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lturin A is a biosurfactant with various applications, and its low synthesis
capability limits its production and application development. Fatty acids play
a critical role in cellular metabolism and target product syntheses, and the
relationship between fatty acid supplies and iturin A synthesis is unclear. In this
study, we attempted to increase iturin A production via strengthening fatty acid
synthesis pathways in Bacillus amyloliquefaciens. First, acetyl-CoA carboxylase
AccAD and ACP S-malonyltransferase fabD were overexpressed via promoter
replacement, and iturin A yield was increased to 1.36 g/L by 2.78-fold in the
resultant strain HZ-ADF1. Then, soluble acyl-ACP thioesterase derived from
Escherichia coli showed the best performance for iturin A synthesis, as
compared to those derived from B. amyloliquefaciens and Corynebacterium
glutamicum, the introduction of which in HZ-ADF1 further led to a 57.35%
increase of iturin A yield, reaching 2.14 g/L. Finally, long-chain fatty acid-CoA
ligase LcfA was overexpressed in HZ-ADFT to attain the final strain HZ-ADFTL2,
and iturin A yield reached 2.96 g/L, increasing by 6.59-fold, and the contents of
fatty acids were enhanced significantly in HZ-ADFTL2, as compared to the
original strain HZ-12. Taken together, our results implied that strengthening
fatty acid supplies was an efficient approach for iturin A production, and this
research provided a promising strain for industrial production of iturin A.

KEYWORDS

iturin A, fatty acid, Bacillus amyloliquefaciens, metabolic engineering, gene expression

Abbreviations: PYR, pyruvate; KIV, 2-keto-isovalerate; KMV, 2-keto-3-methylvalerate; OAA,
oxaloacetate; a-KG, a-ketoglutaric acid; HPLC, high-performance liquid chromatography; SOE-
PCR, splicing by overlap extension—polymerase chain reaction.
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Introduction
Lipopeptide biosurfactants are important secondary

metabolites synthesized by microorganisms, which have
important applications in petrochemical, agricultural, and
medicinal fields. According to the structural components of
the amino acid chain and fatty acids, lipopeptides are divided
into iturin, surfactin, and fengycin families (Ongena and Jacques,
2008; Zhao et al., 2017). Among them, iturin A has the strongest
antifungal activity in the iturin family, which is composed of
seven amino acid residues Asn-Tyr-Asn-Gln-Pro-Asn-Ser and
one P-amino fatty acid side chain (Chain length 14-17) (Tsuge
et al.,, 2001). Due to the safety and environmental friendliness of
biological control, iturin A has a good application prospect in the
biological control of plant diseases (Xu et al., 2020). However,
compared to the common lipopeptide surfactin, low-level
synthesis capability limited iturin A application.

With the development of modern biotechnology, metabolic
engineering and synthetic biology have been applied to the
efficient synthesis of a variety of target products, thereby
having an important impact in the fields of energy, chemical
industry, medicine, and agriculture (Wang and Qi, 2009).
Meanwhile, several attempts have been conducted to improve
lipopeptide production. Through the introduction of 4-
Sfp,
strengthening precursor (precursor amino acids and fatty

phosphopantetheinyl  transferase genome reduction,
acids) supplies, and surfactin synthetase cluster expression,
surfactin produced by Bacillus subtilis reached 12.8 g/L (Wu
et al,, 2019). yerP was proven as the major surfactin exporter,
and overexpression of yerP led to a 145% increase in surfactin
production in B. subtilis (Li et al., 2015). Through simultaneous
overexpression of regulators ComA and SigA, the iturin A yield
was increased to 215 mg/L by 43-fold in B. subtilis ZKO (Zhang
et al, 2017). Meanwhile, genome shuffling was applied for rapid
improvement of iturin A production strain, and iturin A was
increased by 2.03-fold, as compared to the wild strain (Shi et al.,
2018). In addition, promoter replacement has been proven as an
efficient approach for lipopeptide production, which significantly
increased surfactin (Jiao et al., 2017), iturin A (Xu et al., 2020),
lichenysin (Qiu et al., 2014), and fengycin (Yaseen et al.,, 2016)
yields. As for iturin A, few articles about genetic engineering
breeding have been reported at present.

Fatty acids are important constituents of cell membrane
phospholipids, which also play a key role in the syntheses of
target products (Wang M. et al., 2019), and free fatty acids and
their derivatives are used in the fields of industrial chemicals,
2016).
Previously, acyl-ACP thioesterase, propionyl-CoA synthase,
III
engineered, which significantly increased odd straight-chain
free fatty acid production (Wu and San, 2014). A metabolic
switch was applied to dynamically regulate fatty acid biosynthesis

pharmaceuticals, agriculture, etc. (Bentley et al,

and -ketoacyl-acyl carrier protein synthase

were

in Escherichia coli and led to a 2.1-fold increase in the fatty acid
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titer (Xu et al., 2014). In addition, the fatty acid supply served a
critical role in lipopeptide synthesis as a fatty acid chain is
contained in the structure of lipopeptide. Through deleting
the regulator gene codY and 2-oxoisovalerate dehydrogenase
gene IpdV, the yield of the surfactin Cl4 isoform was
significantly enhanced (Dhali et al, 2017). Strengthening
branched-chain fatty acid biosynthetic pathways was proven
as an efficient approach for surfactin production, which led to
a 1.2-fold increase in surfactin production (Wu et al., 2019). In
addition, the antisense RNA strategy was applied to identify the
critical role of the biotin carboxylase II gene yngH in malonyl-
CoA and surfactin syntheses, and overexpression of yngH led to a
43% increase of surfactin production in B. subtilis, reaching
13.37 g/L (Wang M. et al, 2019). However, the relationship
between fatty acid synthesis and iturin A production has not
been studied so far.

The low synthesis capability of iturin A limits its application
promotion, although several approaches of genetic engineering
breeding and fermentation process optimization have been
developed to improve iturin A production (Mizumoto et al.,
2007; Mizumoto and Shoda, 2007; Jin et al., 2015; Zhang et al.,
2017; Shi et al., 2018; Dang et al., 2019; Xu et al,, 2020; Wang
et al, 2021). To improve iturin A synthesis, fatty acid
biosynthetic pathways were systematically strengthened in
Bacillus amyloliquefaciens HZ-12, a wide-type strain with the
synthesis capability of iturin A (Xu et al., 2020), and the synthesis
modules of malonyl-CoA, malonyl-ACP, free fatty acid, and fatty
acid-CoA were strengthened for iturin A production (Figure 1).
Our results indicated that strengthening fatty acid supplies was
an efficient approach for iturin A production, whose strategy
could also be applied in the production of other metabolites.

