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Abstract

y-Aminobutyric acid (GABA) is a bioactive compound with diverse physiological functions. It has a wide range of applica-
tions in food and medicine and mainly biosynthesized through glutamate decarboxylase (GAD) catalysis. Bacillus subtilis is
recognized for its robust secretion capabilities and high food safety standards, making it a prevalent choice for recombinant
protein expression. In traditional industrial enzyme production in B. subtilis, antibiotics are required to sustain plasmid
stability. However, the incorporation of antibiotics fails to align with the criteria applicable to enzymes for use in the food
industry. To eliminate the need for antibiotics in the production of GAD preparations, we constructed a marker-free recom-
binant strain B. subtilis WS9D-GAD. This strain was developed based on antibiotic-free multi-copy gene expression vector
pUBDAL-amyL and p-alanine racemase (dal)—deficient B. subtilis WS9D, ultimately enabling the food-grade expression
of GAD. To enhance GAD expression levels, we integrated the gadA expression cassette into the genome of B. subtilis using
the Cre/lox system method. Additionally, strain WS9C6D-GAD was generated through the co-expression of free plasmid and
genome integration, which carried the free plasmid pUBDAL-gadA and featured six copies of the gadA expression cassette
within its genome. The enzyme activity during shake flask fermentation reached 28.15 U mL~", while the enzyme activity
in high-density 3-L fermenter culture reached 199.49 U mL ™!, marking the highest level of food-grade GAD expression with
a multitude of potential applications. This study presents an effective strategy for the expression of food-grade industrial
enzymes in B. subtilis.
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Introduction

y-Aminobutyric acid (GABA) is a four-carbon non-pro-
tein amino acid that occurs widely in animals, plants, and
microorganisms [1]. It serves diverse physiological roles,
including diuretic effects, blood pressure regulation, intes-

P< Sheng Chen

DX

chensheng @jiangnan.edu.cn

Kang Zhang
kangzhang @jiangnan.edu.cn

School of Biotechnology, Jiangnan University, 1800 Lihu
Avenue, Wuxi 214122, China

State Key Laboratory of Food Science and Resources,
Jiangnan University, 1800 Lihu Avenue, Wuxi 214122, China

Key Laboratory of Industrial Biotechnology Ministry
of Education, Jiangnan University, 1800 Lihu Avenue,
Wuxi 214122, China

International Joint Laboratory on Food Safety, Jiangnan
University, 1800 Lihu Avenue, Wuxi 214122, China

@ Springer

tinal microflora modulation, anxiety alleviation, and hor-
mone secretion regulation [2-5]. Consequently, GABA
is extensively applied in various aspects, including food,
medicine, and other sectors [6]. GABA preparation meth-
ods encompass plant enrichment, chemical synthesis, enzy-
matic or whole-cell biocatalysis, and microbial fermenta-
tion. Notably, enzymatic or whole-cell biocatalysis holds
significant promise due to its gentle reaction conditions,
high catalytic efficiency, and environmental friendliness
[7]. Glutamate decarboxylase (GAD), a crucial enzyme in
GABA biosynthesis, is a type II decarboxylase with pyri-
doxal 5-phosphate (PLP) as a coenzyme. It catalyzes the
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irreversible decarboxylation of L-glutamic acid to generate
GABA. Currently, lactic acid bacteria and yeast are predomi-
nantly employed for GABA production in the food industry,
yet face challenges related to low yield [8, 9]. Furthermore,
research indicates that GAD exhibits high expression levels
in Escherichia coli [10]. Although recombinant enzymes and
cells exhibit the capability for GABA synthesis, E. coliis a
Gram-negative bacterium that synthesizes endotoxin during
the advanced stages of fermentation, which constrains its
application in the food industry [11].

