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Abstract

Background: Poly y-glutamic acid (y-PGA) is a promising biopolymer for various applications. For glutamic acid-inde-
pendent strains, the titer of y-PGA is too low to meet the industrial demand. In this study, we isolated a novel y-PGA-
producing strain, Bacillus tequilensis BLO1, and multiple genetic engineering strategies were implemented to improve

y-PGA production.

Results: First, the one-factor-at-a-time method was used to investigate the influence of carbon and nitrogen sources
and temperature on y-PGA production. The optimal sources of carbon and nitrogen were sucrose and (NH,),SO, at
37 °C, respectively. Second, the sucA, gudB, pgds, and ggt genes were knocked out simultaneously, which increased
the titer of y-PGA by 1.75 times. Then, the titer of y-PGA increased to 18.0£ 0.3 g/L by co-overexpression of the

citZ and pyk genes in the mutant strain. Furthermore, the y-PGA titer reached 25.3 £0.8 g/L with a productivity of
0.84 g/L/h and a yield of 1.50 g of y-PGA/g of citric acid in fed-batch fermentation. It should be noted that this study
enables the synthesis of low (1.84 x 10° Da) and high (2.06 x 10° Da) molecular weight of y-PGA by BLO1 and the

engineering strain.

Conclusion: The application of recently published strategies to successfully improve y-PGA production for the new
strain B. tequilensis BLO1 is reported. The titer of y-PGA increased 2.17-fold and 1.32-fold compared with that of the
wild type strain in the flask and 5 L fermenter. The strain shows excellent promise as a y-PGA producer compared with
previous studies. Meanwhile, different molecular weights of y-PGA were obtained, enhancing the scope of application

in industry.
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Background

Poly-y-glutamic acid (y-PGA), one of the most prom-
ising biopolymers, consists of D- and L-glutamic
acid units linked by amide bonds between a-amino
and y-carboxylic acid groups [1]. y-PGA shows great
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potential for application in food [2], medicine [3], cos-
metics [4], wastewater treatment [5], and agriculture [6]
due to its numerous properties, including water solubil-
ity, biodegradability, nontoxicity, and biocompatibility [7,
8]. Recently, y-PGA has shown an increasing number of
promising applications. y-PGA nanocomposite hydrogels
are potentially applied for injectable tissue engineering
hydrogels, tissue adhesives, and hemostatic materials [9].
The SiOx electrode using y-PGA cross-linked by epichlo-
rohydrin as the binder achieves high reversible capacity
and outstanding cycle stability [10]. In agriculture, exog-
enous application of y-PGA could significantly improve
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plant drought resistance by improving photosynthesis,
and root development, and enriching plant growth-pro-
moting bacteria [11].

Y-PGA is synthesized primarily by various Bacillus
species, including B. subtilis [12, 13], B. siamensis [14,
15], B. licheniformis [16, 17], B. methylotrophic [18],
B. amyloliquefaciens [19, 20], and B. velezensis [21].
Depending on the substrate used, strains can be divided
into two types. The first type is glutamic acid-dependent
strains that require L-glutamic acid as a direct precursor
[12-15]. Supplying exogenous glutamic acid significantly
increases y-PGA production, but also increases produc-
tion costs. The other type is glutamic acid-independent
strains, which can synthesize y-PGA from carbon sources
such as glucose de novo [16-18, 20]. Glutamic acid-
independent strains have attracted widespread attention
due to their low production cost. However, low y-PGA
titers and productivity limit their industrial applications.
Therefore, it is vital to obtain novel strains producing
y-PGA with high titers, yields, and productivities that
will be economically feasible for industrial production.

To meet the growing demand for economical y-PGA,
an increasing number of studies have focused on meta-
bolic engineering strategies. In B. amyloliquefaciens, the
y-PGA titer increased from 3.14 to 5.12 g/L by double
deletion of the cw/O gene and the epsA-O cluster, as well
as expression of the Vitreoscilla hemoglobin (VHb) gene
[19]. Improving NADPH regeneration is another method
to enhance y-PGA production [22]. Furthermore, by
reducing byproduct production by gene knockout and
improving precursors synthesis by overexpressing genes
related to glutamate synthesis, the yield of y-PGA was
significantly increased [19, 23, 24]. Moreover, the effect
on the deletion of genes that encode enzymes that
degrade y-PGA and glutamate, such as the pgdS, ggt,
gudB, rocG, and proB genes, was also studied [24, 25].
Interestingly, deletion of these genes was strain depend-
ent. Different strains knocked out the same gene with
varying effects on y-PGA production.

Although many studies have made some progress, most
have focused on a single research bottleneck and have
not studied the combination of factors affecting y-PGA
synthesis. In this study, we selected an economical, high-
yield y-PGA-producing strain, and multiple genetic engi-
neering strategies were implemented to improve y-PGA
production. First, the components affecting y-PGA pro-
duction were optimized, and the strain was identified
as a glutamic acid-independent strain. Second, the pgdS
and ggt genes were deleted to reduce y-PGA degrada-
tion. Third, the alsS, sucA, gudB, proB, and rocG genes
were deleted to decrease the production of byproducts
and improve glutamate production. Fourth, the genes
involved in the synthesis of precursor and y-PGA were
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overexpressed (Fig. 1). The final obtained strain of B. tegq-
uilensis BLO1ApgdSAggtAsucAAgudB:P43-citZ-pyk could
produce y-PGA titers of 18.0+0.3 g/L in a flask and
25.2+0.8 g/L in a 5 L fermenter, which were 2.12 times
and 1.31 times higher than those obtained from the wild-
type strain of B. tequilensis BLO1, respectively.

Materials and methods

Strain and medium

All plasmids and strains used in this study are listed in
Additional file 1: Table S1. E. coli DH5a cultured in LB
medium containing 5 g/L NaCl, 10 g/L tryptone, and
5 g/L yeast extract with or without 20 g/L agar was used
to construct the plasmid.

