cm ™! and 2854 cm”
!, and hydroxyl groups of the amino acids C = O bands at 1663 cm™', which suggest the exis-
tence of amide group in this compound (S1 Fig). Next, IH-NMR, 13C-NMR, HMBC, HSQC,
1H-1H COSY, and ROESY spectra was adopted and summarized in Table 1. In the 1H-NMR
(500 MHz, DMSO-d6) spectrum, 12 peaks of protons in NH/NH2 (8 6.84-8.55) showed at low
field, a benzene ring (8 6.66, 7.02, d, ] = 5.0 Hz, 2H) and 7 o-H from amino acids (5 4.03-4.61)
was also identified (S2 Fig). In the 13C-NMR (150 MHz, DMSO-d6) spectrum, 12 peaks of
carbonyl from C = O (8 170.4-174.7), a benzene ring (8 128.3, 130.3, 130.3, 115.5, 115.5,
156.3), 7 -C from amino acids (8 50.5-60.5), 2 methyl groups (3 23.0, 19.6) was also identified
(S3 Fig). Combined analysis of 1H-NMR and 13C-NMR showed multiple methylene struc-
tures (8 1.06-1.51) in high field, suggesting that there may be a long aliphatic chain with two
methyl groups at the end (8 0.83, dd, 6H). Combined analysis of 2D spectrum 1H-1H COSY,
HMBC, HSQC and ROESY (S3-S7 Figs), it can be confirmed that this compound contains 3
asparagine (Asn), 1 tyrosine (Tyr), 1 Aminoamide (Gln), 1 proline (Pro) and 1 serine (Ser)
(Table 1). Finally, the MS/MS spectrum was performed with the precursor ion at m/z 1085 [M
+H]". After analysing b type and y type ions, the amino acid sequence of Pro-Ser-Asn was
obtained from b5, b6, b7 and y2, the sequence of Asn-Tyr-Asn-Gln was obtained from y3, y4,
y5, y6, y7 and b3. Fragments of open peptide showed that the amino acid sequence could be
Pro-Ser-Asn-fatty acid-Asn-Tyr-Asn-Gln, which is corresponding well to C17 mycosubtilin,
respectively (MW: 1084.596 Da, C5;HgyO4N1,) (Fig 2). Therefore, this study first character-
ized an anti-VD991 mycosubtilin homologue from the fermentation broth of BS-Z15.

Gene mining and PCR-validation of mycosubtilin biosynthesis genes in
BS-Z15

After blasting BS-Z15 genome, four ORFs for mycosubtilin synthase genes, fenF, mycA, mycB,
and mycC, spanned about 38 kilobases were annotated in BS-Z15 genome (Fig 3A) which is
similar to previous study [29]. With further explored these four ORFs by NRPSsp, one amino
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Table 1. Nuclear Magnetic Resonance (NMR) spectral property of P4 fraction isolated by semi-prep HPLC with Bruker AV500 spectrometer.

Moiety Position 3¢ dy 'H-'H COSY Selected HMBC Selected ROESY
Asnl 1 50.5 4.42 2 2,3,4
2 31.2 2.14 1,3,4
3 174.7 1,2
4 173.6 2
1-NH 8 1 1 1,36,37,8H 8.55
3-NH2 7.24 3 2
Tyr2 5 56.9 4.03 6 6,8,12
6 35.6 2.92/2.73 5,7,8,12,13
7 128.3
8,12 130.3 7.02 5,6,9,11
9,11 115.5 6.66 8,12,8H 9.22
10 156.3
13 171.7
5-NH 8.55 5 4,5
10-OH 9.22
Asn3 14 51.2 442 15 17
15 36.8 2.3/2.2 14,16,17
16 171.7
17 171.7
14-NH 8.03 14 13 5,14,8H 7.14,8H 8.55
16-NH2 6.92/6.91 15,16
Gln4 18 50.6 4.42 19 19,20 19,20
19 36.6 2.5 20,21
20 36.5 2.3 21
21 171.7
22
18-NH 7.14 18 14
21-NH2 6.84/6.9 19
Pro5 23 60.5 429 24,26 24,2527 24
24 252 2.14 26
25 29.4 1.97/1.85
26 26.8 1.77/1.87 27 23
27 173
Ser6 28 55 421 29 29,30,27,5H 4.81
29 60.9 3.65/3.57 30,8H 4.81
30 170.4
28-NH 8.49 28 27,28 23,28
29-OH 4.82
Asn7 31 50.5 4.61 32 32,33,34 32
32 37.7 2.63/2.24 33,34
33 171.7
34 171.1
31-NH 7.84 31 30 28,31
33-NH2 7.27 33 31
B-AA 35 46.8 3.95 36 36
36 419 2.33/2.27 37
37 171.7
(Continued)
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Table 1. (Continued)

Moiety Position
35-NH
Fatty chain 38
39-47
48
49
50,51

https://doi.org/10.1371/journal.pone.0269861.t001

3¢ h. 'H-'H COSY Selected HMBC Selected ROESY
7.11
349 1.35/1.37
25-29.9 1.06-1.99 35
27.8 1.47 36 36
342 1.26
11.7/19.6 0.83 36,37

acid Asn was predicted as the substrate of MYCA, four amino acids Tyr, Asn, Gln, and Pro as
the substrates of MYCB, and two amino acids Ser and Asn as the substrates of MYCC, respec-
tively, which is exactly same as the components of mycosubtilin homologue (Fig 3A and

S2 Table).