Bacillus subtilis, recognized as a “Generally Recognized
as Safe” (GRAS) microorganism, is extensively employed
in industrial enzyme production due to its robust protein
secretion capacity, well-defined genetic profile, ease of iso-
lation and culture, and negligible codon bias [12, 13]. In
the manufacturing of the majority of industrial enzymes,
within the framework of recombinant bacterial culture uti-
lizing free plasmid expression, antibiotics are introduced
as a selective pressure to discern recombinant strains.
This procedure is implemented to avert significant loss of
recombinant plasmids during subculturing, thereby securing
efficient production of the target product and maintaining
stability in recombinant plasmids [14]. Nevertheless, the
utilization of antibiotics not only elevates the production
cost by necessitating the procurement of extra antibiotics in
the preparation of industrial enzyme fermentation but also
requires subsequent separation and removal efforts during
product purification, thereby escalating challenges and costs
in downstream processing. Significantly, the inclusion of
antibiotics introduces potential food safety hazards, contra-
vening the stipulated requirements for industrial enzymes in
the food industry. [15]. Hence, there is a need to develop a
recombinant strain that facilitates the efficient expression of
exogenous proteins without the reliance on antibiotic screen-
ing markers.

The current food-grade expression systems include
toxin-antitoxin pairs [16], bacteriocin resistance [17], two-
component cloning screening [18] and auxotroph com-
plementation [19] as food-grade screening markers, along
with genome-integrated expression to facilitate food-grade
industrial enzyme expression. Among these, the auxotrophic
complementation marker stands out due to its non-reliance
on added screening media and its non-toxic nature, thereby
avoiding adverse effects on organisms, Stable expression of
foreign genes can be achieved using the method of genomic
integrated expression. Notably, neither of these approaches
requires the inclusion of antibiotics. These two methods are
therefore examined in this study. The literature has docu-
mented continuous and repeatable genome editing systems
for B. subtilis, comprising a gene editing system reliant
on reverse screening markers [20, 21], a Cre/lox system
based on site-specific recombination [22], and a gene edit-
ing system rooted in CRISPR technology [23]. The Cre/lox

site-specific recombination system has been widely used in
genetic engineering for gene knockout and exogenous gene
integration due to its flexibility in genome editing, high
specificity and no restriction to promoters [24, 25].

The Cre/lox site-specific recombination system is of
tyrosine family origin and is derived from a 1029 bp gene
sequence derived from the genome of E. coli bacteriophage
P1 [26]. It operates with remarkable specificity on the 34 bp
lox site independently, facilitating the deletion of genomic
fragments and genome repositioning. By taking advantage
of this feature, two homologous recombination sites lox71
and lox66, which can be recognized by Cre recombinase,
were added at both ends of the resistance gene [22]. Subse-
quently, the resistance gene employed for screening homolo-
gous recombination events can be excised, resulting in the
creation of a mutant devoid of the resistance marker gene
and successfully edited on the genome can be obtained.

The addition of antibiotics during the GAD fermentation
process limits the application of GABA in the food industry.
This study aims to attain the high-efficiency expression of
glutamate decarboxylase at a food-grade standard, estab-
lishing a robust groundwork for the industrial production
of food-grade GABA. In this study, food-grade expression
of GAD was accomplished using an alanine-deficient strain
that employs the alanine racemase gene dal as a screening
marker, obviating the need for additional screening media.
To enhance the stability and efficiency of GAD expression,
we employed the Cre/lox system for genome integration and
then transformed the free expression plasmid into the inte-
grated expression strain.

Materials and methods
Strains, plasmids, and media

The strains and plasmids used in this study are listed in
Table 1. Recombinant expression plasmids were crafted
using the frameworks of pHY300PLK-gadA-pdxH and pUB-
DAL-amyL. Specifically, the gadA (Gene 1D:948027) origi-
nated from Escherichia coli str. K-12 substrain. MG1655.
For cloning and plasmid preparation, B. subtilis SCK6D
served as the host organism. For gene expression, the hosts
employed were B. subtilis WS9D, B. subtilis WS9C, and B.
subtilis WS9C6D.