The Bacillus tequilensis BLO1 strain was isolated
from soybean and stored at the China General Micro-
biological Culture Collection Center (CGMCC23661).
y-PGA-producing strains were preliminarily screened
and cultured in basal medium containing 10 g/L tryp-
tone, 5 g/L yeast extract, 10 g/L NaCl, 20 g/L glucose,
and 10 g/L monosodium glutamate. Agar (20 g/L) was
added to basal medium agar plates. A strain with a high
Y-PGA vyield was screened, and the influencing factors
were analyzed in the fermentation medium, which con-
tained 30 g/L glucose, 20 g/l monosodium glutamate,
5 g/L (NH,),SO,, 0.5 g/L K,HPO,, 0.5 g/L MgSO,-7H,0,
0.04 g/L FeCl;-6H,0, 0.104 g/L MnSO,-H,0, 0.15 g/L
CaCl,, and 0.5 g/L NaCl. For the fermentation of geneti-
cally modified bacteria, 10 g/L sodium citrate was added
to the medium instead of 20 g/L monosodium glutamate.

The working concentrations of chloramphenicol,
ampicillin, kanamycin and p-d-1-thiogalactopyranoside
(IPTG) in this study were 5 pg/mL, 100 ug/mL, 40 pg/
mlL, and 0.1 mM, respectively.

DNA manipulation

The primers used for plasmid construction and gene
knockout are listed in Additional file 1: Table S2. For gene
knockout, the target genes pgdS (ID: 936837, encoding
gamma-DL-glutamyl hydrolase), ggt (ID: 940001, encod-
ing membrane bound gamma-glutamyltranspeptidase),
sucA (GenBank: CP053102.1, encoding 2-oxoglutarate
dehydrogenase E1 component), alsS (ID: 936852, encod-
ing alpha-acetolactate synthase), proB (ID: 936790,
encoding glutamate 5-kinase), gudB (ID: 938975, encod-
ing cryptic glutamate dehydrogenase) and rocG (ID:
937066, encoding NAD-specific glutamate dehydroge-
nase) were first identified in the Bacillus subtilis subsp.
subtilis str. 168 complete genome in NCBI. Related genes
were identified in B. tequilensis BLO1 by sequence align-
ment. The pgdS gene deletion was used as an example to
describe the construction of the knockout plasmid. First,
the gRNA of pgdS was obtained using online software
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Fig. 1 Metabolic pathways and metabolic engineering strategies to improve the production of y-PGA in B. tequilensis BLO1. Red arrows indicate
genes that are overexpressed for y-PGA production: pyruvate dehydrogenase (pdhABCD), pyruvate kinase (pyk), pyruvate carboxylase (pycA),
citrate synthase Il (cit2), isocitrate dehydrogenase (icd), glutamate synthase (g/tA), poly-gamma-glutamate synthase complex (pgsBCAE); Purple
arrows indicate genes that are deleted: acetolactate synthase (alsS), glutamate dehydrogenase (rocG), cryptic glutamate dehydrogenase (gudB),

gamma-glutamyltranspeptidase (ggt)

glutamate 5-kinase (proB), 2-oxoglutarate dehydrogenase E1 component (sucA), gamma-DL-glutamyl hydrolase (pgds), membrane-bound

(https://www.atum.bio/eCommerce/cas9/ input). The
upstream (pgdS-N20-F) and downstream (pgdS-N20-R)
primers of the gRNA were annealed and then inserted
into the plasmid pBAC-Cas9 with the Golden Gate clon-
ing method to form pBAC-Cas9-N20-pgdS. Then, the
upstream homologous arm with the primer (pgdS-up-F,
pgdS-up-R) and the downstream homologous arm with
the primer (pgdS-down-F, pgdS-down-R) of the pgdS
gene were amplified, each approximately 1000 bp. Subse-
quently, the two fragments were joined together using the
In-Fusion cloning method. Finally, the homologous arm
and the plasmid pBAC-Cas9-N20-pgdS were digested
by the Sfil restriction enzyme (Thermo Scientific) and
ligated to obtain the knockout plasmid pBAC-Cas9-N20-
pgdS-up-down. The knockout plasmid was transformed
into B. tequilensis BLO1 as previously described [26].

Correct transformants were verified by colony PCR on
LB plates containing 5 pg/mL chloramphenicol. The cor-
rect transformants were inoculated in LB medium con-
taining 0.1 mM IPTG, and after 12 h of incubation, the
gene knockout strains were selected.

The genes citZ (Gene ID: 937381, encoding citrate syn-
thase II), icd (Gene ID: 938183, encoding isocitrate dehy-
drogenase), gltA (Gene ID: 940024, encoding glutamate
synthase), pgsBCAE (GenBank: CP053102.1, encoding
poly-gamma-glutamate synthase complex), pycA (ID:
935920, encoding pyruvate carboxylase), pyk (GenBank:
QJR47503.10, encoding pyruvate kinase) and pdhABCD
(GenBank: CP053102.1, encoding pyruvate dehydroge-
nase complex) in the type strain B. subtilis subsp. subti-
lis str. 168 complete genomes were first found in NCBI,
and then related genes were amplified from B. tequilensis
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BLO1 with the corresponding primers (Additional file 1:
Table S2), and ligated to pP43NMK to construct the plas-
mids P43-citZ, P43-icd, P43-gltA, P43-pgsBCAE, P43-
pycA, P43-pyk, P43-pdhABCD, P43-citZ-icd-gltA, and
P43-citZ-pyk.

Screening of a high y-PGA-producing strain

and phylogenetic analysis

y-PGA-producing strains were isolated from soybean
purchased from farmers’ markets in Tianjin, China,
and the screening method was performed as previously
described [14]. Soybeans (100 g) were boiled for 10 min
in 500 mL of sterile water in a water bath to remove any
non-spore strains. The solution was diluted 1071, 1072,
1073, and 107 times after cooling, and 200 pL aliquots
were placed on basal medium agar plates and incubated
at 37 °C for 24—48 h. Colonies with high viscosity and
mucosity were selected and cultured in flasks to examine
their y-PGA production abilities.