A prior study showed that BS-168 produces surfactin, but not mycosubtilin [39]. Therefore,
the genome of BS-168 was used as a control to characterize mycB and sfp. As shown in Fig 3B
and S1 File, mycB was amplified in BS-Z15 genome, but not in BS-168. In addition, a strong
band of sfp fragment was amplified in BS-168 genome, but only a weak band in BS-Z15, and
ituA fragment can’t be amplified in both genome of BS-Z15 and BS-168. These results indicate
that BS-Z15 mainly produces a mycosubtilin homologue, but not iturin A and surfactin. More-
over, we found that the expression of mycA-N, mycB-Y and mycC-N reached the maximum at
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Fig 2. The structure resolution of mycosubtilin homologue isolated from BS-Z15. (A) The MALDI-TOF MS/MS fragmentations of P4
resulting from precursor ion of m/z 1085.60 [M+H]". Data were analysed by Data Explorer software. (B) Schematic structure of mycosubtilin
homologue with the b-type and y-type ionic fragments, corresponding to different positions of broken bonds from MS/MS spectrum shown
in (A). (C) The chemical structure of mycosubtilin homologue. Seven amino acids were shown in the pattern and Rn represented a C14 alkyl

chain.

https://doi.org/10.1371/journal.pone.0269861.9002
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Fig 3. Gene mining and expression identification of mycosubtilin biosynthesis genes in BS-Z15 genome. (A) The gene mining for
mycosubtilin biosynthesis from BS-Z15 genome. Diagrammatic representation of the entire mycosubtilin operon comprising four ORFs,
fenF, mycA, mycB, and mycC. The amino acids specified by the operon are indicated. (B) DNA fragments of sfp, ituA and mycB related
to the productions of surfactin, iturin A and mycosubtilin were detected by genomic PCR in BS-Z15 and BS-168 strains, respectively. M
is a DNA marker. (C) The transcriptional levels of mycA-N, mycB-Y and mycC-N in BS-Z15 monitored by qRT-PCR at different culture
times. The relative expression of target gene was normalised to that of 165 rDNA, and the expression value at 0 h was set as 1.0. Values
are means + SD of three independent experiments. (D) The mycosubtilin content and anti-VD-991 activity in fermentation broth of
BS-Z15 were monitored during the fermentation period. Mycosubtilin content was defined by HPLC peak area (red line), and anti-VD-
991 activity was characterized by disk antagonism test (black line). Data represent mean + SD (n = 3).

https://doi.org/10.1371/journal.pone.0269861.9003

32 h and then decreased during fermentation period (Fig 3C), which is agreement with the
mycosubtilin homologue production and its anti-VD-991 activity during culture time (Fig 3D).

The effects of mycosubtilin homologue on plant growth, gene expression,
gossypol accumulation and resistance to verticillium wilt in cotton

Firstly, the effect of mycosubtilin homologue on cotton seed germination and seedling growth
was monitored. With the treatment of 1 pg/mL mycosubtilin homologue, the germination
ratio was higher than control, but high concentration at 10 and 100 ug/mL mycosubtilin
homologue had the similar germination percentage as control, respectively (Fig 4A). Further-
more, the plant height and dry weight of cotton seedlings showed no significant difference
between the treated of 10 pg/mL mycosubtilin homologue and control (Fig 4B and 4C). These
results revealed that low concentration of mycosubtilin homologue promote the seed germina-
tion, but high concentration has no obvious effect on cotton seed germination and seedling
growth.

