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oduction of C14 and C15

bacillomycin D homologues with enzymatic
hydrolysis from maize straws using fed-batch
fermentation by Bacillus subtilis NS-174

Shiquan Qian, *a Xuejin Li,b Lu Sun,c Yuanyuan Shen,a Qingyi Ren,a Enjie Diaoa

and Zhaoxin Lud

A strain with strong antifungal activity, Bacillus subtilisNS-174, was identified and the antifungal compounds

were purified and structurally analyzed by high performance liquid chromatography-mass spectrometry/

mass spectrometry (HPLC-MS/MS). The effects of the enzymatic hydrolysis and the fermentation

strategies on production of the antifungal compounds were also investigated. The results showed that

the antifungal compounds were characterized to be C14 and C15 bacillomycin D homologues (C14–

15BDs). When 400 mL of the cellulase hydrolysates from the maize straws residues (CHMSRs) was fed

into 1.0 L of the batch fermentation broth at 60 h, an output of C14–15BDs (OC14–15BDs) was obtained as

44.84 mg gmaize straws
�1. Moreover, the fed-batch fermentation was beneficial for the increase of the

transcriptional activities of C14–15BDs synthetase genes by up-regulating expression of comA, sigmaH

and spo0A, which caused the elevation of C14–15BDs production. The present work provided an effective

solution for lipopeptide production in Bacillus subtilis.
1. Introduction

The antifungal lipopeptides produced by bacteria, such as
Bacillus subtilis1 and Bacillus amyloliquefaciens,2 were bioactive
secondary metabolites that had strong inhibition effects on
growth of agricultural fungi.1,3 The biosynthesis of antifungal
lipopeptides was mainly regulated by the operon structure
module of lipopeptide synthase.4 For example, the synthesis of
bacillomycin D, a cyclic lipopeptide from the iturin family, was
regulated by bmyA, bmyB, bmyC, bmyD and TE.5 In addition, the
biosynthesis of the antifungal lipopeptides was also related to
signal genes in Bacillus subtilis, such as ComA, SigmaH and
Spo0A.4,5

China produces a large amount of maize straws every year
and the environmental problems caused by incineration and
irrational treatment of maize straws are getting worse and
worse.6,7 Therefore, how to rationally make use of maize straws
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has attracted more and more attention. Enzymatic bioconver-
sion technology provided a reliable way for the utilization of
crop straw resources, due to its mild conditions, feasible oper-
ations and high selectivities.8 The maize straws were mainly
composed of cellulose, hemicellulose and lignin9 and it was
difficult for microorganisms to directly utilize crop straws. It
was previously reported that maize straws could be efficiently
converted into small reducing sugars by enzymatic hydro-
lysis.10,11 Microorganisms could commendably use these
reducing sugars from crop straws as carbon sources to increase
cell growth and ferment to useful target substances, such as
bioethanol,12 polysaccharides13 and microbial oil.14

In addition, the fed-batch fermentation was widely used in
bio-fermentation because of its rapid accumulation of biomass
and shortening fermentation cycle.15,16 Use of enzymatic
hydrolysates from crop straws as fermentation substrates and
optimization fermentation strategies could ulteriorly improve
the biomass of microorganisms and the synthesis efficiency of
target substances.17–20 However, at present, there were no
reports on production of antifungal lipopeptides from micro-
organisms using enzymatic hydrolysis of crop straws. The
present work was aimed at production of antifungal lip-
opeptides by enzymatic hydrolysis process. Firstly, a strain with
antifungal activity was isolated from the soil of Huai'an suburb
and the structure of the antifungal compounds was analyzed
and elucidated. Then, using maize straws as raw materials, the
effects of cellulase enzymatic hydrolysis and fermentation
RSC Adv., 2020, 10, 6725–6734 | 6725
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strategies on production of antifungal compounds were
studied. Furthermore, the expression of synthase genes and
related signal protein genes for biosynthesis of antifungal
compounds were also explored.

2. Materials and methods
2.1 Raw materials and enzymes

The raw maize straws were harvested from the suburb of
Huaian, China, and cut to a particle size of 1–3 mm aer
cleaned with tap water. Then, the straws was dried at 60 �C and
pulverized to 60 mesh powder. The cellulase in this study was
purchased from Sinopharm Chemical Reagent Co., Ltd, China,
and the activity of the cellulase was 100 000 U g�1.

