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Abstract Poly-y-glutamic acid is an extracellular
polymeric substance with various applications owing to its
valuable properties of biodegradability, flocculating
activity, water solubility, and nontoxicity. However, the
ability of natural strains to produce poly-y-glutamic acid is
low. Atmospheric and room temperature plasma was
applied in this study to conduct mutation breeding of
Bacillus licheniformis CGMCC 2876, and a mutant strain
M32 with an 11% increase in poly-y-glutamic acid was
obtained. Genome resequencing analysis identified 7
nonsynonymous mutations of ppsC encoding lipopeptide
synthetase associated with poly-y-glutamic acid metabolic
pathways. From molecular docking, more binding sites and
higher binding energy were speculated between the
mutated plipastatin synthase subunit C and glutamate,
which might contribute to the higher poly-y-glutamic acid
production. Moreover, the metabolic mechanism analysis
revealed that the upregulated amino acids of M32 provided
substrates for glutamate and promoted the conversion
between L- and D-glutamate acids. In addition, the glycol-
ytic pathway is enhanced, leading to a better capacity for
using glucose. The maximum poly-y-glutamic acid yield of
14.08 g-L~! was finally reached with 30 g-L~! glutamate.

Keywords ARTP mutagenesis, Bacillus licheniformis,
poly-y-glutamic acid, metabolomics

1 Introduction

Poly-y-glutamic acid (y-PGA) is a natural extracellular

Received April 28, 2022; accepted June 14, 2022

E-mails: kelgb@xmu.edu.cn (Li Q.), hening@xmu.edu.cn (He N.)

polymer made up of D-/L-glutamate acid polymerized
through y-glutamyl bonds, mainly synthesized by Bacillus
sp [1]. Owing to its numerous favourable features, y-PGA
has wide-ranging applications in food, cosmetics,
agriculture, medicine, bioremediation, and other
industrial fields [1,2]. In recent years, with the in-depth
research into y-PGA  synthetic and regulatory
mechanisms, several strategies of metabolic engineering
have been proposed to enhance y-PGA production,
including strengthening substrate utilization [3], deleting
or inhibiting hydrolase genes [4], and increasing energy
supply [5,6]. However, the low yield of bacterial y-PGA
is still the main bottleneck at present, which further
affects the promotion of y-PGA application. Therefore,
the construction of strains with high y-PGA yields is
important for industrial applications.

Atmospheric and room temperature plasma (ARTP) has
been widely used in mutagenesis breeding of bacteria,
fungi, and other microorganisms with the advantages of
simple operation, high safety, high total mutation rate,
and high positive mutation rate [7]. An ARTP mutant
Bacillus coagulans (B. coagulans) GKN316 produced
lactic acid at 45.39 g-L~!, which was a 2-fold increase
compared to the original strain B. coagulans NLO1 [8]. A
47.32% enhancement of 1-naphthol was also obtained
from Bacillus cereus with an ARTP mutation [9]. In
addition, without glutamic acid addition, Bacillus
amyloliquefaciens (B. amyloliquefaciens) NX could
produce 6.85 g-L! y-PGA. After 90 s of treatment with
ARTP, y-PGA vyield was also improved by 58%
(10.81 g'L™") from B. amyloliquefaciens NX-2S154 on
inulin substrate [10]. Hence, ARTP might be a potential
and powerful mutagenesis tool, providing an effective
method for obtaining mutants with enhanced y-PGA yield.
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In our previous studies, Bacillus licheniformis (B.
licheniformis) CGMCC (China General Microbiological
Culture Collection Center) 2876 was a highly efficient
strain producing y-PGA, and various strategies were
adopted to increase its production, including optimizing
the medium [11], increasing the supplies of precursors
[12], overexpressing key genes [13], and adjusting the
regulatory factors. For further enhancement of y-PGA
from the strain, ARTP mutagenesis was adopted, and the
underlying mechanism was proposed by means of
molecular docking. Genomics and metabolomics analysis
provided a complementary demonstration of the
metabolic mechanism of the mutant.