Next, we detected whether mycosubtilin homologue regulates the expression of pathogen-
associated genes and gossypol accumulation in cotton leaves. gqRT-PCR showed that the
expression of ICS1, PRI, PAL and ODD are greatly upregulated in cotton leaves in response to
mycosubtilin homologue treatment (Fig 4D). Moreover, gossypol content was also higher after
treated with mycosubtilin homologue than control (Fig 4E). Finally, we found that the disease
index of cotton verticillium wilt was greatly decreased after spraying mycosubtilin homologue
on cotton leaves (Fig 4F and 4G). These results indicated that mycosubtilin homologue pro-
duced by BS-Z15 control cotton verticillium wilt by enhancing the expression of pathogen-
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Fig 4. The effect of mycosubtilin homologue on plant growth, the expression of pathogen-associated genes, and resistance to
verticillium wilt in cotton seedlings. (A) The germination of cotton seeds after treated with 0, 1, 10, and 100 ug/mL mycosubtilin
homologue solution. The experiments were conducted for at least 100 grains in each group and with 6 replicates. Data were shown as
mean + SD. (B,C) Plant height (B) and dry weight (C) of cotton seedlings were measured after sprayed 5 mL mycosubtilin homologue
(10 pug/mL) on two-week-old cotton leaves for 21 days. The data represent the mean + SD (n = 3). (D) The transcriptional levels of ICS1,
PRI, PAL and ODD in cotton leaves with mycosubtilin homologue treatment for 24 h were monitored by qRT-PCR. The expression level
of target gene was normalized to that of 185 rDNA as the control. The relative expression for each gene with the treatment of ddH,O was
set as 1.0. Values are mean + SD (n = 3). (E) Gossypol contents in cotton leaves with 5 mL mycosubtilin homologue (10 ug/mL)
treatment. Data were shown as mean + SD (n = 3). (F) and (G) The biocontrol effects of mycosubtilin homologue on cotton verticillium
wilt. Photograph (F) was taken at 21 days post inoculation (dpi). Disease indexes of the cotton seedlings (G) were determined at 7, 14 and
21 dpi. The data represent the mean + SD (n = 3). In this figure, ns indicates no significant difference and ** indicates extreme significant
at P < 0.01 (Student’s t-test).

https://doi.org/10.1371/journal.pone.0269861.9004

associated genes and the gossypol accumulation, providing a potential effective biocontrol
agent for cotton verticillium wilt.

Discussion

Mycosubtilin is one member of the iturin family, which is composed of a cyclic heptapeptide
linked to a C14-C17 B-amino fatty acid chain [24, 25], and widely proved as a broad antifungal
spectrum, including Saccharomyces carlsbergensis, Aspergillus niger and Fusarium moniiforme,
etc [26-28, 40]. However, fewer research on mycosubtilin controlling plant fungal diseases was
mainly due to its purification difficulty, low production and seldom produces by strains [41].
In this study, a mycosubtilin homologue was purified from the fermentation broth of BS-Z15
and its anti-VD-991 activity was also confirmed. Moreover, the expression of pathogen-associ-
ated genes and gossypol accumulation were also promoted and the disease index of cotton
infected by VD-991 was decreased after spraying by mycosubtilin homologue. These results
suggested that mycosubtilin homologue from BS-Z15 not only directly inhibits the growth of
VD-991, but also promotes the expression of pathogen-associated genes and gossypol accumu-
lation for resistance to VD-991, which providing a potential agent for controlling verticillium
wilt of cotton.
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Previous studies showed that both BS-Z15 and its fermentation broth possess the strong
anti-VD-991 activity [14, 15], indicating that the active compound from BS-Z15 is water-solu-
ble and extracellular-secreted, indicating a basic purification strategy. Therefore, HCI precipi-
tation was first performed to concentrate the compound. In order to remove the disturbances
of pigments and nuclear acids, 80% (v/v) acetone was used to extract the pellet. Next, we tried
different organic solutions, e.g. n-butanol and methanol to dissolve the active compound, and
found that n-butanol is a better solvent for this compound than methanol. Because of this
compound is an amphiphilic molecule, silica gel chromatography with different mobile phases
and ion exchange chromatography were performed to isolate the active compound, however,
the effect of purification is very poorly. Finally, HPLC equipped with C18 column was used to
purify this compound. More importantly, the disk antagonism test against VD-991 was per-
formed to track the active compound for each step. Because the structure and chemical charac-
ter of mycosubtilin were high similar in iturin group, this optimized and convenient methods
can be used for the purification of other members of iturin produced by Bacillus species.

In this study, an operon consisting of four ORFs, fenF, mycA, mycB and mycC was firstly
characterized by annotated the genome sequence of BS-Z15, which is highly agreement with
that of ATCC6633 [29]. Next, the substrates of these enzymes encoded by four ORFs were pre-
dicted using NRPSsp program [33], and we found that the substrate amino acids were consis-
tent with the cyclic peptide sequences of mycosubtilin homologue that was characterized by
the structural analysis with spectroscopy methods. These result proved the previous report of
mycosubtilin biosynthesis carried out by non-ribosomal peptide synthetases (NRPSs) [42]. In
addition, a previous study showed that BS-168 produces two lipopeptides, surfactin and fengy-
cin, but not mycosubtilin [39]. Genomic PCR results further revealed that BS-Z15 possess the
myc gene, but no sfp gene, indicating that BS-Z15 produces mycosubtilin, but not surfactin.
Using genetic manipulation strategies, the different genetic engineering strains were con-
structed from ATCC6633 to improve the productions of surfactin and different mycosubtilin
isoforms [26-28]. Here, we characterized a single mycosubtilin homologue from BS-Z15,
which conferred resistance to VD-991. Therefore, to improve the production of mycosubtilin
homologue in BS-Z15 or characterize the anti-VD-991 activity of ATCC6633 will be the prior-
ity works in the future.