Materials and methods

Strains, plasmids, and cultivation conditions: B.
amyloliquefaciens HZ-12 acted as the original strain for
recombinant strain construction. The plasmids pHY300PLK
and T,(2)-Ori were applied for gene overexpression, promoter
replacement, and gene integration, respectively. The primers
research are provided in Table 1
S1 (Refer to the Supplementary

information). E. coli DH5a acted as the host for plasmid

used in this and

Supplementary Table

construction. B. amyloliquefaciens and E. coli were cultivated
at 28°C and 37°C, respectively, and a corresponding antibiotic
(20 mg/L kanamycin or tetracycline) was added when necessary.
For iturin A production, strains were cultivated in 250-ml flasks
containing 50 ml of LB medium for 12 h, then transferred (1 ml)
into a 250-ml flask containing 25 ml iturin A production medium
(g/L, 30 corn starch, 70 soybean meal, 1.0 K,HPO,-3H,O0,
1.0 MgSO,7H,0, 1.0 FeSO,7H,0, 0.01 MnSO,H,0, and
natural pH), and further cultivated at 28°C, 230 rpm for 72 h.
Since, the iturin A fermentation medium is not conducive to
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Metabolic engineering of fatty acid synthesis pathways for enhanced production of iturin A.

bacterial isolation and fatty acid extraction, medium E (ME
medium, g/L, 20 glucose, 20 sodium glutamate, 10 sodium
citrate, 7 NH,Cl, 0.5 K,HPO,3H,O, 0.5 MgSO,7H,0,
0.04 FeCly-6H,0, 0.104 MnSO,-H,O, and 0.15 CaCl,-2H,0)
was applied for fatty acid determination, and the mid-
logarithmic fermentation (20 h) samples were attained for the
determination of fatty acid contents.

Construction of gene overexpression strains: gene
overexpression strain was constructed according to our
2018), and the

construction procedure of genes accAD overexpression strain

previously reported method (Cai et al,

served as an example. In brief, the P43 promoter from B. subtilis
168, genes accAD from B. amyloliquefaciens HZ-12, and amyL
terminator from B. licheniformis DW2 were amplified by
corresponding primers (Supplementary Table S1), and these
three fragments were fused through splicing by Overlap
Extension (SOE)-PCR. The fused fragment was then inserted
into the plasmid pHY300PLK at restriction enzyme sites EcoRI/
Xbal, and diagnostic PCR and DNA sequences were used to
confirm that the gene expression plasmid pHY-AccAD was
successfully. The plasmid pHY-AccAD was

electro-transferred into B. amyloliquefaciens HZ-12 to attain

constructed

the gene overexpression strain HZ/pHY-AccAD. Similarly,
(accBC, fabD, tesA, and IcfA) overexpression
strains were constructed by the same method.

other genes’

Construction of the promoter replacement strain: promoter
replacement was proven as an efficient approach for gene
expression regulation, and the promoter replacement strain
was constructed based on our previously reported research
(Xu et al.,, 2020), and the construction procedure of the gene
accAD promoter replacement strain served as an example.
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Briefly, the upstream and downstream homologous arms of
the gene accAD promoter from B. amyloliquefaciens HZ-12
and the P43 promoter from B. subtilis 168 were amplified by
corresponding primers and fused through SOE-PCR. The fused
fragment was inserted into plasmid T, (2)-Ori at restriction
enzyme sites Sacl/Xbal, and diagnostic PCR and DNA sequences
were used to confirm that the promoter replacement plasmid T2-
P43-AccAD was constructed successfully.

Subsequently, the plasmid T2-P43-AccAD was electro-
transferred into B. amyloliquefaciens, and transformants were
verified by colony PCR. The positive transformant was cultivated
in an LB medium with 20 mg/L kanamycin at 45°C for three
generations and then transferred into the kanamycin-free
medium at 37°C for six generations. The kanamycin-sensitive
colonies were verified by diagnostic PCR to attain double-cross
transformants and further confirmed by DNA sequencing.
Similarly, other genes’ (fabD and IcfA) promoter replacement
strains were constructed by the same method.

Construction of gene integration expression strain: integration
expression is an important strategy to achieve stable expression of
the heterologous gene. Here, the acyl-ACP thioesterase TesA
integration expression strain was attained according to our
previously reported research (Cai et al, 2018). Briefly, the
upstream and downstream homologous arms, and the gene fesA
expression cassette were amplified and fused through SOE-PCR.
Then, the fused fragment was inserted into T, (2)-Ori to construct
the fesA integration expression vector T2-TesA. Then, T2-TesA was
electro-transferred into B. amyloliquefaciens, and the tesA
integration expression strain was attained by homologous double
exchanges, similar to the construction process of promoter
replacement, verified by diagnostic PCR and DNA sequences.
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TABLE 1 Strains and plasmids used in this research.

Strain or plasmid

Strain
B. subtilis 168
B. licheniformis DW2

B. amyloliquefaciens
HZ-12
HZ/pHY300
HZ/pHY-AccAD
HZ/pHY-AccBC
HZ-AD1
HZ-AD2
HZ-AD3
HZ-AD2/pHY300
HZ-AD2/pHY-fabD
HZ-ADF1
HZ-ADF2
HZ-ADF3
HZ-ADF1/pHY300
HZ-ADF1/pHY-TesAg,
HZ-ADF1/pHY-TesAg,
HZ-ADF1/pHY-TesAc,
HZ-ADFT
HZ-ADFT/pHY300
HZ-ADFT/pHY-LcfA
HZ-ADFTL1
HZ-ADFTL2
HZ-ADFTL3

Plasmid
T, (2)-Ori

Relevant genotype/description

Wild type
CCTCC M2011344

Tturin A production strain and wild-type (CCTCC M2015234)