2 Experimental

2.1 Cultural conditions

B. licheniformis CGMCC 2876 was obtained from our
research group previously [14]. The seed medium for B.
licheniformis contained the following components:
10 g-L! glucose, 0.2 gL~ MgSO,, 0.1 g L1 KH,PO,,
0.1 gL' K,HPO,, 0.1 g'L"! NaCl, 0.5 g'L"! urea, and
0.5 gL' yeast extract (pH 7.2). The fermentation
medium was 13.9 g-L! glucose, 0.048 g-L! MgSO,,
56 gL' KH,PO,, 1.4 g'L"! K,HPO,, 2 gL' NaCl,
2.67 g'L ! urea, and 0.6 gL' yeast extract, and the pH
was adjusted to 7.2 [15]. Single colonies were cultured in
250 mL conical flasks with 50 mL seed medium for 16 h
and then transferred to fermentation medium (4% transfer
volume) for 56 h (37 °C, 200 r-min~"). The basic medium
for cell growth is Luria—Bertani medium.

2.2 ARTP mutagenesis

B. licheniformis CGMCC 2876 was treated with an
ARTP mutagenesis breeding machine. B. licheniformis
CGMCC 2876 was cultured with Luria—Bertani medium
until the logarithmic phase at 37 °C (Fig. 1(a)) and
exposed to ARTP mutation for 20, 40, 60, 80, 100, 120,
140, and 160 s, respectively. The main mutagenic
parameters of ARTP mutagenesis were as follows: a radio
frequency power input of 115 W, 2-mm distance between
plasma torch nozzle and sample platform, and a helium
gas flow rate of Q. = 10 standard litres per minute.
Then, the cells were continuously diluted and coated on
Luria—Bertani agar to measure mortality. Colonies with
wet surfaces and large areas were selected and transferred
to seed medium for further study.

2.3 Bacterial screening and characterization

The selection of ARTP strains based on the increased
crude y-PGA production and flocculating activity was
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conducted as follows. The crude products were recovered
and purified by ethanol precipitation after fermentation.
The mixture was centrifuged at 5000 r-min~' for 5 min to
collect sediment. The crude product was freeze-dried to
obtain the purified products. As described previously, the
flocculating activity was determined by kaolin suspension
[12]. The y-PGA content was measured by high
performance liquid chromatography (Agilent Technolo-
gies Inc., CA, USA) with an Agilent HC-C18 column
(25 cm x 4.6 mm) [13]. Three replicates were set for each
experiment. Values are expressed as the mean + standard
deviation, and p < 0.05 was used to judge the significant
difference among different strains.

2.4 Genome resequencing assay and molecular docking

The DNA of the mutant M32 and B. licheniformis
CGMCC 2876 was extracted by the sodium dodecyl
sulfate method. The whole genome was sequenced using
[llumina NovaSeq PE150. The original data obtained by
the high-throughput sequencing platform of Illumina
PE150 were transformed into raw sequenced reads. The
reads were mapped to the reference sequence, and the
coverage of the reference sequence to the reads was
counted using BWA software V0.7.8 and SAMTOOLS
VO0.1.18 [16,17].

To further investigate the binding of mutant proteins to
substrates, Molecular Operating Environment (MOE)
software was applied to molecular docking [18]. The
model of PpsC was constructed by SWISS-MODEL, and
the stereochemical quality of the models was evaluated.
The PpsC model was docked with the substrate by MOE,
and the docking scores were negatively correlated with
the stability of the bonding.

2.5 Metabolite analysis

The samples in the mid-logarithmic growth phase of
fermentation were washed three times with phosphate
buffered saline solution. Samples were suspended in 1 mL
of extraction solution (methanol, acetonitrile, water
volume ratio of 2:2:1). Cell suspensions were treated with
ultrasound and then centrifuged to obtain cell metabolites.
The Dbacterial extracts were analysed by liquid
chromatography/mass spectrometry (LC/MS) AB Sciex
TripleTOF 5600 + (AB Sciex Inc., Singapore,
Singapore). 2-Chlorophenylalanine was quantified as an
internal standard. The LC/MS data of the identified
metabolites of the wild-type strain and the mutant M32
were analysed by SIMCA 14.1 (Umetrics, Umead,
Sweden) [19].