Mycosubtilin has been identified as an antifungal lipopeptide, which directly interacted
with and induced the striking changes in the organization and morphology of membrane lipid
layers [43, 44]. Here, we showed that mycosubtilin effectively inhibit the growth of VD-991 in
liquid culture or after spraying on cotton leaves, which suggested that it can be used as a poten-
tial biocontrol agent for controlling cotton verticillium wilt diseases. In addition, we found
that mycosubtilin homologue promoted the expression of pathogen-associated genes, such as
ICS1, PR1, PAL and ODD, and gossypol accumulation in cotton leaves. Similar to that, Farace
etal [11] found that mycosubtilin stimulated grapevine innate immune responses, including
salicylic acid (SA) and jasmonic acid (JA) signalling pathways mediated gene expression.
These results provide two potential synergistic mechanisms on cotton verticillium wilt dis-
eases: After sprayed on leaves, mycosubtilin homologue can be transported to vascular tissue
to directly against Verticillium dahliae and activated the innate immune responses for patho-
gen resistance, which needs a deep further study to characterize.

Supporting information

S1 Fig. Fourier Transform Infrared (FT-IR) spectral property of P4 fraction isolated by
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(PDF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0269861 June 13, 2022 11/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0269861.s001
https://doi.org/10.1371/journal.pone.0269861

PLOS ONE

A mycosubtilin homologue isolated from BS-Z15

S2 Fig. The 1H-NMR spectra of active substance isolated from BS-Z15.
(PDF)

$3 Fig. The 13C-NMR spectra of active substance isolated from BS-Z15.
(PDF)

S4 Fig. The HSQC spectra of active substance isolated from BS-Z15.
(PDF)

S5 Fig. The HMBC spectra of active substance isolated from BS-Z15.
(PDF)

S6 Fig. The COSY spectra of active substance isolated from BS-Z15.
(PDF)

S7 Fig. The ROESY spectra of active substance isolated from BS-Z15.
(PDF)

S1 Table. Primers used for genomic PCR and qRT-PCR.
(PDF)

S2 Table. Predicated amino acid encoded by mycosubtilin synthase genes in BS-Z15
genome based on NRPSsp. The four ORFs of Mycosubtilin synthase genes from BS-Z15 were
translated to FenF, MycA, MycB and MycC proteins, then analysed by NRPSsp based on the
adenylation domain. The start position, end position and predicted substrate were showed in
the table. FenF protein has no any predicted adenylation domain.

(PDF)

S1 File. Raw gel image.
(PDF)

Author Contributions

Conceptualization: Rongrong Lin, Li Yin, Shengcheng Han.

Data curation: Rongrong Lin.

Formal analysis: Yingdian Wang.

Funding acquisition: Huixin Zhao, Heping Zhao.

Investigation: Rongrong Lin, Qi Zhang, Kai Liu, Shengcheng Han.
Methodology: Qi Zhang, Yiwen Zhang, Qilin Yang.

Project administration: Huixin Zhao.

Supervision: Shengcheng Han, Huixin Zhao, Heping Zhao.
Writing - original draft: Rongrong Lin.

Writing - review & editing: Shengcheng Han, Huixin Zhao, Heping Zhao.

References

1. Carroll CL, Carter CA, Goodhue RE, Lawell CYCL, Subbarao KV. A review of control options and exter-
nalities for verticillium wilts. Phytopathology. 2017; 108(2): 160—71. https://doi.org/10.1094/PHYTO-03-
17-0083-RVW PMID: 28703041

PLOS ONE | https://doi.org/10.1371/journal.pone.0269861 June 13, 2022 12/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0269861.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0269861.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0269861.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0269861.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0269861.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0269861.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0269861.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0269861.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0269861.s010
https://doi.org/10.1094/PHYTO-03-17-0083-RVW
https://doi.org/10.1094/PHYTO-03-17-0083-RVW
http://www.ncbi.nlm.nih.gov/pubmed/28703041
https://doi.org/10.1371/journal.pone.0269861

PLOS ONE

A mycosubtilin homologue isolated from BS-Z15

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

Zhang J, Hu HL, Wang XN, Yang YH, Zhang CJ, Zhu HQ, et al. Dynamic infection of Verticillium dahliae
in upland cotton. Plant Biology. 2020; 22(1): 90-105. https://doi.org/10.1111/plb.13037 PMID:
31419841

Jing R, LiH, Hu X, Shang W, Shen R, Guo C, et al. Verticillium wilt caused by Verticillium dahliae and V.
nonalfalfae in potato in Northern China. Plant Disease. 2018; 102(10): 1958—64. https://doi.org/10.
1094/PDIS-01-18-0162-RE PMID: 30109976