Derivative of HZ-12, harboring the plasmid pHY300 as the control strain
Derivative of HZ-12, harboring the AccAD expression plasmid pHY-AccAD
Derivative of HZ-12, harboring the AccBC expression plasmid pHY-AccBC
Derivative of HZ-12 and the promoter of genes accAD was replaced by P43
Derivative of HZ-12 and the promoter of genes accAD was replaced by Py,ca
Derivative of HZ-12 and the promoter of genes accAD was replaced by Pgyais
Derivative of HZ-AD2, harboring the plasmid pHY300 as the control strain
Derivative of HZ-AD2, harboring the fabD expression plasmid pHY-fabD
Derivative of HZ-AD2 and the promoter of gene fabD was replaced by P43
Derivative of HZ-AD2 and the promoter of gene fabD was replaced by Ppaca
Derivative of HZ-AD2 and the promoter of gene fabD was replaced by P13
Derivative of HZ-ADFI, harboring the plasmid pHY300 as the control strain
Derivative of HZ-ADF1, harboring the TesA expression plasmid pHY-TesAg,
Derivative of HZ-ADF1, harboring the TesA expression plasmid pHY-TesAg.
Derivative of HZ-ADF1, harboring the TesA expression plasmid pHY-TesAcg
Derivative of HZ-ADF1 and TesA integration expression strain

Derivative of HZ-ADFT, harboring the plasmid pHY300 as the control strain
Derivative of HZ-ADFT, harboring the LcfA expression plasmid pHY-LcfA
Derivative of HZ-ADFT and the promoter of gene IcfA was replaced by P43
Derivative of HZ-ADFT and the promoter of gene IcfA was replaced by Pp,ca
Derivative of HZ-ADFT and the promoter of gene IcfA was replaced by Pgyais

E. coli-Bacillus shuttle vector; Ori,yc/Oriy, and Kan*

Source

Lab collection

Lab collection

Lab collection
This work
This work
This work
This work
This work
This work
This work
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

Lab collection

T2-P43-AccAD Promoter P43 with the upstream and downstream homogenous arms of P,.cap inserted into T, (2)-ori This work
T2-PbacA-AccAD Promoter Py,.4 with the upstream and downstream homogenous arms of P,..ap inserted into T, (2)-ori This work
T2-Pdual3-AccAD Promoter Pgy,3 with the upstream and downstream homogenous arms of P,..ap inserted into T, (2)-ori This work
T2-P43-fabD Promoter P43 with the upstream and downstream homogenous arms of Pgyp inserted into T, (2)-ori This study
T2-PbacA-fabD Promoter Py,.4 with the upstream and downstream homogenous arms of Pg,y,p inserted into T, (2)-ori This study
T2-Pdual3-fabD Promoter Pgy,3 with the upstream and downstream homogenous arms of Pgyp inserted into T, (2)-ori This study
T2-TesA TesA integration expression vector This study
T2-P43-LcfA Promoter P43 with the upstream and downstream homogenous arms of Py, inserted into T, (2)-ori This study
T2-PbacA-LcfA Promoter PbacA with the upstream and downstream homogenous arms of Py, inserted into T, (2)-ori This study
T2-Pdual3-LcfA Promoter Pdual3 with the upstream and downstream homogenous arms of Pjcg inserted into T, (2)-ori This study
pHY300PLK E. coli and B s shuttle vector; Amp" and Tet" Lab collection
pHY-AccAD AccAD expression vector based on pHY300PLK This study
pHY-AccBC AccBC expression vector based on pHY300PLK This study
pHY-fabD fabD expression vector based on pHY300PLK This study
pHY-TesAg, TesAp, expression vector based on pHY300PLK This study
pHY-TesAg, TesAg. expression vector based on pHY300PLK This study
pHY-TesAc, TesAc, expression vector based on pHY300PLK This study
pHY-LcfA LcfA expression vector based on pHY300PLK This study
Frontiers in Bioengineering and Biotechnology 04 frontiersin.org
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Determination of gene transcriptional levels: total RNA was
extracted by TRIzol” reagent, the trace DNA was digested by
DNase I, and the first strand of cDNA was amplified using the
RevertAid First Strand c¢DNA Synthesis Kit (Thermo,
United States). The 16S *rRNA from B. amyloliquefaciens HZ-
12 was used as the reference gene. The gene transcriptional levels
of recombinant strains were compared with those of the control
strain after being normalized to the reference gene 16S rRNA. All
the experiments were performed in triplicates.

Analytical methods: the cell biomass was measured by a
dilution coating method, and iturin A yields of various strains
were determined by high-performance liquid chromatography
(HPLC) using a 1260 HPLC system (Agilent Technologies, USA)
equipped with the Agilent LiChrospher C18 column (4.6 mm X
250 mm, 5 um), according to our previous research (Xu et al.,
2020). The mobile phase was 10 mmol/L ammonium acetate/
acetonitrile = 65:35 (V/V), and the flow rate was 1.0 ml/min. The
injection volume was 10 ul, the detection wavelength was
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210 nm, and the concentration of iturin A was calculated by
the standard curve made by standard iturin A (Sigma, CAS
52229-90-0, purity 95%). The concentrations of total reducing
sugar were determined by the DNS (3, 5-dinitrosalicylic acid)
method (Hsiao et al., 2019), according to the standard curve line
made by glucose.

To determine the contents of fatty acids, 2ml of the
fermentation broth was centrifuged, and the cell pellet was
washed with normal saline. Then, the cell pellet was dissolved
in 1 ml of solution I (15% NaOH, 50% methanol) and insulated at
100°C for 5 min. The volume of 2 ml of solution II (3 mol/L HCL,
36% methanol) was added into the mixture and insulated at 80°C
for 10 min. The volume of 1.25 ml of n-hexane was added and
mixed. After aspirating the upper organic phase, 3 ml of the 1.2%
NaOH mixture and 300 pl of the saturated sodium chloride
solution were added, and the upper liquid phase was attained
fatty gas
chromatography-mass system

for acid  analysis, conducted wusing a

spectrometry  (GC-MS)
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equipped with the TG-5MS column (30 m x 0.25 mm, Thermo).
The carrier gas helium had a constant flow rate of 0.8 ml/min, the
splitless injection mode was used, and the temperature of the
injection port was 250°C. The initial temperature of the column
oven was 40°C and maintained for 5 min, and the temperature
was raised to 150°C with the rate of 50°C/min and maintained for
2 min. The final ramping was carried out at 240°C in 1 min and
then kept for 10 min. The MS transfer line temperature and ion
source temperature were 280°C. The scan masses (m/z) ranged
from 50 to 700. The concentrations of fatty acids were calculated
based on the standard cure made by fatty acid methyl ester
standards, and phenethyl acetate was severed as the internal
standard for fatty acid detection (Tan et al., 2016; Liu et al., 2017).

As for the determination of free fatty acids, cells were
disrupted by ultrasound and centrifuged, and the supernatant
was derivatized for free fatty acid analysis, according to the
aforementioned method.
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Statistical analyses: all samples were analyzed in triplicate,
and all data were conducted to analyze the variance at p <
0.05 and p < 0.01, and a t-test was applied to compare the mean
values using the software package Statistica 6.0 (Cai et al., 2018).