2.2 Microorganisms and culture mediums

The sample strains isolated from wetland in the suburb of
Huaian, China, were cultured in beef extract medium (BEM) at
37 �C. The BEM medium consisted of 3.0 g L�1 beef extract,
10.0 g L�1 peptone and 5.0 g L�1 NaCl. The cellulase enzymatic
hydrolyzates medium (CEHM) modied according to the Landy
medium21 was used as the fermentation medium for producing
C14–15BDs. The CEHM medium consisted of yeast extract 1.0 g
L�1, L-glutamic acid 5.0 g L�1, MgSO4$7H2O 0.5 g L�1, KCl 0.5 g
L�1, MnSO4 0.05 g L�1, CuSO4$5H2O 0.0016 g L�1, FeSO4$7H2O
0.0015 g L�1, KH2PO4 1.0 g L�1, and 100 mL of enzymatic
hydrolyzates. It was maintained at a pH 7.0 and a temperature
of 121 �C, and was sterilized for 20 min.

2.3 Screening and identication of the strains with
antifungal activities

The sample strains were cultured at 37 �C and 180 rpm for 24 h
on Luria-Bertani (LB) medium containing 0.5 g L�1 yeast
extract, 1.0 g L�1 tryptone, and 1.0 g L�1 NaCl (pH 7.0). The
single colonies were stochastically inoculated into 50 mL of
BEM medium and shaked at 37 �C and 180 rpm for 16 h. 4% (v/
v) of cultures was then fermented into the CEHM medium and
cultivated at 33 �C and 180 rpm for 96 h. 20 mL of cultures was
centrifuged at 10 000g at 4 �C for 20 min. The supernatants were
ltered through 0.22 mm lters to prepare cell-free supernatants
(CFSs). The antifungal activities of CFSs were assayed on a PDA
agar, with Aspergillus avus (CICC 2062) as the indicator strain.
The antifungal activities were dened as the diameter of inhi-
bition zone. The CFSs of strains with a signicantly large inhi-
bition zone were used as the selected strains. The molecular
identication of the isolated strains was performed on basis of
the phenotypical analysis.22 In detail, the genomic DNA was
extracted according to the procedure of DNA extraction kit
(Sangon, China) and its purity was detected on NanoDrop2000
(Thermo Scientic, USA). The universal 16S rRNA PCR primer
including 16SF (50-AGAGTTTGATCMTGGCTCAG-30) and 16SR
(50-TACGGYTACCTTGTTACGACTT-30) was used to amplify 16S
rRNA. A total volume of 30 mL PCR reaction solution contained
50 ng of genomic DNA, 3.0 mL of each primer, 0.2 mL of Taq DNA
polymerase, 3.0 mL of 10 mM PCR buffer, 2.0 mL of 200 mM dNTP
and 17.8 mL ddH2O. The PCR program was 95 �C for 5 min,
6726 | RSC Adv., 2020, 10, 6725–6734
followed by 35 cycles at 95 �C for 3 0 s, 55 �C for 30 s and 72 �C
for 60 s, and 72 �C for 10 min.

The PCR products were puried using Omega Gel Extraction
Kits (Omega, USA) and sequenced by BGI (Wuhan, China). The
sequence alignment analysis23 was carried out on the website of
https://blast.ncbi.nlm.nih.gov/Blast. The phylogenetic tree was
constructed and analyzed by the previous method using the
soware of MEGA5.24
2.4 Isolation and structure characterization of the
antifungal compounds

Aer 5000g of centrifugation, 30 mL of the fermentation broth
supernatant was adjusted to a pH of 2.0 with 4 mol L�1 of HCl
and stayed at 4 �C for 120 min. Aer centrifugation, the
precipitation was accumulated and extracted by 100% of
methanol. The crude antifungal compounds were prepared by
10 000g of centrifugation. Then, the antifungal compounds was
puried by a Sephadex LH-20 column and reverse-phase high
performance liquid chromatography (RP-HPLC) (Waters 600,
USA) with a C18 column (4.6 � 250 mm, Agilent, USA).The
structure of the antifungal compounds and its concentration
were analyzed and characterized by high performance liquid
chromatography-mass spectrometry/mass spectrometry (HPLC-
MS/MS) as described in the previous work.1
2.5 Cellulase enzymatic hydrolysis