Klosterman SJ, Atallah ZK, Vallad GE, Subbarao KV. Diversity, pathogenicity, and management of ver-
ticillium species. Annual Review of Phytopathology. 2009; 47(1): 39-62. https://doi.org/10.1146/
annurev-phyto-080508-081748 PMID: 19385730

Fradin EF, Thomma BP. Physiology and molecular aspects of Verticillium wilt diseases caused by V.
dahliae and V. albo-atrum. Molecular Plant Pathology. 2006; 7(2): 71-86. https://doi.org/10.1111/].
1364-3703.2006.00323.x PMID: 20507429

de Jonge R, van Esse HP, Maruthachalam K, Bolton MD, Santhanam P, Saber MK, et al. Tomato
immune receptor Ve1 recognizes effector of multiple fungal pathogens uncovered by genome and RNA
sequencing. Proceeding of National Academy Science of United States of America. 2012; 109(13):
5110-5. https://doi.org/10.1073/pnas.1119623109 PMID: 22416119

Fradin EF, Zhang Z, Juarez Ayala JC, Castroverde CD, Nazar RN, Robb J, et al. Genetic dissection of
Verticillium wilt resistance mediated by tomato Ve1. Plant Physiology. 2009; 150(1): 320-32. https://
doi.org/10.1104/pp.109.136762 PMID: 19321708

Deketelaere S, Tyvaert L, Franca SC, Hofte M. Desirable traits of a good biocontrol agent against verti-
cillium wilt. Frontiers in Microbiology. 2017; 8: 1186. https://doi.org/10.3389/fmicb.2017.01186 PMID:
28729855

Li CH, ShiL, Han Q, Hu HL, Zhao MW, Tang CM, et al. Biocontrol of verticillium wilt and colonization of
cotton plants by an endophytic bacterial isolate. Journal of Applied Microbiology. 2012; 113(3): 641-51.
https://doi.org/10.1111/j.1365-2672.2012.05371.x PMID: 22726297

Shaban M, Miao Y, Ullah A, Khan AQ, Menghwar H, Khan AH, et al. Physiological and molecular mech-
anism of defense in cotton against Verticillium dahliae. Plant Physiology and Biochemistry. 2018; 125:
193-204. https://doi.org/10.1016/j.plaphy.2018.02.011 PMID: 29462745

Farace G, Fernandez O, Jacquens L, Coutte F, Krier F, Jacques P, et al. Cyclic lipopeptides from Bacil-
lus subtilis activate distinct patterns of defence responses in grapevine. Molecular Plant Pathology.
2015; 16(2): 177-87. https://doi.org/10.1111/mpp.12170 PMID: 25040001

Falardeau J, Wise C, Novitsky L, Avis TJ. Ecological and mechanistic insights into the direct and indirect
antimicrobial properties of Bacillus subtilis lipopeptides on plant pathogens. Journal of Chemical Ecol-
ogy. 2013; 39(7): 869-78. https://doi.org/10.1007/510886-013-0319-7 PMID: 23888387

Shafi J, Tian H, Ji MS. Bacillus species as versatile weapons for plant pathogens: a review. Biotechnol-
ogy & Biotechnological Equipment. 2017; 31(3): 446-59. https://doi.org/10.1080/13102818.2017.
1286950

Zhao J,ZengW, LiY,Ge F,DuY, Yuan L, et al. Isolation and identification of antagonistic spore strains
of Verticillium dahliae and study on their antibacterial characteristics. Journal of Beijing Normal Univer-
sity (Natural Science) 2017; 53(3): 294-300.

Abuduaini X, Aili A, Lin R, Song G, Huang Y, Chen Z, et al. The lethal effect of bacillus subtilis z15 sec-
ondary metabolites on Verticillium dahliae. Natural Product Communications. 2021; 16(1):
1934578X20986728.

Arima K, Kakinuma A, Tamura G. Surfactin, a crystalline peptidelipid surfactant produced by Bacillus
subtilis: Isolation, characterization and its inhibition of fibrin clot formation. Biochemical and Biophysical
Research Communications. 1968; 31(3): 488-94. https://doi.org/10.1016/0006-291x(68)90503-2
PMID: 4968234

Vanittanakom N, Loeffler W, Koch U, Jung G. Fengycin—a novel antifungal lipopeptide antibiotic pro-
duced by Bacillus subtilis F-29-3. The Journal of Antibiotics. 1986; 39(7): 888—901. https://doi.org/10.
7164/antibiotics.39.888 PMID: 3093430

Besson F, Peypoux F, Michel G, Delcambe L. Identification of antibiotics of iturin group in various
strains of Bacillus subtilis. The Journal of Antibiotics. 1978; 31(4): 284—8. https://doi.org/10.7164/
antibiotics.31.284 PMID: 96084

Cochrane SA, Vederas JC. Lipopeptides from Bacillus and Paenibacillus spp.: A gold mine of antibiotic
candidates. Medicinal Research Reviews. 2016; 36(1): 4-31. https://doi.org/10.1002/med.21321
PMID: 24866700