Results

Strengthening acetyl-CoA carboxylase for iturin A production:
previously, acetyl-CoA carboxylase, encoding four genes accABCD,
was proven as the rate-limiting step for malonyl-CoA and fatty acid
syntheses (Wu and San, 2014), and strengthening acetyl-CoA
carboxylase expression benefited surfactin production (Wang M.
et al, 2019). Here, to enhance acetyl-CoA carboxylase expression
for iturin A production, genes accAC and accBD overexpression
vectors constructed and  electro-transferred into  B.
amyloliquefaciens HZ-12 to attain recombinant strains HZ/pHY-

were
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AccAD and HZ/pHY-AccBC, respectively. Meanwhile, the plasmid
pHY300PLK was transferred to B. amyloliquefaciens HZ-12 to attain
HZ/pHY300 as the control strain.

Then, all these recombinant strains were cultivated in an
iturin A production medium, and cell biomass and iturin A yields
were measured at the end of fermentation. Based on our results,
as shown in Figure 2A, strengthening accAC and accBD benefited
cell growth, which was increased by 9.15% and 6.09%,
respectively, as compared to HZ/pHY300, and iturin A yields
of HZ/pHY-AccAD and HZ/pHY-AccBC were 0.89 g/L and
0.57 g/L, which increased by 1.87- and 0.84-fold, respectively.
Therefore, our results indicated that strengthening acetyl-CoA
carboxylase expression benefited iturin A synthesis.

Due to the influence of the free plasmid on the metabolic burden
and subsequent genetic engineering (Zhou et al, 2017a), the
promoter of the gene accAD was replaced with the well-
recognized strong promoter P43 from B. subtilis 168, Pp,ca from
B. licheniformis DW2 (Rao et al., 2021), and dual-promoter P13
constructed in our previous research (Rao et al, 2020) to attain
promoter replacement strains HZ-P43-AD (HZ-AD1), HZ-PbacA-
AD (HZ-AD2), and HZ-Pdual3-AD (HZ-AD3), respectively. Based
on our results, as shown in Figure 2, transcriptional levels of genes
accA and accD were all increased in the recombinant strains, and
HZ-AD2 showed the best performance on iturin A synthesis, which
consisted of the results of transcriptional levels, and iturin A yield
produced by HZ-AD2 reached 0.92 g/L (Figure 2), increasing 1.36-
folds as compared to the control strain HZ-12.

Overexpression of ACP S-malonyltransferase fabD for iturin
A synthesis: ACP S-malonyltransferase fabD functions to
catalyze malonyl-CoA to malonyl-ACP (Bentley et al., 2016),
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which provides carbon donors for fatty acid synthesis. Here, gene
fabD overexpression strain HZ-AD2/pHY-fabD was attained
based on the strain HZ-AD2, and iturin A yield, which was
increased to 1.39 g/L by 59.77%, indicated that the insufficient
fabD expression might be an important factor limiting iturin A
synthesis. Meanwhile, the gene fabD promoter Py, was replaced
with P43, Pp,ca, and Pyuas, attaining recombinant strains HZ-
AD2-P43-fabD (HZ-ADF1), HZ-AD2-PbacA-fabD (HZ-ADF2),
and HZ-AD2-Pdual3-fabD (HZ-ADF3), respectively. Based on
our results, the increasing trends of fabD transcriptional levels
were consistent with those of accAD; however, the maximum
iturin A yield was attained under the mediation of the promoter
P43, although the fabD transcriptional level of HZ-ADF1 was
lower than those of HZ-ADF2 and HZ-ADF3, and the iturin A
yield of HZ-ADF1 reached 1.36 g/L, increasing by 47.83% as
compared to the strain HZ-AD2 (0.89 g/L) (Figure 3).
Strengthening soluble acyl-ACP thioesterase TesA for iturin A
production: thioesterase catalyzes fatty acid ACP to free fatty acid,
which controls the fatty acid synthesis and chain length (Deng et al,,
2020). Here, acyl-ACP thioesterase TesA from B. amyloliquefaciens
HZ-12, E. coli DH5q, and Corynebacterium glutamicum 13,032 were
overexpressed in HZ-ADF1 and attained recombinant strains HZ-
ADF1/pHY-TesAg,, HZ-ADF1/pHY-TesAg,, and HZ-ADF1/pHY-
TesAcg, respectively. Furthermore, all these strains were cultivated in
an iturin A production medium, and the results of Figure 4A indicated
that the overexpression of acyl-ACP thioesterase benefited iturin A
synthesis, whose yields were increased by 19.69%, 53.54%, and 29.92%
in HZ-ADF1/pHY-TesAg,, HZ-ADF1/pHY-TesAg,, and HZ-ADF1/
pHY-TesAc,, respectively, suggesting that insufficient thioesterase
expression restricted iturin A synthesis, and overexpression of acyl-
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analysis.

ACP thioesterase from E. coli showed the best performance.
Meanwhile, cell biomass was increased by 8.00% in acyl-ACP
thioesterase overexpression strains. Furthermore, the gene fesA
from E. coli was integrated and expressed in HZ-ADF1, mediated
by the promoter P43, attaining the recombinant strain HZ-ADFT. As
shown in Figure 3B, 1.95 g/L iturin A was produced by HZ-ADFT,
increasing by 43.38% as compared to HZ-ADF1.

Effects acid-CoA  ligase LcfA
overexpression on iturin A production: fatty acids will convert
to fatty acyl-CoAs for iturin A synthesis, under the catalysis of
long-chain fatty acid synthetase (Bae et al., 2014). Here, long-
chain fatty acid synthetase LcfA was overexpressed in HZ-ADFT
and attained the strain HZ-ADFT/pHY-LcfA. Our results
implied that LcfA overexpression led to a 35.11% increase in
iturin A yield (Figure 5A), which also benefited cell growth.
Furthermore, a promoter replacement approach was conducted

of long-chain fatty
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to enhance IcfA expression, and our results implied that the gene
IcfA mediated by promoter Py,.4 showed the best performance,
and iturin A yield of the resulting strain HZ-ADFTL2 was
increased to 2.96 g/L by 38.32% as compared to the strain
HZ-ADFT (Figure 5).