2 g of dry maize straw powders were sterilized at 121 �C for
20 min and cooled down to room temperature. The enzymatic
hydrolysis was performed in a 100 mL conical ask. The ster-
ilized powders were mixed with cellulase in 50 mL of reaction
solution and the enzymatic hydrolysis was carried out at 50 �C
and 180 rpm. Aer enzymolysis, the mixture was centrifuged at
8000g for 20 min. The cellulase hydrolysates from the maize
straws residues (CHMSRs) were collected to prepare for the
fermentation experiments. The maize straws residues were
dried at 85 �C to a constant weight and quantied to calculate
the consumption of maize straws (CMSs) (g). The reducing
sugar content of CHMSRs was determined by the 2,4-dini-
trosalicylate method using glucose as the standard.25 The yield
of reducing sugar (g g�1) for CHMSRs (YRS-CHMSRs) (g g�1)
was dened as the ratio of the amount of reducing sugar in
CHMSRs (g) to CMSs (g).
2.6 Fermentation process

The strain B. subtilis NS-174 was cultured in 100 mL of BEM
medium and shaked at 37 �C and 200 rpm for 20 h to prepare
the seed culture. 5% of seed culture was incubated into
a 250 mL Erlenmeyer ask which contained 100 mL of CEHM
medium to prepare for the ask fermentation. The batch
fermentation was performed in a 5.0 L fermenter (GUJZ,
Zhenjiang, China) with 1.0 L of CEHM medium. The fed-batch
fermentation was carried out by adding 300 mL of CHMSRs into
1.0 L of batch fermentation broth. All fermentations were trip-
licated and performed at 33 �C and 180 rpm.
This journal is © The Royal Society of Chemistry 2020
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2.7 RT-qPCR

The fresh cell of B. subtilis NS-174 was cultured in 20 mL of BEM
medium at 37 �C and 200 rpm for 36 h. The total RNA was
isolated by the method described as the manufacturer's
protocol of Trizol Reagent (Sangon, Shanghai, China). Then, the
RNA sample was collected and detected by NanoDrop2000
(Thermo Scientic, USA). The cDNA synthesis was performed
according to the procedure of HiScript™ 1 st Strand cDNA
Synthesis Kit (Vazyme, USA). RT-qPCR was performed on
a StepOnePlus™ Real-Time PCR System (Applied Biosystems,
USA) using SYBR Premix ExTaq™ (TaKaRa, Dalian, China). The
primers used for amplication of relative bacillomycin D
synthesis genes (bmy A, bmy B, bmy C, bmy D, TE, comA, sigma H
and spo0 A) and the PCR program were performed as described
in the previous works.26,27

2.8 Analytical methods

10 mL of fermentation cultures was centrifuged at 8000g for
10 min to obtain wet cells. The wet cells were dried at 80 �C for
6 h and the biomass concentration was dened as the dry cell
weight. The concentration of C14–15BDs was determined by
HPLC according to Qian et al. (2015).26 The ratio of C14–15BDs/
biomass (mg g�1) was dened as the ratio of the concentra-
tion of C14–15BDs (mg L�1) to the biomass concentration (g L�1).
The output of C14–15BDs (OC14–15BDs) (mg g�1) was dened as
the ratio of the amount of C14–15BDs (mg) to CMSs (g).

3. Results and discussion
3.1 Identication of the antifungal compounds producing
strain

A total of 758 single colonies isolated from wetland were
cultured in BEMmedium and fermented in Landymedium. The
cell-free supernatants (CFSs) of 4 strains exhibited strong anti-
fungal activity against Aspergillus avus (data not shown) and
the strain NS-174 had the highest antifungal activity. Therefore,
the strain NS-174 was selected to prepare for the following
studies. A 1452 bp 16S rRNA sequence was amplied from the
strain NS-174 genomic DNA. The results of sequence alignment
and a neighbor-joining phylogenetic tree revealed that the
strain NS-174 (accession number MN955309) was 99.72%
similar to Bacillus subtilis WX1 (accession number KF624694.1)
(Fig. 1).