2.6 Quantitative real-time polymerase chain reaction
(qQRT-PCR) analysis

Total RNA and complementary DNA were collected from
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Fig. 1 ARTP mutagenesis and characteristics of screened B. licheniformis. (a) Growth curve of B. licheniformis CGMCC 2876;
(b) Effects of ARTP treatment time on the mortality rate of B. licheniformis; (c) Analysis of the crude y-PGA yield of ARTP-mutated
strains; (d) y-PGA production and flocculating activity of the rescreened strains; (e) The stability of the mutant M32.

B. licheniformis CGMCC 2876 and mutant M32 after 24 h
of incubation. The gTOWER3 instrument (Analytik Jena,
Germany) was used to detect the differential expression
of target genes. The reference gene was 16S rRNA in the
calculations, and the related primers are listed in
Appendix A.

3 Results and discussion

3.1 Breeding a performance improvement of B.
licheniformis by ARTP mutagenesis

The process of induction and screening of B.
licheniformis through ARTP mutagenesis is shown in
Fig. 1. We determined the logarithmic phase of the ODy,
(optical density measured at a wavelength of 600 nm)
value between 1.25 and 1.5 to ensure that the B.

licheniformis CGMCC 2876 culture was in the optimal
treatment period (Fig. 1(a)). According to Fig. 1(b), the
mortality rate of the strain reached 100% when treated
with ARTP for 160 s. The positive mutation rate has been
demonstrated to be the highest when the mortality rate of
mutation was over 95% [20]. Therefore, 120 s was
identified as the optimal treatment time (Fig. 1(b)).

Among the 51 ARTP-mutated strains (Fig. 1(c)), we
obtained 3 mutant isolates with increased crude y-PGA
production, including M5 (9.66 g-L"), M7 (9.55 g-L'1),
and M32 (9.87 g-L™"). M32 exhibited a significant
increase in flocculating activity (6017 U-mL™") and y-
PGA production (6.68 g-L7') compared with B.
licheniformis CGMCC 2876 (Fig. 1(d)). Furthermore,
M32 exhibited better genetic stability (Fig. 1(e)).

For the mutant M32, the crude extracellular polymer
yield reached 13.6 g-L~!, among which y-PGA reached
6.68 + 0.35 g-L~!, which was 11% higher than y-PGA
yield of B. licheniformis CGMCC 2876 (Table 1).
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Table 1 Productions and compositions of extracellular polymers
produced by B. licheniformis CGMCC 2876 and the mutant M32

Characters CGMCC 2876 M32

Crude yield/(g'L™") 9.36£0.24 13.6 £0.26
y-PGA/(g'L™) 6.01 +0.34 6.68 +0.35
Total sugar/(g- L") 0.35+£0.02 0.35+0.04
Protein/(g-L™") 0.15+0.05 0.15+0.05
Other components/(g-L’l) 433+0.12 6.42+0.15

However, the yield of exopolysaccharide and protein did
not show a significant increase after ARTP mutagenesis.
Other components of the extracellular polymer of M32
improved from 4.33 to 6.42 gL', including nucleic
acids, lipoproteins, glycoproteins, etc.

3.2 Genomics analysis

Generally, ARTP could induce unique and positive
genetic responses, so stable mutants are produced through
ARTP [21,22]. By comparative genomics, 54 single
nucleotide polymorphisms (SNPs) and 7
insertion/deletions (InDels) of the mutant M32 were
detected. Thirty-three SNPs were located in the intergenic
regions, and 21 SNPs (Table2) were in the coding
sequence, including 18 nonsynonymous SNPs and 3
synonymous SNPs. Meanwhile, 7 InDels were detected in
M32 in the intergenic regions. Therefore, the InDels did
not alter the sequence of the gene coding region. In
addition, M32 had an intrachromosomal translocation,
which was approximately 273 bp in length.