Fermentation analyses of B. amyloliquefaciens HZ-12 and
HZ-ADFTL2: B. amyloliquefaciens HZ-12 and HZ-ADFTL2
were cultivated in an iturin A production medium, and cell
biomasses and iturin A yields were determined throughout
the fermentation process. Based on our results, as shown in
Figure 6, HZ-ADFTL2 showed a shorter lag period, and the
cell biomass 191.75*10°% CFU/ml,
by 31.08% as compared to HZ-12
(146.29*10* CFU/ml). Meanwhile, the biomasses of these
two strains were decreased at 24h, ascribing to cell
autolysis. After that, cell biomasses continued to increase

maximum reached

increasing
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concentrations.

for 32 h due to secondary growth, and the cell was autolysed
60 h,
(Supplementary Figure S1).

In addition, iturin A was synthesized for 24 h at a stable period,
and iturin A yields of HZ-ADFTL2 were higher than those of HZ-12
throughout the fermentation process, and the maximum yield
reached 296 g/L, increasing by 6.59-fold compared to HZ-12
(039 g/L). To determine fatty acid concentrations, these strains
were cultivated in the ME medium, and iturin A yields produced
by HZ-ADFTL2 were also higher than those of HZ-12 in the ME
medium (Supplementary Figure S2). Meanwhile, fatty acid contents of
these two strains were measured at the mid-logarithmic phase in the
ME medium, and fatty acid contents of HZ-ADFTL2 were higher
than those of HZ-12 (Figure 6C). Additionally, free fatty acid
concentrations were also determined, and several free fatty acids
were detected by HZ-ADFTL2 (Supplementary Figure S3), while no
free fatty acid was detected in the control strain HZ-12 due to the lack

for until carbon resource was consumed
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of thioesterase. Our results indicated that strengthening these
aforementioned key pathways improved fatty acid supplies, which
was conducive to cell growth and iturin A production.

Discussion

Due to its features of having good surface activity and
antifungal properties, iturin A has important application
prospects in the areas of petrochemical, agricultural, and
pharmaceutical industries (Ongena and Jacques, 2008). At
present, there are few reports on the high-level production of
iturin A, and low synthetic capability limits its production and
application development. In this research, fatty acid supplies
were strengthened by strengthening acetyl-CoA carboxylase,
ACP S-malonyltransferase, acyl-ACP thioesterase, and long-
chain fatty acid-CoA ligase; 2.96 g/L iturin A was produced by

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.974460

Gao et al.

the final strain HZ-ADFTL2, which increased by 6.59-fold as
compared to the original strain. Taken together, our results
confirmed that strengthening fatty acid synthesis was an
efficient approach for iturin A production, and this research
provided a promising strain for industrial production of iturin A.

In recent years, with the continuous development of synthetic
biology, various metabolic engineering breeding strategies have been
developed for the efficient production of target products (Wang and
Qi,2009). As for lipopeptides, most research studies were focused on
the synthetic regulation, metabolic engineering breeding, and
surfactin application, and the strategies of the synthetase cluster
overexpression, strengthening precursor (amino acids and fatty
acids) supplies and lipopeptide exporters, rewiring regulators’
expression, etc, were also developed to improve surfactin
production (Coutte et al., 2015; Li et al.,, 2015; Dhali et al.,, 2017;
Hu et al., 2019; Wu et al., 2019). Compared with the antibacterial
activity of surfactin, iturin A is mainly fungicidal, and the amino acid
composition of iturin A is complex. Meanwhile, iturin A yield
produced by Bacillus is relatively low, although several pieces of
research on fermentation process optimization have been conducted
to improve its yield (Jin et al., 2015; Wang et al,, 2021). Previously, by
replacing the promoter of the iturin A synthetase cluster and
deleting the negative regulator gene abrB in B. amyloliquefaciens,
iturin A yield was increased by 1.81-fold (Xu et al., 2020). Here, our
research implied that strengthening fatty acid syntheses was
confirmed as an efficient approach, and the iturin A yield was
increased to 2.96 g/L in the strain HZ-ADFTL2. However, the iturin
A yield attained in this research is still lower than the current yields
of surfactin produced by Bacillus (more than 10 g/L) (Wang M.
etal, 2019; Wu et al,, 2019), indicating that more studies should be
conducted to engineer strains for high-level production of iturin A.

Fatty acid synthesis is one of the indispensable basic metabolic
pathways of all living organisms, and fatty acids are the main
component of the cell membrane and play an important role in
cell signal transduction and energy storage (Xu et al,, 2014). The
conversion of acetyl-CoA to malonyl-CoA, which is catalyzed by
acetyl-CoA carboxylase, is the first and rate-limiting step of fatty acid
synthesis (Wang M. et al., 2019). Satoh et al. (2020) have enhanced
the expressions of accABCD and pantothenate kinase in E. coli, and
the yield of fatty acid was increased 5.60-fold. Biotin carboxylase II
yngH was proven to play a critical role in maintaining acetyl-CoA
carboxylase, and overexpression of yngH led to a 43% increase in
surfactin production (Wang M. et al, 2019). Fatty acids are
important precursors of iturin A synthesized by Bacillus, and it
was found that the enhanced expression of acetyl-CoA carboxylase
could improve iturin A production. Compared with the initial strain,
overexpression of the gene accAD increased iturin A yield by
135.90%. ACP S-malonyltransferase fabD catalyzes the second
step in the first stage of fatty acid synthesis, which catalyzes the
transfer of malonyl-CoA to the sulthydryl group by the “Ping-Pong
mechanism”. As fabD is the only enzyme that catalyzes the initial
substrate onto ACP, it plays an irreplaceable role in fatty acid
syntheses (Guo et al,, 2014). In this study, enhanced expression
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of the gene fabD increased fatty acid supplies, and iturin A yield was
further enhanced by 47.83%. Previous studies have shown that
acetyl-CoA carboxylase is inhibited by acyl-ACP, and coexpression
of ACP thioesterase with acetyl-CoA carboxylase will decouple the
utilization of acyl-ACP from phospholipid synthesis (Tamano et al.,
2013; Evans et al., 2017), and this is also the reason for the significant
increase of iturin A yield in fesA overexpression strain. When the
activity of fatty acid synthetase is high, malonyl-CoA will continue to
be catalyzed into fatty acids. We continued to superposition and
strengthen the expression of long-chain fatty acid-CoA ligase LcfA,
which significantly increased iturin A production. In addition,
Bacillus was proven as a wonderful strain for acetoin and 2, 3-
butanediol production due to excess accumulation of pyruvate (Fu
et al, 2016; Qiu et al,, 2016). Here, more acetyl-CoA was used for
fatty acid synthesis, which directed the carbon metabolic flux from
pyruvate to acetyl-CoA without affecting the TCA cycle, and cell
biomass of HZ-ADFTL2 was higher than that of the control strain.
With the deepening of the understanding of synthetic biology
and metabolic pathways, people have found that a single intensity of
gene expression regulation often cannot achieve optimal breeding
effects (Rao et al., 2021). Because of this, several expression element
libraries have been developed to optimally regulate the expression
levels of target genes (Zhou et al,, 2017b). Previously, a gradient
promoter library was obtained via manipulating the core spacer of
the promoter Py of B. subtilis 168, which has been applied in the
high-level production of target protein production (Wang Y. et al,,
2019). Our group has also established a promoter library via
manipulating 5'-UTR of the promoter Py,s, and the attained
promoter library was applied in the expression regulation of
heterologous proteins, bacitracin synthetase cluster, and metabolic
pathways (Rao et al., 2021). Here, three promoters with different
intensities were applied for the optimization of synthesis pathways of
fatty acids, and our results indicated that the low-intensity
expression of ACP S-malonyltransferase fabD and the high-
intensity expression of acetyl-CoA carboxylase and long-chain
fatty acid-CoA ligase LcfA were more conducive to the efficient
synthesis of iturin A. In future studies, several other strategies, such
as strengthening precursor amino acid supplies, blocking by-product
synthesis, and rewiring transcriptional factors, also need to be
systematically optimized for efficient production of iturin A.