B. subtilis species are considered to be well known classes for
producing antifungal compounds. Many antifungal
compounds, such as fengycin, surfactin and iturin, have been
gradually found in B. subtilis 28,29. In the present study, the
antifungal compounds in CFSs of the strain B. subtilis NS-174
exhibited signicant inhibition effects against A. avus,
however, the structure of the antifungal compounds should be
further investigated.

3.2 HPLC-MS/MS analysis of the antifungal compounds 1
and 2

The antifungal compounds from CFSs were further puried by
Sephadex LH-20 chromatography and RP-HPLC. The results
This journal is © The Royal Society of Chemistry 2020
obtained from HPLC prole (Fig. 2a) showed that the anti-
fungal compounds had two active peaks (peaks 1 and 2) with
the retention time at 18.34 and 20.93 min, respectively. The
two active peaks were further analyzed by MS/MS. The results
(Fig. 2b) showed that the isolated peaks 1 and 2 displayed their
[M + H]+ ion peaks at m/z 1031.4 and m/z 1045.43. From the
results of MS/MS analysis, it was important to note that the
isolated compounds individually had the fatty acid chains of
C14 and C15 with both contained seven peptide structures
(–Asn–Tyr–Asn–Pro–Glu–Ser–Thr–). The similar evidences
were found in previous reports.27,30 It was concluded that the
antifungal compounds belonged to C14 and C15 of bacillomy-
cin D homologues (C14–15BDs).
3.3 Effects of cellulase hydrolysis of maize straws on
production of C14–15BDs

The effects of cellulase amount, substrate loading, and enzy-
molysis time on production of reducing sugar and C14–15BDs
were investigated using ask fermentations. The results were
shown in Fig. 3. Fig. 3a showed that the yield of reducing sugar
signicantly enhanced along with the consumption of maize
straws at the beginning. YRS-CHMRSs was up to 0.65 g g�1

when the cellulase amount was at 80.0 mg, which indicated that
cellulase could effectively convert maize straws to reducing
sugar within an appropriate range. However, when the cellulase
amount continued to mount up, YRS-CHMRSs had no signi-
cant increase, demonstrating that an overdose of cellulase was
disadvantage to the production of reducing sugar from maize
straws. Meanwhile, when the cellulase amount ranged from 20
to 80 mg, the biomass concentration and OC14–15BDs increased
from 1.14 to 2.05 g L�1 and 1.37 to 4.05 mg g�1, respectively,
which indicated that there was a positive relation between
reducing sugar and biomass. The reducing sugar could effi-
ciently help to accumulate more cell growth for C14–15BDs
production in the strain B. subtilis NS-174.

Fig. 3b proled the effect of substrate loading on production
of reducing sugar and C14–15BDs. It was found that 3.0% of
substrate loading was suitable for producing more reducing
sugar and YRS-CHMRSs achieved to be 0.68 g g�1. A higher level
of substrate loading (over 3.0%) was against the improvement of
release of more reducing sugar. An excessive dose of substrate
increased the viscosity of the reaction system, which hindered
the effective combination of substrate and enzyme and there-
fore caused an inefficient enzymatic hydrolysis. Furthermore,
when the substrate loading ranged from 1% to 3%, the biomass
concentration and OC14–15BDs were increased. The biomass
concentration and OC14–15BDs were respectively up to 1.98 g L�1

and 4.03 mg g�1 at substrate loading of 3%, which evidenced
that OC14–15BDs showed a dose-dependent manner within an
appropriate range of substrate loading.

Fig. 3c showed that the release of reducing sugar had an
obvious increase when the enzymolysis time was from 36 to
72 h, correlating with the increase of the consumption of maize
straws. YRS-CHMRSs was observed to be a maximum value at
72 h. As the enzymolysis time was further extended, YRS-
CHMRSs no longer elevated, indicating that an excessive
RSC Adv., 2020, 10, 6725–6734 | 6727

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra10536k


Fig. 1 The phylogenetic tree of the strain NS-174. The tree was constructed by the neighbor-joining method using the software MEGA5.0. Bar:
sequence divergence of 0.0002.
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enzymolysis time made little sense of the release of reducing
sugar. Therefore, the enzymolysis time was reasonably obtained
to be 72 h. At the same time, when the enzymolysis time varied
from 36 to 72 h, it was observed that the biomass concentration
and C14–15BDs production synchronously increased and their
optimal values were achieved at 72 h, which evidenced that the
production of C14–15BDs was closely related to the reducing
sugar.