The strain with the highest y-PGA production was
subjected to 16S rDNA sequence analysis. The 16S
rDNA gene sequence was amplified using universal
27F and 1492R primers. Sequencing was performed
by GENEWIZ Inc. (Suzhou, China). The 16S rDNA
gene sequence was compared with that of type strains
reported in the EzBioCloud database (https://www.ezbio
cloud.net/). The phylogenetic tree was reconstructed
using the neighbor-joining method in MEGA 7.0 [27].

One factor at a time (OFAT) experimentation design

The main nutritional components, including the sources
of carbon and nitrogen and culture temperature, were
optimized using the OFAT experimental design. To opti-
mize the carbon sources, 30 g/L (w/v) glucose, sucrose,
fructose, glycerol, arabinose, and xylose were added to
the fermentation medium. To determine the effect of
different nitrogen sources, 5 g/L (w/v) NH,Cl, peptone,
tryptone, yeast extract, and (NH,),SO, were added to the
medium. After optimizing carbon and nitrogen sources,
the effect of temperature (28—42 °C) on bacterial growth
and y-PGA production was studied.

Identification of the type of B. tequilensis BLO1

for the production of y-PGA

To identify the type of B. tequilensis BLO1 for the pro-
duction of y-PGA, the identification medium contained
30 g/L sucrose, 0.5 g/L K,HPO,, 0.5 g/L MgSO,-7H,0,
0.04 g/L FeCl,-6H,0, 0.104 g/L MnSO,-H,0, 0.15 g/L
CaCl,, 0.5 g/L NaCl and (1) 5 g/L yeast extract; (2)
5 g/L (NH,),SO,; (3) 5 g/L monosodium glutamate; (4)
5 g/L yeast extract and 10 g/L sodium citrate; (5) 5 g/L
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(NH,),SO, and 10 g/L sodium citrate; and (6) 5 g/L mon-
osodium glutamate and 10 g/L sodium citrate.

Cultural methods for y-PGA production

For shake-flask fermentation, a single colony from
the agar plate was inoculated into a 250 mL flask con-
taining 50 mL of liquid basal medium and cultured at
37 °C for 12 h at 200 rpm. Subsequently, 1% (v/v) of the
precultures (ODg,,=5.01+0.1) were inoculated into
250 mL flasks containing 50 mL of fresh fermentation
medium and cultured at 37 °C for 48 h at 200 rpm. Cell
growth and y-PGA yield were measured every 6 h.

For fed-batch fermentation, cells were precultured
in 300 mL of the basal medium at 37 °C for 12 h at
200 rpm and then inoculated in a 5 L fermenter (T&]-
BType 5 L; T&] Bioengineering Co., Ltd., Shanghali,
China) containing 2.7 L of fresh medium. The 5 L fer-
menter was operated at an aeration rate of 10 NL/
min, and dissolved oxygen (DO) was kept above 5%
by adjusting the agitation rate to 400-700 rpm. The
pH was controlled at pH 6.5+0.2 with 1 M HCI or
NH;-H,0 (25-28%). Sugar and citric acid levels were
monitored regularly, and the consumption per hour
was speculated to determine the replenishment point.
When the sugar level dropped below 10 g/L, and
the citric acid dropped below 5 g/L, 150 mL of feed
medium containing 700 g/L sucrose and 20 g of sodium
citrate dissolved in 50 mL sterile water were fed into
the fermenter, individually.

Analytical methods

Cell biomass was determined by measuring the absorb-
ance of the fermentation broth at 600 nm using a spec-
trophotometer. The standard curve relating OD to cell
dry weight (CDW, biomass) was used (1 OD600=0.414 g
CDW/L). The concentration of y-PGA was determined
by a CTAB-dependent spectrophotometric assay, as
previously described [14]. Sucrose, glucose, and fruc-
tose levels were determined using an Agilent 1260
high-performance liquid chromatography (HPLC) sys-
tem equipped with a refractive index detector (RID)
and an Aminex HPX-87P column (300 x 78 mm; Bio-
Rad, Hercules, CA, USA). An Aminex HPX-87H col-
umn (300 x 78 mm; Bio-Rad, Hercules, CA, USA) was
used to analyze citric acid and fermentation byproducts
[14]. The y-PGA molecular weight was measured using
gel permeation chromatography (GPC) with an RID
detector and an Ultrahydrogel " linear column (10 pm,
7.8 mm x 300 mm, Waters Corporation, USA). The
mobile phase, flow rate, and injection volume were 0.1 N
NaNO;, 0.5 mL/min, and 20 pL, respectively. Glutamic
acid was measured using an Agilent ZORBAX Eclipse
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Plus C18 column (5 pm, 4.6 mm x 150 mm, Agilent,
USA) with a UV detector (338 nm) (https://www.agilent.
com/cs/library/applications/5990-4547EN.pdf).

Statistical analysis

For statistical analysis of cell growth and y-PGA titers,
the data set from each experiment was treated individu-
ally with the Baranyi model fitted to each model. Data
from each experiment under all studied conditions were
pooled and statistically analyzed using SPSS software
(version 11.5), using a two-factor ANOVA, where the fac-
tors were biomass and y-PGA titer, followed by a Tukey
test, with significant differences at P<0.05.

Results and discussion

Screening of highly y-PGA-producing strains

To screen for a highly y-PGA-producing strain, 24 iso-
lates with mucoid colonies were selected from basal
medium agar plates. Five strains produced y-PGA dur-
ing shake flask fermentation, and their 16S rDNA genes
(1425 bp) were amplified and sequenced. BLAST analy-
sis using EzBioCloud (https://www.ezbiocloud.net/)
showed that these strains belonged to different species
(Additional file 1: Table S3). BLO1 produced 8.6 £0.3 g/L
y-PGA after 24 h of incubation, the y-PGA titer normal-
ized to the biomass of the individual cultures was the
highest compared to other isolates, and BLO1 was classi-
fied as the B. tequilensis species.