As shown in Table 2, 6 genes were mutated after ARTP
mutagenesis in the mutant M32. Seven nonsynonymous
SNPs were detected in ppsC encoding plipastatin
synthase subunit C (PpsC). A synonymous SNP was
detected in ppsC 1, and a nonsynonymous SNP was
detected in ppsA, which was homologous to ppsC. ppsC,
ppsA_1, and ppsC 1 are subunits of the lipopeptide
antibiotic plipastatin synthase, which is a multifunctional
enzyme capable of polymerizing amino acids into short
peptide chains containing glutamate [23,24]. We
speculate that the mutation of ppsC may be positively
correlated with the increased yields of y-PGA. In
addition, the rnj4-encoded ribonuclease J1 had a
nonsynonymous SNP. The grs4 gene had 2
nonsynonymous SNPs, and grs4 is involved in the
antibiotic Gramicidin S biosynthetic pathway [25]. A
synonymous SNP and 7 nonsynonymous SNPs occurred

Table 2 SNPs analysis of M32

Front. Chem. Sci. Eng. 2022, 16(12): 1751-1760

in lgrB, which was subunit B of linear synthase. This
enzyme activated the 3rd to 6th amino acids in linear
graminotin, catalysing the formation of peptide bonds
between them [26].

Molecular docking was further applied to explore the
binding effect of the PpsC protein with its substrate with
MOE software in Fig. 2. Previous studies have shown
that PpsC can accelerate the activation and
polymerization of glutamate (Glu), valine (Val), and
alanine (Ala) [27]. In the synthesis of the lipopeptide
antibiotic plipastatin, there were competitive sites for
glutamate, valine, and alanine. In B. licheniformis
CGMCC 2876, there were 4 binding sites between PpsC
and glutamate, among which there was a hydrogen bond
with Aspl1886, two hydrogen bonds with Argl976, and
one hydrogen bond with Argl975 (Fig.2(a)). After
ARTP mutagenesis, PpsC had 5 binding sites with
glutamate: two hydrogen bonds with Asp1868, one
hydrogen bond with Lys1972, and two hydrogen bonds
with Argl883. The hydrogen bonds with Argl975 and
Argl976 disappeared, and the free binding energy of
PpsC with glutamic acid was increased from —15.3 to
~18.2 kcal-mol™! (Table 3). Compared to glutamic acid,
PpsC of mutant M32 showed different binding states with
valine and alanine. In the wild-type B. licheniformis
CGMCC 2876, there were 5 binding sites between PpsC
and valin, while only 3 binding sites existed after
mutation (Fig. 2(b)). With the disappearance of the
hydrogen bond with tyrosine, the binding free energy of
PpsC to valine decreased from —15.2 to —11.1 kcal-mol™!
(Table 3). The reduction in the number of alanine binding
sites in PpsC was similar to the reduction in the number
of binding sites with valine (Fig. 2(c)). Before ARTP
mutagenesis, PpsC had 5 binding sites, two hydrogen
bonds with Aspl1868 and Argl883, and one hydrogen
bond with Tyrl779. While PpsC and alanine had 3
binding sites in the mutant M32, 1 hydrogen bond with
Lys1972, Tyr1880 and Asp1868. The binding free energy
of PpsC with alanine decreased from -15.2 to —11.1
kcal-mol™! (Table 3).

In conclusion, the mutant PpsC had a higher binding
energy and more binding sites for glutamate, while the
mutant PpsC had fewer binding sites for valine and
alanine, and the binding energy decreased. Glutamate is a
key amino acid in the synthesis of the lipopeptide
plipastatin [28,29], so the enhanced binding of PpsC to
glutamate may promote the synthesis of lipopeptides.

Gene Definition Amino acid change

ppsC_1 Plipastatin synthase subunit C Phel266Phe

ppsA_1 Plipastatin synthase subunit A Arg29Ser

ppsC Plipastatin synthase subunit C Argl092Cys, Vall1250Met, Ala915Met, Tyr963Tyr, Alal117Ser, Tyr926His, Ala931Tyr, GIn4652His
rnja Ribonuclease J1 Leud77Thr

grsA Gramicidin S synthase 1 Pro20Ala, Ala26Ser

IgrB Antiholin-like protein

Asp4656GIn, His154Arg, Thr4661Ala, Arg4651Arg, Asp4658His, Gly160Glu, Thr4661Ala, Ser46471le
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Fig.2 The molecular simulation docking of PpsC and (a) glutamate, (b) valine and (c) alanine before and after ARTP mutagenesis

in B. licheniformis CGMCC 2876 (up) and the mutant M32 (down).