The enzymatic hydrolysis was extensively used to produce
target active compounds in microorganisms and the previous
reports proved that enzymatic hydrolysis was an important tool
in bioconversion.31,32 Yu et al. (2017) efficiently used hemi-
cellulose and cellulose from corncob to produce bioethanol by
Spathaspora passalidarum U1-58 using the hydrolysis method of
cellulase and xylanase.33 Zhao et al. (2019) availably degraded
sodium hydroxide pretreated rice straw by three-stage enzy-
matic hydrolysis to accumulate microbial oil by Mortierella
isabellina.14 Maize straws consisted of large molecular carbo-
hydrates including cellulose, hemicellulose and lignin. Enzy-
matic hydrolysis was benecial to change these carbohydrates
to small reducing sugars,10 which was helpful for bioconversion.
Enzyme, substrate and reaction time were considered to be the
key factors that were closely relative to digestion efficiency in
the process of enzymatic hydrolysis. An appropriate amount of
enzymes, substrates and reaction time could promote the
combination of enzymes and substrates, thereby improving the
efficiency of reducing sugar release and bioconversion of target
products.12,34 In the present study, a right dose of cellulase and
substrate, and an appropriate enzymolysis time could signi-
cantly increase the production of reducing sugar, thus acceler-
ated biomass accumulation and C14–15BDs formation. In
general, given the efficiency of cellulase hydrolysis and the
production capacity of C14–15BDs, an available cellulase hydro-
lysis condition was reasonably determined to be the cellulase
6728 | RSC Adv., 2020, 10, 6725–6734
amount of 80 mg, the substrate loading of 3% and the enzy-
molysis time of 72 h.
3.4 Evaluation of fermentation strategies for C14–15BDs
production

The fermentation characteristics of ask fermentations, batch
fermentations and fed-batch fermentations for C14–15BDs
production by B. subtilis NS-174 were investigated using
hydrolyzates of maize straws as fermentation substrates. The
time courses of fermentation curves were illustrated in Fig. 4.
The results of ask fermentations in Fig. 4a showed that the
biomass concentration apparently increased and remained at
a high level when at the fermentation time of 48 h. However, the
biomass concentration decreased gradually aer 48 h.
OC14–15BDs had no signicant increase from 0 to 36 h and the
strain B. subtilis NS-174 started to produce C14–15BDs aer 48 h.
The highest OC14–15BDs reached 4.06mg g�1 at 96 h (Fig. 4a and
Table 1). The effects of batch fermentation on C14–15BDs
production were shown in Fig. 4b. It was found that the biomass
and C14–15BDs production showed the same trend for the ask
fermentation and the batch fermentation. The biomass
concentration at 48 h and OC14–15BDs at 96 h were 4.03 g L�1

and 8.87 mg g�1, respectively (Fig. 4b and Table 1). While aer
48 h, the biomass concentration continued to decrease, due to
the lack of carbon sources. B. subtilis NS-174 required ample
fermentation substrates to maintain a high level of cell growth
for C14–15BDs production. Consequently, the fed-batch
fermentation was further performed and the results were
shown in Fig. 4c and d. The results demonstrated that fed-batch
fermentation effectively improved cell growth and C14–15BDs
production. When fed 300 mL of CHMSRs into 1.0 L of batch
fermentation broth at 60 h, the maximum biomass concentra-
tion, ratio of C14–15BDs/biomass, OC14–15BDs were respectively
obtained to be 8.63 g L�1, 70.41 mg g�1 and 44.84 mg g�1.
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) HPLC profile of the antifungal compounds (peaks 1 and 2) with retention time of 18.34 and 20.93 min. (b) MS/MS analysis of the
antifungal compounds with m/z 1031.40 and m/z 1045.43.
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Compared with that of batch fermentation, the biomass
concentration, the ratio of C14–15BDs/biomass and OC14–15BDs
were individually increased by 114.14%, 430.59% and 405.52%,
This journal is © The Royal Society of Chemistry 2020
indicating that the fed-batch fermentation could efficiently
promote cell growth and C14–15BDs production of B. subtilis NS-
174.
RSC Adv., 2020, 10, 6725–6734 | 6729
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Fig. 3 The effects of the cellulase enzymatic hydrolysis on production of C14–15BDs, (a) cellulase amount, (b) substrate loading and (c) enzy-
molysis time. All experiments were triplicated and the error bars were shown as standard deviations.