Conclusion

Iturin A is a promising biosurfactant with various
applications; however, low synthesis capability limits its
production and application development. Fatty acids play a
critical role in cellular metabolism and target product
syntheses. In this study, we enhanced the expression of acetyl-
CoA carboxylase, ACP S-malonyltransferase, soluble acyl-ACP
thioesterase, and long-chain fatty acid-CoA ligase in fatty acid
synthesis pathways, and the contents of fatty acids in the
superimposed engineering strain HZ-ADFTL2 were increased
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significantly, which led to 6.59-fold increases of iturin A yield,
reaching 2.96 g/L. Our results confirmed that strengthening fatty
acid syntheses was an efficient approach for iturin A production,
and this research provided a promising strain for industrial
production of iturin A.

Data availability statement

The authors acknowledge that the data presented in this
study must be deposited and made publicly available in an
acceptable repository, prior to publication. Frontiers cannot
accept a manuscript that does not adhere to our open data
policies.

Author contributions

LG: methodology, investigation, data curation, software, and
writing—original draft. MS: investigation, data curation, and
software. JS: methodology, investigation, and data curation.
DC: methodology, investigation, and data curation. DW:
writing—review and editing. MX: writing—review and editing.
GS: investigation and data curation; JG: writing—review and
editing. MZ: data curation and software. ZY: methodology,
supervision, and writing—review, and editing. SC: supervision
and writing—review, and editing.

Funding

This work was supported by the Wuhan Science and
Technology Project (2022020801020334; 2020020602012124),

References

Bae, J. H., Park, B. G,, Jung, E., Lee, P. G., and Kim, B. G. (2014). fadD deletion and
fadL overexpression in Escherichia coli increase hydroxy long-chain fatty acid
productivity. Appl. Microbiol. Biotechnol. 98, 8917-8925. d0i:10.1007/500253-014-
5974-2

Bentley, G. J.,, Jiang, W., Guaman, L. P, Xiao, Y., and Zhang, F. (2016).
Engineering Escherichia coli to produce branched-chain fatty acids in high
percentages. Metab. Eng. 38, 148-158. doi:10.1016/j.ymben.2016.07.003

Cai, D., Chen, Y., He, P., Wang, S., Mo, F,, Li, X,, et al. (2018). Enhanced
production of Poly-gamma-glutamic acid by improving ATP supply in
metabolically engineered Bacillus licheniformis. Biotechnol. Bioeng. 115,
2541-2553. doi:10.1002/bit.26774

Coutte, F., Niehren, J., Dhali, D., John, M., Versari, C., and Jacques, P. (2015).
Modeling leucine’s metabolic pathway and knockout prediction improving the
production of surfactin, a biosurfactant from Bacillus subtilis. Biotechnol. J. 10,
1216-1234. doi:10.1002/biot.201400541

Dang, Y., Zhao, F,, Liu, X,, Fan, X., Huang, R., Gao, W,, et al. (2019). Enhanced
production of antifungal lipopeptide iturin A by Bacillus amyloliquefaciens
LL3 through metabolic engineering and culture conditions optimization.
Microb. Cell Fact. 18, 68. doi:10.1186/s12934-019-1121-1

Deng, X., Chen, L., Hei, M, Liu, T., Feng, Y., and Yang, G. Y. (2020). Structure-
guided reshaping of the acyl binding pocket of 'TesA thioesterase enhances

Frontiers in Bioengineering and Biotechnology

1

10.3389/fbioe.2022.974460

the Science and Technology Project of China National
Tobacco Corporation (110202102040), the
Technology Project of Hubei Tobacco Company (027Y2021-
023; 027Y2020-013), and the Open Project Funding of Key
Laboratory of Green Chemical Technology of Fujian Province
University (WYKEF-GCT2020-3).

Science and

Conflict of interest

The author JG was employed by the Hubei Corporation of
China National Tobacco Corporation.

The remaining authors declare that the research was
conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict of
interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors, and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fbioe.2022.
974460/ full#supplementary-material

octanoic acid production in E. coli. Metab. Eng. 61, 24-32. doi:10.1016/j.ymben.
2020.04.010

Dhali, D., Coutte, F., Arias, A. A., Auger, S., Bidnenko, V., Chataigne, G., et al.
(2017). Genetic engineering of the branched fatty acid metabolic pathway of Bacillus
subtilis for the overproduction of surfactin C14 isoform. Biotechnol. J. 12, 1600574.
doi:10.1002/biot.201600574

Evans, A., Ribbie, W., Schexnaydre, E., and Waldrop, G. (2017). Acetyl-CoA
carboxylase from Escherichia coli exhibits a pronounced hysteresis when inhibited
by palmitoyl-acyl carrier protein. Arch. Biochem. Biophys. 636, 100-109. doi:10.
1016/j.abb.2017.10.016

Fu, J., Huo, G., Feng, L., Mao, Y., Wang, Z., Ma, H,, et al. (2016). Metabolic
engineering of Bacillus subtilis for chiral pure meso-2, 3-butanediol production.
Biotechnol. Biofuels 9, 90. doi:10.1186/s13068-016-0502-5