Table 3 The PpsC docking score and the key amino acids combined
with the ligands in B. licheniformis CGMCC 2876 and the mutant M32

Strain Substrate (kcii?riz/l’l) Bound amino acid
B. licheniformis Glu -15.3 Asp1886, Argl976, Argl975
CGMCC 2876 Val -14.9 Arg1883, Asp1868
Ala -15.2 Asp1868, Tyr1880, Argl1883
M32 Glu —-18.2 Aspl868, Lys1972, Argl883
Val -11.5 Argl883, Asp1868
Ala —-11.1 Aspl868, Lys1972

Previous studies have shown that exogenous addition of
3 mg-L! lipopeptides can significantly improve y-PGA
production up to 17.9% of B. licheniformis, and the
increase in lipopeptide leads to the transfer of carbon flux
to glutamate and y-PGA synthesis pathways through the
tricarboxylic acid (TCA) cycle [30]. Thus, the variation in
PpsC may be responsible for the enhancement of y-PGA
yield.

3.3 Metabonomic analysis

To further investigate metabolic changes in M32 (Fig. 3),
LC/MS combined with multivariate analysis was used. A
total of over 140 intracellular metabolites were analysed,
and principal component analysis (PCA, Fig. 3(a)) and
orthogonal partial least squares discriminant analysis
(OPLS-DA, Fig. 3(b)) were constructed, which showed
remarkable separation of metabolites and the significant
diversity of the metabolic profiles between B.
licheniformis CGMCC 2876 and the mutant M32.
Differential metabolites (VIP > 1, P < 0.05) of B.
licheniformis CGMCC 2876 and the mutant M32 are

visually shown in the heatmap plot (Fig. 3(c)) [31].

To analyse the overview of differential metabolomics,
the metabolomics network was constructed and visually
displayed (Fig. 4). The metabolites of mutant M32 are
involved in the TCA cycle, glycolysis pathway and amino
acid metabolism pathway. The metabolites of glucose-6-
phosphate (G-6-P) and fructose-6-phosphate (F-6-P) in
the glycolytic pathway after mutation were significantly
increased by 13 times, indicating that M32 can better use
glucose to provide more carbon sources for y-PGA
synthesis. However, there was no significant change in
o-ketoglutaric acid and glutamic acid after ARTP
mutagenesis in M32, possibly because glutamate-
independent B. licheniformis tends to be stable in the
carbon metabolism pathway in culture conditions without
glutamic acid [32]. Since glutamate is more commonly
used in the synthesis of proline and arginine, proline and
arginine were increased in M32. The presence of amino
acids can influence lipopeptide production [33]. For
example, exogenous proline can enhance the lipopeptide
production of B. amyloliquefaciens HM618 [34]. Thus,
combined with the enhancement of binding between PpsC
and glutamate, proline and arginine may promote the
synthesis of lipopeptides, which leads to increased y-PGA
production.

Notably, alanine in M32 was upregulated 3.5 times.
The increase in phosphoenolpyruvate in the mutant M32
contributed to the increase in pyruvate, a precursor of
alanine. Meanwhile, the decreased binding ability of
alanine to PpsC in M32 resulted in the accumulation of
alanine. In addition, alanine is an intermediate of D- and
L-glutamate acid [35], and y-PGA is synthesized by D-/L-
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Fig.3 Comparative metabonomic analysis of B. licheniformis CGMCC 2876 and the mutant M32. (a) The PCA score plot and (b)
OPLS-DA score plot were obtained between B. licheniformis CGMCC 2876 and M32. (c) Heatmap of 60 differential metabolites for
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glutamate acid through polyglutamic acid synthase. L-
Glutamic acid is synthesized via L-glutamic pyruvate
transaminase, then converted to D-alanine through alanine
racemase, and finally converted to D-glutamic acid under
the action of D-glutamic pyruvate transaminase [36].
Hence, on one hand, the upregulation of alanine
stimulated the TCA cycle, which facilitated the synthesis
of glutamate from a-ketoglutaric acid. On the other hand,
the accumulation of alanine also promoted the
transformation of L-glutamate and D-glutamate, which
ultimately led to the enhancement of y-PGA production.
Moreover, phenylalanine and aspartic acid were also
upregulated. Zhang et al. [37] added 3 g-L~" aspartic acid
and 1.5 g-L™' phenylalanine, and the production of y-
PGA improved by 23.18% and 12.15%, respectively,
indicating that phenylalanine and aspartic acid promoted
the production of y-PGA. Aspartic acid is transformed
from oxaloacetic acid and glutamate, and aspartic acid
can be transformed into glutamate under the action of
glutamic-oxalacetic  transaminase [38]. Thus, the