6730 | RSC Adv., 2020, 10, 6725–6734 This journal is © The Royal Society of Chemistry 2020

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
2 

20
20

. D
ow

nl
oa

de
d 

on
 2

02
5/

10
/1

7 
20

:5
6:

27
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra10536k


Fig. 4 Time courses of C14–15BDs production by different fermentations. All fermentations were performed at 33 �C and 180 rpm. (a) Flask
fermentation, the flask experiment was carried out in a working volume of 100 mL. (b) Batch fermentation, the batch experiment was carried out
in a working volume of 1.0 L; (c) fed-batch fermentation, 400 mL of CHMSRs was added into 1.0 L of batch fermentation broth at 60 h; (d) fed-
batch fermentation, 400 mL of CHMSRs was added into 1.0 L of batch fermentation broth at 72 h. All experiments were triplicated and the error
bars were shown as standard deviations. * and ** denoted the significances from controls at 0.05 and 0.01 levels.
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The previous studies conrmed that the reducing sugar
formed by enzymatic hydrolysis of maize straws could signi-
cantly increase the biomass concentration of microorganisms,
thereby improve the yield of target substances.13,14 Bacillomycin
D was a cyclic lipopeptide that produced as secondary
Table 1 Comparison of C14–15BDs production by different fermentations
standard deviations

Fermentation process
Maximum biomass
(g L�1) Maximum ratio

Flask fermentation 2.05 � 0.05a 5.90 � 0.15b

Batch fermentation 4.03 � 0.11c 13.27 � 0.37d

Fed-batch fermentation 8.63 � 0.25e 70.41 � 1.52f

a The ask experiment was carried out in a working volume of 100 mL and
volume of 100 mL and fermented at 96 h. c The batch experiment was carr
experiment was carried out in a working volume of 1.0 L and fermented at
60 h and fermented at 36 h. f Feeding 300 mL CHMSRs into 1.0 L batch f

This journal is © The Royal Society of Chemistry 2020
metabolites by Bacillus spp. The synthesis of cyclic lipopeptides
was closely relevant to cell growth of target bacteria and the
increase of biomass concentration was advantageous to
generate more bacillomycin D.26 From the results of Fig. 4, it
was also observed that high level of reducing sugar was
. All experiments were triplicated and the average values were shown as

of C14–15BDs/biomass (mg g�1) Maximum OC14–15BDs (mg g�1)

4.06 � 0.11b

8.87 � 0.23d

44.84 � 1.31f

fermented at 48 h. b The ask experiment was carried out in a working
ied out in a working volume of 1.0 L and fermented at 48 h. d The batch
84 h. e Feeding 300 mL CHMSRs into 1.0 L batch fermentation broth at
ermentation broth at 60 h and fermented at 84 h.

RSC Adv., 2020, 10, 6725–6734 | 6731

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra10536k


Fig. 5 Profiles of genes expression for C14–15BDs biosynthesis by different fermentations. All fermentations were performed at 12 h (a), 24 h (b),
36 h (c) and 48 h (d). The flask experiments were carried out in a working volume of 100mL. The batch fermentations were experimentalized with
a working volume of 1.0 L. The fed-batch experiment was performed in a working volume of 1.0 L, with 400 mL of CHMSRs added into 1.0 L of
batch fermentation broth at 60 h. All experiments were triplicated and error bars were shown as standard deviations. * and ** denoted the
significances from controls at 0.05 and 0.01 levels.
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benecial for enhancing the biomass concentration and thus
producing more C14–15BDs in B. subtilis NS-174. However, the
lack of the reducing sugar supplied in the medium limited cell
growth of B. subtilis NS-174, and caused a low yield of C14–15BDs.
Therefore, further improvement of fermentation strategy was
necessary for the production of C14–15BDs. It was well known
that the fed-batch fermentation could signicantly improve the
biomass concentration of microorganisms and the synthetic
ability of target substances.16,35 The similar evidence was also
found by Zhong et al. (2014), which signicantly increased the
production of an antifungal cyclic lipopeptide (jiean-peptide) by
Bacillus subtilis using fed-batch fermentation.36 In the present
study, according to the evidences of Fig. 4 and Table 1, the
production C14–15BDs of fed-batch fermentation signicantly
enhanced as compared to the production of batch fermentation
and ask fermentation.
6732 | RSC Adv., 2020, 10, 6725–6734
3.5 Genes expression of C14–15BDs biosynthesis by different
fermentation strategies