Fermented soybean foods such as natto and cheong-
gukjang contain high levels of y-PGA [28, 29]. There-
fore, soybean was selected as the screening material for
y-PGA-producing strains. Previous studies found that
B. tequilensis can quickly and stably colonize plants,
and has a high propagation rate and a strong prolifera-
tive capacity [30]. B. tequilensis has high efficiency and
broad-spectrum resistance to plant pathogens, has a
combined treatment effect on plant diseases such as
anthracnose [31] and black spot disease [32], has a high
prevention effect, and has good application prospects for
the prevention and control of plant diseases [33]. How-
ever, it has never been reported for y-PGA production;
therefore, B. tequilensis BLO1 was selected for subsequent
experiments. BLO1 colonies were creamy white, mucoid,
translucent, and grown on a solid culture medium. A
phylogenetic tree was generated based on 16S rDNA
gene sequences, as shown in Additional file 1: Fig. S1.

Optimization of nutritional and culture parameters

for y-PGA production

All cells grew well, but after 36 h of incubation, differ-
ent y-PGA levels were obtained in a culture medium
with varying sources of carbon (Fig. 2a and b). In
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glucose- and sucrose-based media, the y-PGA titers
gradually increased, peaking at 8.94+0.2 g/L at 24 h. The
y-PGA production and cell growth rates of the two dif-
ferent carbon sources were approximately the same
(P>0.05), but the y-PGA titer normalized to the bio-
mass of the sucrose-based medium was higher than
that of the medium with glucose as the carbon source
(Additional file 1: Fig. S2a). Furthermore, the high-
est biomass (6.04+0.1 g/L) was obtained in the fructose
medium, which showed an asymmetric relationship
with the y-PGA level (7.8£0.4 g/L). Small amounts of
y-PGA were produced from the other carbon sources
in the order of glycerol (5.6+£0.1 g/L)>arabinose
(3.0£0.2 g/L)>xylose (1.140.1 g/L) (P<0.05) (Fig. 2a).
Carbon source metabolism at the y-PGA level is related
to several stress response proteins, such as catabolite
control protein A (CcpA) [34]. Fructose bisphosphate
and excess glucose activate CcpA [35]. In B. licheniformis
and B. subtilis, CcpA directly or indirectly regulates the
expression of pgsB, which encodes PGA synthetase [36].
PGA synthetase is more likely to be strongly expressed
in sucrose-, glucose-, and fructose-based media than in
media made with other carbon sources. Furthermore,
the conversion of glutamic acid to 2-oxoglutarate is
negatively controlled by CcpA [34]. This could explain
the various y-PGA production in media with different
carbon sources. In B. subtilis NX-2, glycerol improves
Y-PGA production by reducing viscosity and increasing
substrate uptake during fermentation [12]. However, in
this study, the highest y-PGA titer was not obtained from
the glycerol-based medium, which is consistent with B.
siamensis [14]. When glycerol is used as the substrate,
the pentose phosphate pathway (PPP) may be weak-
ened to cause a shortage of NADPH, and the shortage of
NADPH may be a reason for the insufficient production
of y-PGA [37].

Experiments on the effect of nitrogen sources on
cell growth and y-PGA production were conducted
in sucrose-based medium. As shown in Fig. 2c and d,
all nitrogen sources supported cell growth and y-PGA
production. The y-PGA titer of the medium with yeast
extract as a nitrogen source was the lowest (6.4 +0.5 g/L),
and that of the medium with ammonium sulfate as a
nitrogen source was the highest at 9.740.3 g/L. In addi-
tion, the y-PGA titer normalized to the biomass was
highest in the medium with ammonium sulfate as the
nitrogen source (Additional file 1: Fig. S2b). Addition-
ally, there were no significant differences in cell growth
rates between all tested nitrogen sources (P>0.05). In
general, y-PGA production was higher with inorganic
nitrogen sources than with organic nitrogen sources, but
organic nitrogen sources promoted cell growth, consist-
ent with several previous reports [1]. Under the action of
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NADPH-dependent glutamate dehydrogenase (GDH),
free NH," reacts with a-ketoglutarate in the tricarbo-
xylic acid cycle to form glutamate, which contributes to
y-PGA production [17, 18].

Figure 2e and f show that y-PGA production and cell
growth were significantly affected by culture tempera-
ture. The highest y-PGA titer (9.54+0.2 g/L) with a bio-
mass of 5.4+0.1 g/L was obtained at 37 °C. Although the
highest biomass (5.6 +0.1 g/L) was obtained at 32 °C, the
y-PGA titer was only 5.8+0.2 g/L. Higher temperature
(42 °C) and lower temperature (28 ‘C) were detrimental to
cell growth. Although 8.940.2 g/L y-PGA was obtained
at 42 °C, the y-PGA titer normalized to the biomass was
the highest compared to other temperatures (Additional
file 1: Fig. S2c). This may be due to the increased flux
from isocitrate to 2-oxoglutarate and from 2-oxoglutar-
ate to glutamate at higher temperatures [38]. Tempera-
ture mainly affects enzyme activity, and for most isolated
Bacillus strains, the optimal temperature for y-PGA pro-
duction is approximately 37 °C [14, 39].

Identification of the type of B. tequilensis BLO1

for the production of y-PGA

y-PGA producing strains are divided into glutamic acid-
dependent and glutamic acid-independent strains. For
glutamic acid-independent strains, the carbon source can
synthesize y-PGA directly [16, 18, 20]. Additionally, citric
acid can be used as a direct precursor to improve y-PGA
production [17]. To identify the y-PGA production char-
acteristic of B. tequilensis BLO1, the strain was inocu-
lated in the medium by adding yeast extract, (NH,),SO,,
sodium citrate, or sodium glutamate as a nitrogen source
to test cell growth and y-PGA production. As shown in
Fig. 3a, cell growth was inhibited in the medium with
ammonium sulfate as the sole nitrogen source, and
inhibition was alleviated by adding sodium citrate. The
highest biomass (5.14+0.3 g/L) was obtained by adding
sodium glutamate to the medium. The highest titer of
y-PGA (7.8+£0.2 g/L) was obtained by adding sodium
citrate and (NH,),SO, to the medium. No y-PGA was
produced by adding only (NH,),SO, and yeast extract to
the medium. When 5 g/L sodium glutamate was added,
0.6+0.1 g/L y-PGA was produced in 12 h, which was
then rapidly consumed (Fig. 3b). The results showed
that the organic nitrogen source could only maintain cell
growth. However, the simultaneous presence of sodium
citrate and (NH,),SO, in the medium not only maintains
cell growth, but also promotes y-PGA synthesis.