enhancement of phenylalanine and aspartic acid was
beneficial to the synthesis of y-PGA to provide more
substrates, resulting from the transformation to glutamate
[39]. In addition, serine in mutant M32 was increased,
and the expression of pyruvate kinase (pyk) was also
increased due to the activation of serine [40], while
phosphoenolpyruvate, the substrate of pyk, was increased
1.6 times. Pyruvate is the metabolite most associated with
the TCA cycle [41]. Additionally, glutamine in the
mutant M32 was increased 1.7 times, and the
concentration of glutamine is closely related to the
amount of glutamate required [42].

3.4 Analysis of the expression levels of key genes

qRT-PCR was used to analyse the expression levels of
key genes in the y-PGA synthesis pathway (Fig. 5). The
y-PGA synthetase complex system CapBCA is encoded
by capA, capB, and capC [36]. The results indicated that
the expression of the capA, capB, and capC genes of the
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mutant M32 was upregulated by 8.28, 8.23, and 7.12
times, respectively, while pgdS did not change
significantly. In B. amyloliquefaciens, pgdS has been
shown to hydrolyse y-PGA, resulting in a reduction in
y-PGA yield [43]. In addition, the expression levels of
glt4 and gltB, which encode glutamate synthetase, were
upregulated by 2.53 times and 3.4 times, respectively, in
the mutant M32.

Analysis of the expression levels of genes in the
glycolysis pathway revealed that ARTP mutagenesis also
resulted in the upregulation of crr, pyk, pdh, pgi, and gipk
(Fig. 5). Encoding G-6-P isomerase, pgi was upregulated
by 6.59 times. Fructose is responsible for catalysing the
conversion of G-6-P to F-6-P to promote glucose
utilization by cells through glycolysis [44]. Moreover,
encoding pyk, pyk was upregulated by 10.95 times, which
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catalysed the conversion of phosphoenolpyruvate to
pyruvate and generated adenosine triphosphate [45].
Metabolomics data indicated that phosphoenolpyruvate
was upregulated; thus, the upregulation of pyk promoted
pyruvate production, and pyruvate also provided a
precursor for the TCA cycle and glutamate. The
expression of pdh (pyruvate dehydrogenase) was
upregulated by 5.76 times, improving the acetyl-CoA
supply for the TCA cycle, which may be beneficial to the
synthesis of y-PGA.

In addition, the expression of ccpAd, encoding the
carbon metabolism regulatory protein CcpA, was
upregulated by 16.93 times in the mutant M32, while the
expression of the gene ccplN, encoding the metabolic
regulatory protein CcpN, did not change significantly
(Fig. 5). In the presence of excess glucose, the TCA cycle
is inhibited by a CcpA-dependent catabolite repression
mechanism [46]. CcpA acted mainly on the growth of
microbial cells and the synthesis of extracellular
polymers. As glucose is exhausted, CcpA activates
glutamate synthase (GItAB) and inhibits the expression of
amine dehydrogenase [47]. The expression of ccpA in the
mutant strain was upregulated, which promoted the
upregulation of gltAB expression and ultimately increased
the yield of y-PGA.