Abdel-Mawgoud AM, Aboulwafa MM, Hassouna NA. Characterization of surfactin produced by Bacillus
subtilis isolate BS5. Applied Biochemistry and Biotechnology. 2008; 150(3): 289-303. https://doi.org/
10.1007/s12010-008-8153-z PMID: 18437297

PLOS ONE | https://doi.org/10.1371/journal.pone.0269861 June 13, 2022 13/15


https://doi.org/10.1111/plb.13037
http://www.ncbi.nlm.nih.gov/pubmed/31419841
https://doi.org/10.1094/PDIS-01-18-0162-RE
https://doi.org/10.1094/PDIS-01-18-0162-RE
http://www.ncbi.nlm.nih.gov/pubmed/30109976
https://doi.org/10.1146/annurev-phyto-080508-081748
https://doi.org/10.1146/annurev-phyto-080508-081748
http://www.ncbi.nlm.nih.gov/pubmed/19385730
https://doi.org/10.1111/j.1364-3703.2006.00323.x
https://doi.org/10.1111/j.1364-3703.2006.00323.x
http://www.ncbi.nlm.nih.gov/pubmed/20507429
https://doi.org/10.1073/pnas.1119623109
http://www.ncbi.nlm.nih.gov/pubmed/22416119
https://doi.org/10.1104/pp.109.136762
https://doi.org/10.1104/pp.109.136762
http://www.ncbi.nlm.nih.gov/pubmed/19321708
https://doi.org/10.3389/fmicb.2017.01186
http://www.ncbi.nlm.nih.gov/pubmed/28729855
https://doi.org/10.1111/j.1365-2672.2012.05371.x
http://www.ncbi.nlm.nih.gov/pubmed/22726297
https://doi.org/10.1016/j.plaphy.2018.02.011
http://www.ncbi.nlm.nih.gov/pubmed/29462745
https://doi.org/10.1111/mpp.12170
http://www.ncbi.nlm.nih.gov/pubmed/25040001
https://doi.org/10.1007/s10886-013-0319-7
http://www.ncbi.nlm.nih.gov/pubmed/23888387
https://doi.org/10.1080/13102818.2017.1286950
https://doi.org/10.1080/13102818.2017.1286950
https://doi.org/10.1016/0006-291x%2868%2990503-2
http://www.ncbi.nlm.nih.gov/pubmed/4968234
https://doi.org/10.7164/antibiotics.39.888
https://doi.org/10.7164/antibiotics.39.888
http://www.ncbi.nlm.nih.gov/pubmed/3093430
https://doi.org/10.7164/antibiotics.31.284
https://doi.org/10.7164/antibiotics.31.284
http://www.ncbi.nlm.nih.gov/pubmed/96084
https://doi.org/10.1002/med.21321
http://www.ncbi.nlm.nih.gov/pubmed/24866700
https://doi.org/10.1007/s12010-008-8153-z
https://doi.org/10.1007/s12010-008-8153-z
http://www.ncbi.nlm.nih.gov/pubmed/18437297
https://doi.org/10.1371/journal.pone.0269861

PLOS ONE

A mycosubtilin homologue isolated from BS-Z15

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Ramarathnam R, Bo S, Chen Y, Fernando WG, Xuewen G, de Kievit T. Molecular and biochemical
detection of fengycin- and bacillomycin D-producing Bacillus spp., antagonistic to fungal pathogens of
canola and wheat. Canadian Journal of Microbiology. 2007; 53(7): 901-11. https://doi.org/10.1139/
WO07-049 PMID: 17898845

Villegas-Escobar V, Ceballos |, Mira JJ, Argel LE, Orduz Peralta S, Romero-Tabarez M. Fengycin C
produced by Bacillus subtilis EA-CB0015. Journal of Natural Products. 2013; 76(4): 503-9. https://doi.
org/10.1021/np300574v PMID: 23461648

Deleu M, Paquot M, Nylander T. Fengycin interaction with lipid monolayers at the air-aqueous interface-
implications for the effect of fengycin on biological membranes. Journal of Colloid and Interface
Ccience. 2005; 283(2): 358—65. https://doi.org/10.1016/}.jcis.2004.09.036 PMID: 15721905

Peypoux F, Guinand M, Michel G, Delcambe L, Das BC, Lederer E. Structure of iturine A, a peptidolipid
antibiotic from Bacillus subtilis. Biochemistry. 1978; 17(19): 3992-6. https://doi.org/10.1021/
bi00612a018 PMID: 101232

Peypoux F, Pommier MT, Marion D, Ptak M, Das BC, Michel G. Revised structure of mycosubtilin, a
peptidolipid antibiotic from Bacillus subtilis. Journal of Antibiotics. 1986; 39(5): 636—41. hitps://doi.org/
10.7164/antibiotics.39.636 PMID: 3089996