Free NH," and a-ketoglutaric acid are converted to
glutamic acid by the action of aminotransferase [18,
23]. Glutamic acid performs two functions: one part of
glutamic acid is degraded by GDH for nitrogen metab-
olism [40], and the other is converted to y-PGA by
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Y-PGA synthetases (pgsBCAE) [23]. In this study, citric
acid promoted the tricarboxylic acid cycle, producing
more a-ketoglutaric acid, combined with NH4" in the
medium to produce glutamic acid. The results showed
that B. tequilensis BLO1 was a glutamic acid-independ-
ent strain for y-PGA production. The y-PGA produced
in sodium glutamate medium decreased after 12 h,
which is consistent with the idea that PGA depolymer-
ase exists in Bacillus spp. [20]. Yeast extract does not
produce y-PGA. When sodium citrate was added, the
same result still occurred. This is likely due to insuffi-
cient NH,™, resulting in insufficient synthesis of gluta-
mate. Therefore, y-PGA cannot be produced.

Disruption of pgdS and ggt genes in the B. tequilensis BLO1
strain

To decrease the degradation rate and further improve
the y-PGA production of B. tequilensis BLO1, the PGA
depolymerase genes, including gamma-DL-glutamyl
hydrolase (pgdS) and membrane-bound gamma-gluta-
myltranspeptidase (ggt) were deleted to obtain B. tegq-
uilensis BLO1ApgdS and the double deletion strain B.
tequilensis BLO1ApgdSAggt. The growth profiles and
y-PGA production of the mutants and the wild-type
strain were tested in medium supplemented with sodium
citrate, as shown in Fig. 4a and b. The mutant strains pre-
sented a growth pattern similar to the wild-type strain.
The highest y-PGA production was found in B. teg-
uilensis BLO1ApgdSAggt, yielding 11.9+0.6 g/L y-PGA
compared with 7.8 +£0.3 g/L from the wild type (a 52.6%
increase). B. tequilensis BLO1ApgdS showed y-PGA pro-
duction similar to that of the wild-type strain. Further-
more, it was found that after the knockout of pgdS and
double deletion of pgdS and the ggt gene, the decompo-
sition rate of y-PGA was significantly reduced by pro-
longing the culture time. For all strains, lactic acid was
consumed at the later stage of fermentation (Additional
file 1: Fig. S3a), and a small amount of acetic acid accu-
mulated (Additional file 1: Fig. S3b). The main byproduct
was 2, 3-BD (Additional file 1: Fig. S3c).

Knockout of y-PGA degrading enzyme genes to
improve y-PGA production has been extensively stud-
ied. Single-gene knockout of the pgdS or ggt gene did
not significantly improve y-PGA production in B. sub-
tilis 168, while simultaneous knockout of the pgdS and
ggt genes doubled the yield of y-PGA [41]. Our results
are the same as those of this study. Deletion of the two
y-PGA-degrading enzyme genes, a higher y-PGA yield,
and a reduced y-PGA degradation rate were obtained.
Although these results are very encouraging, more in-
depth research is needed in the future on the interaction
of y-PGA-degrading enzyme changes in the expression
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Fig. 3 Identify the type of B. tequilensis BLO1 for producing of y-PGA by adding different nitrogen sources to the culture medium. a Cell growth

levels of other genes associated with y-PGA synthesis
and degradation, and the metabolism of the carbon and
nitrogen source.

Disruption of alsS and sucA genes in the B. tequilensis BLO1
strain

Although the titer of y-PGA synthesized by B. tequilen-
sis BLO1ApgdSAggt was improved, the main byproduct
2,3-BD was contained, which decreased the substrate
conversion rate of sucrose to y-PGA. In addition, a suf-
ficient precursor is also very important for the efficient

accumulation of y-PGA. Therefore, alpha-acetolactate
synthase (alsS) and the 2-oxoglutarate dehydrogenase
E1 component (sucA) were deleted to block the 2,3-BD
synthesis pathway and tricarboxylic acid cycle (TCA). It
was found that deletion of the a/sS gene was not condu-
cive to strain growth, and that there was no y-PGA pro-
duction. The titer of acetic acid was increased by 20%
compared to the wild-type strain and became the main
byproduct (Additional file 1: Fig. S4a). The amount of lac-
tic acid was maintained at a low level (Additional file 1:
Fig. S4b). The y-PGA vyield of B. tequilensis BLO1AsucA
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was approximately 1.25-fold (9.8 0.4 g/L v7.8+0.3 g/L)
higher than that of BLO1, while cell growth was slower
than that of BLOl. Furthermore, the double deletion
strain B. tequilensis BLO1AsucAApgdS and the triple dele-
tion strain B. tequilensis BLO1AsucAApgdSAggt produced
more y-PGA, and the titers reached 10.3+0.2 g/L and
11.4£0.7 g/L, respectively (Fig. 4c, d).