The effects of ask fermentation, batch fermentation and fed-
batch fermentation on expression of bmy A, bmy B, bmy C,
bmy D, TE, com A, sigma H and spo0 A were presented in Fig. 5.
The results showed that expression of bmy A, bmy B, bmy C, bmy
D, TE, com A, sigma H and spo0 A was increased when the
fermentation time ranged from 12 to 36 h. Aer 36 h, expression
of these eight genes decreased. The expression of bmy A, bmy B,
bmy C, bmy D, TE, com A, sigma H and spo0 A by fed-batch
fermentation was found to be 6.13 times at 36 h (P < 0.01),
6.85 times at 36 h (P < 0.01), 7.91 times at 36 h (P < 0.01), 7.58
times at 36 h (P < 0.01), 7.53 times at 36 h (P < 0.01), 5.51 times at
36 h (P < 0.01), 4.67 times at 36 h (P < 0.05), 4.98 times at 36 h (P
< 0.05) higher than that of batch fermentation. Our evidences
showed that the fed-batch fermentation could signicantly up-
This journal is © The Royal Society of Chemistry 2020
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regulate the expression of bmy A, bmy B, bmy C, bmy D, TE, com
A, sigma H and spo0 A. The synthesis of a cyclic lipopeptide
followed a non-ribosomal enzyme catalysis pattern and was
closely correlated to the expression of its synthase.4,37 The
biosynthesis of bacillomycin D was regulated by bmyA, bmyB,
bmyC, bmyD and TE,5 which catalyzed the formation of cyclic
heptapeptides by adenylation, thiolation and concentration of
amino acids, the synthesis of fatty acid chains and the cycliza-
tion of amino acids. As can be seen from Fig. 5, the fed-batch
fermentation signicantly promoted expression of bmyA,
bmyB, bmyC, bmyD and TE, which contributed to improving the
transcriptional activities of synthetase genes of C14–15BDs and
caused elevation of C14–15BDs production. In addition, the
biosynthesis of cyclic lipopeptides was also associated with
signal genes in Bacillus subtilis, such as Com A, Sigma H and
Spo0 A.4,5 Expression of ComA, functioned as a transcriptional
regulator, was helpful for the formation of spores and the
synthesis of cyclic lipopeptide in B. subtilis.38 SigmaH contrib-
uted to sporulation and synthetase transcription of cyclic lip-
opeptides. Spo0A regulated the formation of spores in B.
subtilis.39 It was previously evidenced that the increase of
expression of Spo0A and number of spores could promote the
synthesis of iturin A and bacillomycin D.26,40 From the evidences
in Fig. 5, compared with the batch fermentation and the ask
fermentation, the fed-batch fermentation signicantly
increased expression of Com A, Sigma H and Spo0 A, and
elevated the transcriptional activity of C14–15BDs synthase
genes, thus improved the production of C14–15BDs.
4. Conclusions

The antifungal compounds isolated from Bacillus subtilis NS-
174 were characterized to be C14 and C15 bacillomycin D
homologues (C14–15BDs). The enzymatic hydrolysis of maize
straws could be good for noticeably increasing production of
C14–15BDs. The fermentation strategies on the production of
C14–15BDs were evaluated and the fed-batch process signi-
cantly improved the production of C14–15BDs. Feeding CHMSRs
could signicantly improve transcriptional activities of C14–

15BDs synthetase genes through up-regulation expression of
comA, sigmaH and spo0A, which contributed to elevating the
production of C14–15BDs.
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