Leclere V, Bechet M, Adam A, Guez JS, Wathelet B, Ongena M, et al. Mycosubtilin overproduction by
Bacillus subtilis BBG100 enhances the organism’s antagonistic and biocontrol activities. Applied and
Environmental Microbiology. 2005; 71(8): 4577—-84. https://doi.org/10.1128/AEM.71.8.4577-4584.2005
PMID: 16085851

Fickers P, Guez JS, Damblon C, Leclere V, Bechet M, Jacques P, et al. High-level biosynthesis of the
anteiso-C(17) isoform of the antibiotic mycosubtilin in Bacillus subtilis and characterization of its candi-
dacidal activity. Applied and Environmental Microbiology. 2009; 75(13): 4636—40. https://doi.org/10.
1128/AEM.00548-09 PMID: 19429561

Bechet M, Castera-Guy J, Guez JS, Chihib NE, Coucheney F, Coutte F, et al. Production of a novel mix-
ture of mycosubtilins by mutants of Bacillus subtilis. Bioresource Technology. 2013; 145: 264—70.
https://doi.org/10.1016/j.biortech.2013.03.123 PMID: 23583475

Duitman EH, Hamoen LW, Rembold M, Venema G, Seitz H, Saenger W, et al. The mycosubitilin synthe-
tase of Bacillus subtilis ATCC6633: A ultifunctional hybrid between a peptide synthetase, an amino
transferase, and a fatty acid synthase. Proceeding of National Academy Science of United States of
America. 1999; 96(23): 13294-9.

YiL, Ni X, Pan K, Wang Y. Effects of microecological products on the growth performance and immune
function of broilers. China Poultry. 2004; 26(23): 10~3. https://doi.org/10.16372/j.issn.1004-6364.2004.
23.004

Gong A-D, Li H-P, Yuan Q-S, Song X-S, Yao W, He W-J, et al. Antagonistic mechanism of iturin A and
plipastatin A from Bacillus amyloliquefaciens S76-3 from wheat spikes against Fusarium graminearum.
PLoS One. 2015; 10(2): e0116871. https://doi.org/10.1371/journal.pone.0116871 PMID: 25689464

Chen Z-Y, Abuduaini X, Mamat N, Yang Q-L, Wu M-J, Lin X-R, et al. Genome sequencing and func-
tional annotation of Bacillus sp. strain BS-Z15 isolated from cotton rhizosphere soil having antagonistic
activity against Verticillium dahliae. Archives of Microbiology. 2021; 203(4): 1565—75. https://doi.org/
10.1007/s00203-020-02149-7 PMID: 33399892

Prieto C, Garcia-Estrada C, Lorenzana D, Martin JF. NRPSsp: Non-ribosomal peptide synthase sub-
strate predictor. Bioinformatics. 2012; 28(3): 426—7. https://doi.org/10.1093/bioinformatics/btr659
PMID: 22130593

Wang Y, Xi L. Genomic DNA extraction and its identification of promoting bacteria from cotton roots.
Genomics and Applied Biology. 2010; 29(5): 1005-8.

Wang Y, Li W, Dong H. Effects of different chemical treatments on germination and salt resistance of
cotton seeds. Shandong Agricultural Sciences. 2010; 3: 73-76.

Benson CG, Wyllie SG, Leach DN, Mares CL, Fitt GP. Improved method for the rapid determination of
terpenoid aldehydes in cotton. Journal of Agricultural and Food Chemistry. 2001; 49(5): 2181—4.
https://doi.org/10.1021/jf0010836 PMID: 11368574

Zhang Y, Wu L, Wang X, Chen B, Zhao J, Cui J, et al. The cotton laccase gene GhLAC15 enhances
Verticillium wilt resistance via an increase in defence-induced lignification and lignin components in the
cell walls of plants. Molecular Plant Pathology. 2019; 20(3): 309—-22. https://doi.org/10.1111/mpp.
12755 PMID: 30267563

Zhou J, Feng Z, Liu S, Wei F, Shi Y, Zhao L, et al. CGTase, a novel antimicrobial protein from Bacillus
cereus YUPP-10, suppresses Verticillium dahliae and mediates plant defence responses. Molecular
Plant Pathology. 2021; 22(1): 130—44. https://doi.org/10.1111/mpp.13014 PMID: 33230892