The alsS gene encodes a-acetolactate synthase, which
condenses two molecules of pyruvate to form acetolac-
tate. Acetolactate is converted to acetoin by the action
of acetolactate decarboxylase, followed by the synthe-
sis of 2,3-BD [42]. In B. subtilis, after disruption of the
alsS gene, the strain does not grow unless valine or iso-
leucine is added. In addition, blockade of the 2,3-BD
metabolic pathways causes a deficiency in NAD" pools
[43]. During y-PGA synthesis, a-ketoglutarate binds
to ammonia and produces L-glutamate acid, which
requires NADPH and releases NADP" [22]. For B. teq-
uilensis BLO1, the effect of alsS gene knockout may be
due to the NADH/NAD" imbalance. The sucA gene
(encoding o-ketodehydrogenase) was deleted to block
the TCA cycle; thus, cell growth was lower than that
of the wild-type strain, but the reduced degradation
of a-ketoglutarate increased the y-PGA titer. Interest-
ingly, the growth rate of y-PGA was much higher in the
B. tequilensis BLO1AsucAApgdSAggt strain than in the B.
tequilensis BLO1ApgdSAggt strain before 24 h (Fig. 4d).
After 24 h, the cells of the triple knockout strain almost
stopped growing, which decelerates y-PGA production
(Fig. 4c, d). This may be caused by environmental stress
and metabolic deficiencies (blocked TCA). Finally, there
was no significant difference in y-PGA titers between the
B. tequilensis BLO1AsucAApgdSAggt and B. tequilensis
BLO1ApgdSAggt strains (11.44+0.7 g/L vs 11.9£0.6 g/L)
(Fig. 4d).

Effect of regulating the level of glutamic acid on y-PGA
synthesis

Glutamate is the precursor for y-PGA synthesis; the
accumulation of glutamate through the regulation of
pathways seems to be a way to improve the y-PGA titer.
Glutamate 5-kinase (proB), cryptic glutamate dehydro-
genase (gudB), and NAD-specific glutamate dehydro-
genase (rocG) in B. tequilensis BLO1 were removed to
construct strains B. tequilensis BLO1AproB, B. tequilensis
BLO1AgudB and B. tequilensis BLO1ArocG. When glu-
tamate degradation genes were knocked out, there was
a significant increase in glutamic acid production com-
pared to the control (Additional file 1: Fig. S5). Knock-
out of gudB and rocG increased cell growth (Fig. 4e).
Furthermore, the y-PGA titers of the two strains were
also improved by 33.6% and 24.4% compared to the wild-
type strain of B. tequilensis BLO1, respectively (Fig. 4f).
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However, knockout of the proB gene not only inhibited
cell growth but also reduced the y-PGA titer. Then, gudB
and rocG were knocked out together in B. tequilensis
BLO1 to obtain strain B. tequilensis BLO1AgudBArocG.
Unfortunately, the biomass and y-PGA titer decreased
to 3.54+0.1 g/L and 7.1+0.1 g/L, respectively. Based on
the above results (Figs. 4b, d), we constructed multigene
knockout strains B. tequilensis BLO1ApgdSAggtAgudB
and B. tequilensis BLO1ApgdSAggtAsucA AgudB. The two
strains showed increases of 20.2% and 28.1% in y-PGA
titers (13.7+0.8 g/L & 14.6+0.6 g/L) compared to the
strain B. tequilensis BLO1AgudB (11.4+0.6 g/L) (Fig. 4f).
Although y-PGA increased, cell growth in the two strains
(3.9+0.1 g/L and 2.8+0.1 g/L) was reduced compared
to that in the control (6.0+£0.7 g/L) (Fig. 4e). The results
showed that biomass formation decreases when y-PGA
production increases. One reason may be due to the
insufficient nitrogen source (glutamate) affecting cell
growth, since y-PGA synthesis competes with cell growth
for carbon and nitrogen sources. The other is that inad-
equate dissolved oxygen reduces cellular metabolism due
to the accumulation of y-PGA.

RocG@ is a bifunctional enzyme, and its activity is strain
dependent. In B. licheniformis, the glutamate synthesis
rate was much higher than degradation under the catal-
ysis of rocG [44, 45]. However, in B. subtilis, rocG per-
forms two functions. The first is devoted to glutamate,
which forms 2-oxoglutarate. Another role is to inhibit
GIltC, which activates glutamate synthase (gltAB) [25,
46]. In our study, the activity of rocG was more prone to
glutamate degradation. Therefore, the deletion of rocG
can activate glutamate synthesis and improve the titer
of y-PGA. The gudB gene, which harbors an insertion of
three amino acids, encodes an inactive glutamate dehy-
drogenase in B. subtilis [47]. However, in B. tequilensis
BLO1, the insertion of three amino acids does not exist,
suggesting that glutamate degradation occurs. The gudB
mutant strain presented a higher y-PGA production than
B. tequilensis BLO1ArocG, and gudB may play a more
important role than rocG. The gudB and rocG double
mutant strain presented lower y-PGA production than
the gudB or rocG mutant strains, possibly caused by
the obvious growth defect in the fermentation medium
(Fig. 4e). Proline serves as an important high osmotic
pressure and butanol chaotropic stress protectant for B.
subtilis [48, 49]. In B. tequilensis BLO1AproB, the proline
synthesis pathway was blocked, and the strain could not
resist the high osmotic pressure caused by the accumula-
tion of y-PGA and 2,3-BD, resulting in limited growth.

Effect of gene overexpression on y-PGA synthesis
Accumulating more precursors (citric acid and glutamic
acid) is effective in increasing y-PGA production. To
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improve the supply of precursors, in addition to reduc-
ing glutamate consumption (deletion of the gudB, rocG
and proB genes), another way is to obtain sufficient pre-
cursors through enhanced metabolism. a-Ketoglutaric
acid is an important intermediate metabolite in the TCA
cycle, and glutamic acid is generated from a-ketoglutaric
acid. However, a large amount of byproducts (lactic acid,
acetic acid and 2,3-BD et al.) are converted from pyru-
vate, which reduces the metabolic flow of carbon sources
to glutamate [23]. Therefore, seven genes from the TCA
pathway and y-PGA synthesis pathway were overex-
pressed in B. tequilensis BLO1, including pyruvate dehy-
drogenase (pdhABCD), pyruvate carboxylase (pycA),
pyruvate kinase (pyk), citrate synthase (citZ), isocitrate
dehydrogenase (icd), glutamate synthase (gltA) and poly-
glutamate synthase (pgsBCAE).