Guo, D., Zhu, J, Deng, Z., and Liu, T. (2014). Metabolic engineering of
Escherichia coli for production of fatty acid short-chain esters through
combination of the fatty acid and 2-keto acid pathways. Metab. Eng. 22, 69-75.
doi:10.1016/j.ymben.2014.01.003

Hsiao, H., Chen, R., Chou, C., and Cheng, T. (2019). Hand-held colorimetry
sensor platform for determining salivary o-amylase activity and its
applications for stress assessment. Sensors (Basel). 19 (7), 1571. doi:10.
3390/s19071571

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fbioe.2022.974460/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2022.974460/full#supplementary-material
https://doi.org/10.1007/s00253-014-5974-2
https://doi.org/10.1007/s00253-014-5974-2
https://doi.org/10.1016/j.ymben.2016.07.003
https://doi.org/10.1002/bit.26774
https://doi.org/10.1002/biot.201400541
https://doi.org/10.1186/s12934-019-1121-1
https://doi.org/10.1016/j.ymben.2020.04.010
https://doi.org/10.1016/j.ymben.2020.04.010
https://doi.org/10.1002/biot.201600574
https://doi.org/10.1016/j.abb.2017.10.016
https://doi.org/10.1016/j.abb.2017.10.016
https://doi.org/10.1186/s13068-016-0502-5
https://doi.org/10.1016/j.ymben.2014.01.003
https://doi.org/10.3390/s19071571
https://doi.org/10.3390/s19071571
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.974460

Gao et al.

Hu, F., Liu, Y., and Li, S. (2019). Rational strain improvement for surfactin
production: Enhancing the yield and generating novel structures. Microb. Cell Fact.
18, 42. doi:10.1186/512934-019-1089-x

Jiao, S., Li, X, Yu, H. M., Yang, H,, Li, X,, and Shen, Z. Y. (2017). In situ
enhancement of surfactin biosynthesis in Bacillus subtilis using novel artificial
inducible promoters. Biotechnol. Bioeng. 114, 832-842. doi:10.1002/bit.26197

Jin, H., Li, K., Niu, Y., Guo, M., Hu, C., Chen, S., et al. (2015). Continuous
enhancement of iturin A production by Bacillus subtilis with a stepwise two-
stage glucose feeding strategy. BMC Biotechnol. 15, 53. doi:10.1186/s12896-
015-0172-6

Li, X, Yang, H,, Zhang, D., Li, X,, Yu, H., and Shen, Z. (2015). Overexpression of
specific proton motive force-dependent transporters facilitate the export of
surfactin in Bacillus subtilis. ]. Ind. Microbiol. Biotechnol. 42, 93-103. doi:10.
1007/s10295-014-1527-z

Liu, D., Wan, N,, Zhang, F., Tang, Y., and Wu, G. (2017). Enhancing fatty acid
production in Escherichia coli by wvitreoscilla hemoglobin overexpression.
Biotechnol. Bioeng. 114 (2), 463-467. doi:10.1002/bit.26067

Mizumoto, S., Hirai, M., and Shoda, M. (2007). Enhanced iturin A production by
Bacillus subtilis and its effect on suppression of the plant pathogen Rhizoctonia
solani. Appl. Microbiol. Biotechnol. 75, 1267-1274. doi:10.1007/s00253-007-0973-1

Mizumoto, S., and Shoda, M. (2007). Medium optimization of antifungal
lipopeptide, iturin A, production by Bacillus subtilis in solid-state fermentation
by response surface methodology. Appl. Microbiol. Biotechnol. 76, 101-108. doi:10.
1007/500253-007-0994-9

Ongena, M., and Jacques, P. (2008). Bacillus lipopeptides: Versatile weapons for
plant disease biocontrol. Trends Microbiol. 16, 115-125. doi:10.1016/j.tim.2007.
12.009

Qiu, Y., Xiao, F., Wei, X,, Wen, Z, and Chen, S. (2014). Improvement of
lichenysin production in Bacillus licheniformis by replacement of native
promoter of lichenysin biosynthesis operon and medium optimization. Appl.
Microbiol. Biotechnol. 98, 8895-8903. doi:10.1007/s00253-014-5978-y

Qiu, Y., Zhang, J., Li, L., Wen, Z., Nomura, C. T., Wu, S,, et al. (2016). Engineering
Bacillus licheniformis for the production of meso-2, 3-butanediol. Biotechnol.
Biofuels 9, 117. doi:10.1186/s13068-016-0522-1

Rao, Y., Cai, D., Wang, H,, Xu, Y., Xiong, S., Gao, L., et al. (2020). Construction
and application of a dual promoter system for efficient protein production and
metabolic pathway enhancement in Bacillus licheniformis. J. Biotechnol. 312, 1-10.
doi:10.1016/j.jbiotec.2020.02.015

Rao, Y., Li, P., Xie, X, Li, J., Liao, Y., Ma, X,, et al. (2021). Construction and
characterization of a gradient strength promoter library for fine-tuned gene
expression in Bacillus licheniformis. ACS Synth. Biol. 10, 2331-2339. doi:10.
1021/acssynbio.1c00242

Satoh, S., Ozaki, M., Matsumoto, S., Nabatame, T., Kaku, M., Shudo, T., et al.
(2020). Enhancement of fatty acid biosynthesis by exogenous acetyl-CoA
carboxylase and pantothenate kinase in Escherichia coli. Biotechnol. Lett. 42,
2595-2605. doi:10.1007/s10529-020-02996-w

Shi, J., Zhu, X, Lu, Y., Zhao, H., Lu, F,, and Lu, Z. (2018). Improving iturin A
production of Bacillus amyloliquefaciens by genome shuffling and its inhibition
against Saccharomyces cerevisiae in orange juice. Front. Microbiol. 9, 2683. doi:10.
3389/fmicb.2018.02683

Tamano, K., Bruno, K. S., Karagiosis, S. A., Culley, D. E., Deng, S., Collett, J. R.,
et al. (2013). Increased production of fatty acids and triglycerides in Aspergillus

Frontiers in Bioengineering and Biotechnology

12

10.3389/fbioe.2022.974460

oryzae by enhancing expressions of fatty acid synthesis-related genes. Appl.
Microbiol. Biotechnol. 97, 269-281. doi:10.1007/s00253-012-4193-y

Tan, Z., Yoon, J., Nielesn, D., Shanks, J., and Jarboe, L. (2016). Membrane
engineering via trans unsaturated fatty acids production improves Escherichia coli
robustness and production of biorenewables. Metab. Eng. 35,105-113. doi:10.1016/
j.ymben.2016.02.004

Tsuge, K., Akiyama, T., and Shoda, M. (2001). Cloning, sequencing, and
characterization of the iturin A operon. J. Bacteriol. 183, 6265-6273. doi:10.
1128/]B.183.21.6265-6273.2001

Wang, J., and Qi, Q. (2009). Synthetic biology for metabolic engineering--a
review. Sheng Wu Gong Cheng Xue Bao 25, 1296-1302.