PLOS ONE | https://doi.org/10.1371/journal.pone.0269861 June 13, 2022 14/15


https://doi.org/10.1139/W07-049
https://doi.org/10.1139/W07-049
http://www.ncbi.nlm.nih.gov/pubmed/17898845
https://doi.org/10.1021/np300574v
https://doi.org/10.1021/np300574v
http://www.ncbi.nlm.nih.gov/pubmed/23461648
https://doi.org/10.1016/j.jcis.2004.09.036
http://www.ncbi.nlm.nih.gov/pubmed/15721905
https://doi.org/10.1021/bi00612a018
https://doi.org/10.1021/bi00612a018
http://www.ncbi.nlm.nih.gov/pubmed/101232
https://doi.org/10.7164/antibiotics.39.636
https://doi.org/10.7164/antibiotics.39.636
http://www.ncbi.nlm.nih.gov/pubmed/3089996
https://doi.org/10.1128/AEM.71.8.4577-4584.2005
http://www.ncbi.nlm.nih.gov/pubmed/16085851
https://doi.org/10.1128/AEM.00548-09
https://doi.org/10.1128/AEM.00548-09
http://www.ncbi.nlm.nih.gov/pubmed/19429561
https://doi.org/10.1016/j.biortech.2013.03.123
http://www.ncbi.nlm.nih.gov/pubmed/23583475
https://doi.org/10.16372/j.issn.1004-6364.2004.23.004
https://doi.org/10.16372/j.issn.1004-6364.2004.23.004
https://doi.org/10.1371/journal.pone.0116871
http://www.ncbi.nlm.nih.gov/pubmed/25689464
https://doi.org/10.1007/s00203-020-02149-7
https://doi.org/10.1007/s00203-020-02149-7
http://www.ncbi.nlm.nih.gov/pubmed/33399892
https://doi.org/10.1093/bioinformatics/btr659
http://www.ncbi.nlm.nih.gov/pubmed/22130593
https://doi.org/10.1021/jf0010836
http://www.ncbi.nlm.nih.gov/pubmed/11368574
https://doi.org/10.1111/mpp.12755
https://doi.org/10.1111/mpp.12755
http://www.ncbi.nlm.nih.gov/pubmed/30267563
https://doi.org/10.1111/mpp.13014
http://www.ncbi.nlm.nih.gov/pubmed/33230892
https://doi.org/10.1371/journal.pone.0269861

PLOS ONE

A mycosubtilin homologue isolated from BS-Z15

39.

40.

41.

42,

43.

44,

Kunst F, Ogasawara N, Moszer |, Albertini AM, Alloni G, Azevedo V, et al. The complete genome
sequence of the gram-positive bacterium Bacillus subtilis. Nature. 1997; 390(6657): 249-56. https:/
doi.org/10.1038/36786 PMID: 9384377

Besson F, Peypoux F, Michel G, Delcambe L. Antifungal activity upon Saccharomyces cerevisiae of
iturin A, mycosubtilin, bacillomycin L and of their derivatives; inhibition of this antifungal activity by lipid
antagonists. J Antibiot. 1979; 32(8):828-33. https://doi.org/10.7164/antibiotics.32.828 PubMed Central
PMCID: PMC387691. PMID: 387691

Dunlap CA, Bowman MJ, Zeigler DR. Promotion of Bacillus subtilis subsp. inaquosorum, Bacillus subti-
lis subsp. spizizeniiand Bacillus subtilis subsp. stercoris to species status. Antonie van Leeuwenhoek.
2020; 113(1): 1-12. hitps://doi.org/10.1007/s10482-019-01354-9 PMID: 31721032

Dunlap CA, Bowman MJ, Rooney AP. Iturinic lipopeptide diversity in the Bacillus subtilis species
group—important antifungals for plant disease biocontrol applications. Frontiers in Microbiology. 2019;
10: 1794. https://doi.org/10.3389/fmicb.2019.01794 PMID: 31440222

Nasir MN, Besson F. Specific interactions of mycosubtilin with cholesterol-containing artificial mem-
branes. Langmuir: the ACS journal of surfaces and colloids. 2011; 27(17): 10785-92. https://doi.org/
10.1021/1a200767e PMID: 21766869

Nasir MN, Besson F. Interactions of the antifungal mycosubtilin with ergosterol-containing interfacial
monolayers. Biochimica et Biophysica Acta (BBA)—Biomembranes. 2012; 1818(5): 1302-8. hitps://
doi.org/10.1016/j.bbamem.2012.01.020 PMID: 22306791

PLOS ONE | https://doi.org/10.1371/journal.pone.0269861 June 13, 2022 15/15


https://doi.org/10.1038/36786
https://doi.org/10.1038/36786
http://www.ncbi.nlm.nih.gov/pubmed/9384377
https://doi.org/10.7164/antibiotics.32.828
http://www.ncbi.nlm.nih.gov/pubmed/387691
https://doi.org/10.1007/s10482-019-01354-9
http://www.ncbi.nlm.nih.gov/pubmed/31721032
https://doi.org/10.3389/fmicb.2019.01794
http://www.ncbi.nlm.nih.gov/pubmed/31440222
https://doi.org/10.1021/la200767e
https://doi.org/10.1021/la200767e
http://www.ncbi.nlm.nih.gov/pubmed/21766869
https://doi.org/10.1016/j.bbamem.2012.01.020
https://doi.org/10.1016/j.bbamem.2012.01.020
http://www.ncbi.nlm.nih.gov/pubmed/22306791
https://doi.org/10.1371/journal.pone.0269861