First, we overexpressed the citZ, icd and gltA genes,
resulting in the recombinant strains BLO1:P43-citZ,
BLO1:P43-icd, BLO1:P43-gitA, and BLO1:P43-citZ-icd-
gltA. Contrary to our predictions, the y-PGA titers were
not enhanced in these recombinant strains (Fig. 5a). We
hypothesize that the rate-limiting step for glutamic acid
synthesis may come from upstream of the TCA cycle.
Therefore, the pdhABCD, pycA and pyk genes as well
as the pgsBCAE gene were overexpressed to test y-PGA
production. The overexpression of the pdhABCD, pyk,
and pgsBCAE genes was found to significantly increase
the accumulation of y-PGA, and the y-PGA titers of
the engineered strains reached 10.4£0.6, 9.6 +0.4 and
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10.6 £ 0.4 g/L, respectively (Fig. 5a). Although the over-
expression of the citZ gene reduced y-PGA produc-
tion, when cultured in medium without the addition of
citric acid, the citZ gene overexpression strain showed
an excellent growth advantage compared to the control
strain (Additional file 1: Fig. S6). This suggests that over-
expression of the citZ gene enables more carbon source
to flow toward citric acid synthesis. Therefore, the citZ
and pyk genes were coexpressed to verify y-PGA pro-
duction. The y-PGA titer of BLO1:P43-citZ-pyk was
11.0+0.6 g/L. We have also tried to co-overexpress
other genes (such as citZ and pdhABCD; pdhABCD and
pyk; pyk and pgsBCAE et al.), but transformation into B.
tequilensis BLO1 always failed (data not shown). In addi-
tion, the overexpression plasmids with significant effects
on y-PGA production were transferred to B. tequilensis
BLO1ApgdSAggtAsucAAgudB to obtain different engi-
neered strains. The y-PGA production of strain B. teq-
uilensis BLO1ApgdSAggtAsucAAgudB:P43-citZ-pyk was
increased to 18.0+£0.3 g/L, increase of 23.3% compared
to that of the host strain (14.6+0.6 g/L). Unfortunately,
overexpression of the pdhABCD and pgsBCAE genes
in B. tequilensis BLO1ApgdSAggtAsucAAgudB reduced
y-PGA production, and the y-PGA titers obtained in
the two engineered strains were only 11.4+0.9 g/L and
10.3+0.4 g/L, respectively (Fig. 5a).

Previous studies have reported that improving the
precursor supply plays a vital role in y-PGA synthesis.
Zhu et al. overexpressed the citZ, icd, and gltA genes in

i

v-PGA (gL)

given as the mean£SD, n=3

Fig. 5 Effect of overexpression of genes for y-PGA production in B. tequilensis BLOT and mutant strains at 24 h, a y-PGA titers, b Cell growth. Data are
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B. amyloliquefaciens, which improved the synthesis of
Y-PGA from crude glycerol [24]. Li et al. overexpressed
the pyruvate dehydrogenase (pdhABCD) gene, resulting
in a 34.93% increase in the titer of y-PGA in B. licheni-
formis WX-02 [23]. In our study, only overexpression of
the pdhABCD gene in B. tequilensis BLO1 showed posi-
tive results for y-PGA synthesis. This suggests that for
enhanced precursor synthesis, the rate-limiting step is
reflected in the direction of pyruvate metabolism toward
the branch of the TCA cycle (Fig. 1). We also tried to co-
overexpress the citZ and pdhABCD genes and other com-
binations, but transformation into B. tequilensis BLO1
always failed. We believe that the enhanced metabolic
pathway of pyruvate toward the tricarboxylic acid cycle
affects cell growth and can even lead to lethality. This
effect is equivalent to knocking out the alsS gene, which
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inhibits cell growth (Figs. 4c, 5b). In contrast to our spec-
ulation, the overexpression of pdhABCD and pgsBCAE
did not lead to an increase in y-PGA production com-
pared to B. tequilensis BLO1ApgdSAggtAsucAAgudB. The
genetically engineered BLO1 strain might disrupt cell bal-
ance or membrane-associated metabolic activity, result-
ing in reduced y-PGA production [20].

Fed-batch fermentation for y-PGA production

To further increase the level of y-PGA using BLO1 and
the engineered strain, a scale-up experiment was carried
out on a 5 L fermenter by initially adding 10 g/L sodium
citrate to the culture medium. As shown in Fig. 6a, bio-
masses of 16.0+0.9 g/L and 10.94+0.6 g/L in BLO1 and
the engineered strain were achieved after 48 h of cul-
tivation. The results of the fed-batch fermentation of
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BLO1ApgdSAggtAsucA AgudB:P43-citZ-pyk showed that
a y-PGA titer of 25.3+0.8 g/L was obtained, an increase
of 32.4% compared to the BLO1 strain (19.2+1.1 g/L). The
highest productivity of y-PGA reached 0.84 g/L/h after
30 h of cultivation (Fig. 6b). The citric acid conversion rate
of y-PGA synthesized by the wild-type and engineered
strains reached 1.44 and 1.50 g/g (g-y-PGA/g-citric acid),
respectively (Fig. 6c). 2,3-BD was the main byproduct;
although the engineered strain increased the rate of sugar
consumption (Fig. 6d), the 2,3-BD titer was lower (Addi-
tional file 1: Fig. S7a) but increased the acetic acid titer
compared to the BLO1 strain (Additional file 1: Fig. S7b).
The y-PGA molecular weights of BLO1 and the engineered
strain were 1.84 x 10° Da (Additional file 1: Fig. S8a) and
2.06 x 10° Da (Additional file 1: Fig. S8b), respectively.
The results suggest that depending on the application of
the y-PGA, either BLO1 or the engineered strains can be
used to selectively produce y-PGA of low (1.84 x 10° Da)
or high MW (2.06 x 10° Da), respectively.