3.5 Performance of sodium glutamate utilization

According to the foregoing analysis, M32 could better
utilize glutamate to accumulate a higher p-PGA yield.
Thus, we explored the effects of supplemental different
levels of sodium glutamate in the culture medium on
y-PGA production from B. licheniformis CGMCC 2876
and the mutant M32 (Fig. 6). As expected, the y-PGA
yield of M32 was significantly higher than that of B.
licheniformis CGMCC 2876 with all concentration of
exogenous sodium glutamate. In particular, the y-PGA
yield of the mutated strain M32 reached 14.08 g-L™! in
sodium glutamate (30 g-L™!) medium, which was much
higher than the y-PGA yield of B. licheniformis CGMCC
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Fig. 6 Effects of sodium glutamate supplementation on y-PGA
yields of B. licheniformis CGMCC 2876 and the mutant M32. The
single asterisks indicate significant differences in each group (P <
0.05).
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2876 (6.1 g-L V. These results proved that M32 had a
stronger absorption and utilization capacity for glutamate
sodium.

4 Conclusions

In this study, B. licheniformis CGMCC 2876 was treated
by ARTP mutagenesis to obtain B. licheniformis with
high y-PGA production. The yield of y-PGA in mutant
M32 was 6.68 g-L~!, which was 11% higher than the
y-PGA yield of the original strain. Seven SNPs were
detected in ppsC by genome resequencing. The mutated
PpsC possessed more binding sites and a higher binding
energy with glutamate according to molecular docking
simulation, which may promote the synthesis of the
lipopeptide plipastatin. By comparing metabolomics, the
upregulated metabolite alanine of the mutant strain was
found to stimulate TCA to synthesize glutamate and
promoted the conversion between L- and D-glutamate
acids. Proline and arginine may promote the synthesis of
lipopeptides, thus increasing the y-PGA yield. In addition,
the glycolytic pathway was enhanced, leading to a better
capacity for using glucose. The expression levels of capA,
capB, and capC were upregulated accordingly. A
maximum p-PGA yield of 14.08 g-L™' was finally
reached with 30 g-L~! glutamate. This work provides
theoretical support for the synthesis mechanism of y-PGA
in B. licheniformis and provides a method for obtaining
potential strains with high y-PGA industrial production.
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Appendix A Primers used in qRT-PCR in this experiment

Gene Primer sequence (5” to 3”)
q-crr-F TCAAGCCGCATCCACC
q-crr-R AAGTTCTCCAATAAAATCTCCC
q-pyk-F CAGCCGCTTTTTCAAGGGAC
q-pyk-R CAGCCGCTTTTTCAAGGGAC
q-pdh-F CTCTTGTCATTGGTGCGGGA
q-pdh-R CATTCTCATAGCGGTGGCCT
q-pgi-F CTTTCGGCAGCACATTG
q-pgi-R GTCGCCCACCATACCAT
q-glpk-F GCGTGCCTAAACCTACAAA
q-glpk-R CGTGATGGGCTGAGAATG
q-gapB-F ACGCTGGAGACGATTGC
q-gapB-R CCACGGAAGAAGTTTAGGG
q-capA-F CCATTTGCGAAGGAGTTT
q-capA-R GCTGACGAAGCAGGAGAA
q-capB-F GAATTGTCTGCGACGATGACT
q-capB-R GATGGGACCGACTTTGGAT
q-capC-F AGCGTAATCGTTAATCCCTGTC
q-capC-R CGGTGATGCCGTTTGAGA
q-glnA-F AGTCATGGTCAAAGCCCTCG
q-glnd-R CTCCCAAGGGTGGACTTGTG
q-gltA-F GGCAACAAAGTGTATCC
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(Continued)
Gene Primer sequence (5’ to 3”)
q-gltA-R TCGGTGAGGCTCCAGTG
q-gltB-F AGCGTCGTCCAGTTCGG
q-gltB-R CGCCTCTTCATAAGCATAGT
q-pdgS-R AGACATCTTGAGGGTGCG
q-pdgS-R TCCGTTTGATTTTGTGCTG
q-ccpN-F CCTGTTTGCCGATGCTG
g-ccpN-R CGCGGGTCGGTTATTTC
q-ccpA-F CGAGCCGTAAAGGAACA
q-ccpA-R GCTTGCCATTTGAGGAA
q-16S-F CAGATTTGTGGGATTGGCTTAG
q-16S-R CGTGTCGTGAGATGTTGGGT
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