Wang, M., Yang, C., Francois, ]. M., Wan, X,, Deng, Q., Feng, D, et al. (2021). A
two-step strategy for high-value-added utilization of rapeseed meal by concurrent
improvement of phenolic extraction and protein conversion for microbial iturin A
production. Front. Bioeng. Biotechnol. 9, 735714. doi:10.3389/fbioe.2021.735714

Wang, M., Yu, H,, and Shen, Z. (2019a). Antisense RNA-based strategy for
enhancing surfactin production in Bacillus subtilis TS1726 via overexpression of the
unconventional biotin carboxylase II to enhance ACCase activity. ACS Synth. Biol.
8, 251-256. doi:10.1021/acssynbio.8b00459

Wang, Y., Liu, Q., Weng, H., Shi, Y., Chen, J., Du, G., et al. (2019b). Construction
of synthetic promoters by assembling the sigma factor binding -35 and -10 boxes.
Biotechnol. ]. 14, €1800298. doi:10.1002/biot.201800298

Wu, H., and San, K. Y. (2014). Efficient odd straight medium chain free fatty acid
production by metabolically engineered Escherichia coli. Biotechnol. Bioeng. 111,
2209-2219. doi:10.1002/bit.25296

Wu, Q, Zhi, Y., and Xu, Y. (2019). Systematically engineering the biosynthesis of
a green biosurfactant surfactin by Bacillus subtilis 168. Metab. Eng. 52, 87-97.
doi:10.1016/j.ymben.2018.11.004

Xu, P, Li, L., Zhang, F., Stephanopoulos, G., and Koffas, M. (2014). Improving
fatty acids production by engineering dynamic pathway regulation and metabolic
control. Proc. Natl. Acad. Sci. U. S. A. 111, 11299-11304. doi:10.1073/pnas.
1406401111

Xu, Y. X, Cai, D. B,, Zhang, H., Gao, L., Yang, Y., Gao, J. M., et al. (2020).
Enhanced production of iturin A in Bacillus amyloliquefaciens by genetic
engineering and medium optimization. Process Biochem. 90, 50-57. doi:10.1016/
j.procbio.2019.11.017

Yaseen, Y., Gancel, F., Drider, D., Bechet, M., and Jacques, P. (2016). Influence of
promoters on the production of fengycin in Bacillus spp. Res. Microbiol. 167,
272-281. doi:10.1016/j.resmic.2016.01.008

Zhang, Z., Ding, Z. T., Zhong, J., Zhou, J. Y., Shu, D., Luo, D., et al. (2017).

Improvement of iturin A production in Bacillus subtilis ZKO by overexpression of
the comA and sigA genes. Lett. Appl. Microbiol. 64, 452-458. doi:10.1111/lam.12739

Zhao, H., Shao, D,, Jiang, C., Shi, J., Li, Q., Huang, Q., et al. (2017). Biological
activity of lipopeptides from Bacillus. Appl. Microbiol. Biotechnol. 101, 5951-5960.
doi:10.1007/500253-017-8396-0

Zhou, S., Ding, R, Chen, J., Du, G, Li, H,, and Zhou, J. (2017a). Obtaining a panel
of cascade promoter-5-UTR complexes in Escherichia coli. ACS Synth. Biol. 6,
1065-1075. doi:10.1021/acssynbio.7b00006

Zhou, S., Du, G, Kang, Z,, Li, J., Chen, ], Li, H,, et al. (2017b). The application of
powerful promoters to enhance gene expression in industrial microorganisms.
World ]. Microbiol. Biotechnol. 33, 23. d0i:10.1007/s11274-016-2184-3

frontiersin.org


https://doi.org/10.1186/s12934-019-1089-x
https://doi.org/10.1002/bit.26197
https://doi.org/10.1186/s12896-015-0172-6
https://doi.org/10.1186/s12896-015-0172-6
https://doi.org/10.1007/s10295-014-1527-z
https://doi.org/10.1007/s10295-014-1527-z
https://doi.org/10.1002/bit.26067
https://doi.org/10.1007/s00253-007-0973-1
https://doi.org/10.1007/s00253-007-0994-9
https://doi.org/10.1007/s00253-007-0994-9
https://doi.org/10.1016/j.tim.2007.12.009
https://doi.org/10.1016/j.tim.2007.12.009
https://doi.org/10.1007/s00253-014-5978-y
https://doi.org/10.1186/s13068-016-0522-1
https://doi.org/10.1016/j.jbiotec.2020.02.015
https://doi.org/10.1021/acssynbio.1c00242
https://doi.org/10.1021/acssynbio.1c00242
https://doi.org/10.1007/s10529-020-02996-w
https://doi.org/10.3389/fmicb.2018.02683
https://doi.org/10.3389/fmicb.2018.02683
https://doi.org/10.1007/s00253-012-4193-y
https://doi.org/10.1016/j.ymben.2016.02.004
https://doi.org/10.1016/j.ymben.2016.02.004
https://doi.org/10.1128/JB.183.21.6265-6273.2001
https://doi.org/10.1128/JB.183.21.6265-6273.2001
https://doi.org/10.3389/fbioe.2021.735714
https://doi.org/10.1021/acssynbio.8b00459
https://doi.org/10.1002/biot.201800298
https://doi.org/10.1002/bit.25296
https://doi.org/10.1016/j.ymben.2018.11.004
https://doi.org/10.1073/pnas.1406401111
https://doi.org/10.1073/pnas.1406401111
https://doi.org/10.1016/j.procbio.2019.11.017
https://doi.org/10.1016/j.procbio.2019.11.017
https://doi.org/10.1016/j.resmic.2016.01.008
https://doi.org/10.1111/lam.12739
https://doi.org/10.1007/s00253-017-8396-0
https://doi.org/10.1021/acssynbio.7b00006
https://doi.org/10.1007/s11274-016-2184-3
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.974460

	Enhanced production of iturin A by strengthening fatty acid synthesis modules in Bacillus amyloliquefaciens
	Introduction
	Materials and methods
	Results
	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