In this study, the “push-pull-inhibit” strategy was
applied to engineer the B. tequilensis BLO1 strain: delet-
ing the y-PGA degrading enzyme genes, reduces gluta-
mate consumption and enhances precursors generation.
Although the reported metabolic engineering strategies
were already employed elsewhere alone, there can be
some variation in the results, probably due to the differ-
ences in strains [25, 41, 44, 45]. This study first demon-
strated a system engineering strategy to enhance y-PGA
synthesis in B. tequilensis BLO1, and the finally obtained
BLO1ApgdSAggtAsucA AgudB:P43-citZ-pyk strain could
produce 25.2 g/L y-PGA in a 5 L fermenter. During fed-
batch fermentation, the production of y-PGA increases
the viscosity of the medium and thus reduces dissolved
oxygen and mass transport. Although the remaining
high dissolved oxygen (>20%) was beneficial to improve
y-PGA production [17], a further increase in the agita-
tion speed with the highest aeration only maintained the
dissolved oxygen below 5%, which is the minimum dis-
solved oxygen value for the production of y-PGA [17].
Dissolved oxygen directly affects cell growth, y-PGA
titer, and productivity, and is an essential parameter of
fermentation control. Aerobic respiration occurs with
the appropriate amounts of dissolved oxygen, allowing
B. tequilensis BLO1 to produce more energy, accelerating
growth and y-PGA synthesis. It is not feasible to main-
tain high dissolved oxygen by fermentation alone; future
research will employ metabolic engineering strategies to
improve dissolved oxygen, such as the expression of Vit-
reoscilla hemoglobin (VHD) in B. tequilensis BLO1 [50].

B. tequilensis BLO1 is a glutamic acid-independent
strain for y-PGA production. However, the strain itself
cannot synthesize more citric acid to sustain cell growth
and y-PGA synthesis, and we must add a small amount of
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citric acid as a precursor. Interestingly, the yield reached
1.50 8 |.pGa/8 citric acier DeCause citric acid can be con-
verted from sucrose through the tricarboxylic acid cycle
[23]. Future research focused on enhancing endogenous
glutamate production without the exogenous addition of
citric acid is necessary. The molecular weight of y-PGA
is typically 1x10*-10x 10° Da [51]. Low-molecular-
weight y-PGA (<3 x 10° Da) is typically used in food,
cosmetics, and agriculture [2, 4, 11]. y-PGA with a high
molecular weight (1-2 x 10° Da) is helpful for mediating
antitumor immunity and may be a promising candidate
for cancer immunotherapy [52]. Composite materials
containing high-molecular-weight y-PGA (1 x 10° Da)
have critical applications as bioadhesive hydrogels [9].
Here, we obtained different molecular weights of y-PGA
to increase the range of industrial applications.

Conclusions

This work constructed a strain of B. tequilensis BLO1
for the efficient synthesis of y-PGA through a system-
atic genetic engineering strategy. First, the culture con-
ditions were optimized to improve y-PGA production.
Then genes related to the glutamate synthesis path-
way were overexpressed or removed to systematically
optimize the metabolic network of B. tequilensis BLO1
in the synthesis of y-PGA. The final obtained strain
BLO1ApgdSAggtAsucAAgudB:P43-citZ-pyk could pro-
duce 18.0£0.3 g/L and 25.3+0.8 g/L y-PGA in the
flask and 5 L fermenter, respectively, which was 2.17-
fold and 1.32-fold higher than that of the strain B. teg-
uilensis BLO1 strain. The molecular weight of y-PGA
(2.06 x 10° Da) produced by the mutant strain was more
than 10 times higher than that produced by the wild-type
strain (1.84 x 10° Da). These strategies have significantly
increased the titer of y-PGA, and more work must be
done to improve the y-PGA economy.
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rDNA gene sequence showing relationships between BLO1 and Bacillus
species. Bootstrap values greater than 50 are indicated at the branch
nodes. Bar, 0.005 substitutions per nucleotide position. T, representative
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type strain. GenBank accession numbers of 16S rDNA appear in brackets.
Figure S2.The y-PGA titer normalized to the biomass of the individual
cultures. (a) Effect of carbon sources; (b) Effect of nitrogen sources; (c)
Effect of temperature. Values represent the mean = SD, n=3. Figure

S3. Effect of disruption of pgdS and ggt genes in the B. tequilensis BLO1
strain. (a) Change curves of lactic acid with fermentation time, (b) Change
curves of acetic acid with fermentation time, (c) Growth curves of 2,3-BD
with fermentation time. Values represent the mean =+ SD, n=3. Figure
S4. Effect of disruption of sucA and alsS genes in the B. tequilensis BLO1
strain. (a) Change curves of acetic acid with fermentation time, (b) Change
curves of lactic acid with fermentation time. Values represent the mean

=+ SD, n=3. Figure S5. The glutamic acid curve of B. tequilensis BLO1 and
mutant strains. Values represent the mean =+ SD, n=3. Figure S6. The
growth curve of B. tequilensis BLO1 and engineered strains in the medium
without citric acid. Values represent the mean =+ SD, n=3. Figure S7. Time
curves of fed-batch fermentation of y-PGA in a 5 L fermenter by BLO1

and BLO1ApgdSAggtAsucADgudB:P43-citZ-pyk strain, (a) 2,3-BD growth
curves, (b) acetic acid growth curves. Data are given as the mean = SD,
n=3. Aeration rate: 10 mL/min; agitation rate: 400 rpm (0-6 h), 500 rpm
(6-12 h), 600 rpm (12-24 h), 700 rpm (2448 h); the pH was controlled at
pH 6.54+0.2. 20g of sodium citrate dissolved in 50 mL sterile water was fed
into the fermenter at 24h, and 150 mL of feed medium containing 700 g/L
of sucrose was fed at 30 and 36 h, individually. Figure S8. The molecular
weight of y-PGA produced by (a) B. tequilensis BLOT and (b) B. tequilensis
BLO1ApgdSAggtAsucANgudB:.P43-citZ-pyk strain. Table S1. Strains and
plasmids used in this study. Table S2. Primers used in this study. Table S3.
y-PGA production by the isolated strains.
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