The media compositions were as described: The
Luria-Bertani (LB) medium consisted of 5 g L' of
yeast extract, 10 g L™! of tryptone, and 10 g L™! of NaCl.
The Terrific Broth (TB) medium contained 12 g L™!
tryptone, 24 g L™! yeast extract, 5 mL-L™' glycerol,
16.4 ¢ L™! K,HPO,-3H,0, and 2.3 g L™! KH,PO,. GAD
3-L basic medium for high-density fermentation con-
tained 5 g L™! glycerin, 24 g L™! industrial yeast powder,
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Table 1 Strains and plasmids used in this study

Strains/plasmids Characteristics Resource

Strains
B. subtilis SCK6D B. subtilis SCK6, Adal Lab stock
B. subtilis WS9 B. subtilis, AsrfC, AspolIAC, AamyE, AnprB, AnprE, AaprE, Abpr, Ampr, Aepr Lab stock
B. subtilis WS9D B. subtilis WS9, Adal Lab stock
B. subtilis WS9D-GAD B. subtilis WS9D harboring pUBDAL-gadA This study
B. subtilis WS9C B. subtilis WS9, amyE::PxylA-comK Lab stock
B. subtilis WS9C1 B. subtilis WS9C, nprE::gadA This study
B. subtilis WS9C2 B. subtilis WS9C1, aprE::gadA This study
B. subtilis WS9C3 B. subtilis WS9C2, nprB::gadA This study
B. subtilis WS9C4 B. subtilis WS9C3, srfA::gadA This study
B. subtilis WS9C5 B. subtilis WS9C4, mpr::gadA This study
B. subtilis WS9C6 B. subtilis WS9CS, bpr::gadA This study
B. subtilis WS9C6D B. subtilis WS9C6, dal::gadA This study
B. subtilis WS9C6D-GAD B. subtilis WS9C6D harboring pUBDAL-gadA This study

Plamids
pHY300PLK-gadA-pdxH Tet', B. subtilis expression vector, Pp, ;P 0gadA, P, ;-pdxH Lab stock
pUBDAL-amyL B. subtilis expression vector, Py, ;P o-amyL, RBS1-dal Lab stock
pUBDAL-gadA B. subtilis expression vector, Py, ,;-P,,,o~8adA, P, p-pdxH This study
pDG148-Cre Amp', Kan"; B. subtilis-E. coli shuttle expression vector, containing a Cre IPTG-inducible GenScript

expression cassette

pE194-Cre pDG148-Cre, PE194 temperature-sensitive replicon This study

12 g L™! soytone, 2 g L™! Na,SO0;, 4 ¢ L™! NaH,PO,-H,0,
14.6 ¢ L™! K,HPO,, 1 g L™' MgSO,-7H,0, 1 g L™!
(NH,),-H-citrate, 2.68 g L™! (NH,),SO,, and 3 mL-L~!
trace element solution. The Composition of feeding
medium is 40 mL-L~! trace element solution, 300 g-L~!
glycerin, 63.36 g-L~! (NH,),HPO,, and 7.89 g-L~!
MgS0,-7H,0 [27].

Chemicals and reagents

The Tianprep Mini Plasmid Kit and TIANgel Midi Puri-
cation Kit were purchased from Tiangen (Beijing, China);
The 2x Phanta Flash Master Mix was purchased from
Vazyme (Nanjing, China). The Q5® High-Fidelity DNA
Polymerase was purchased from New England Biolabs
(Ipswich, MA, USA); The One-Step PAGE Gel Fast
Preparation Kit was purchased from Vazyme (Nanjing,
China); Protein Marker and DNA molecular weight
marker were purchased from Yeasen (Shanghai, China);
y-aminobutyric acid standard was purchased from Sigma-
Aldrich (St. Louis, MO, USA); The OPA was purchased
from Agilent (California, USA); The pyridoxine was pur-
chased from VITA (Shanghai, China); All chemicals were
reagent grade and obtained from China National Pharma-
ceutical Group Corp (Beijing, China).

@ Springer

Construction of expression plasmid
and recombinant strain

The sequences of all primers are provided in Supporting
Information Table S1. The gadA gene expression cassette was
ligated with the pUBDAL-amyL vector, resulting in the con-
struction of pUBDAL-gadA. Using pHY300PLK-gadA-pdxH
as the template and P1/P2 as the primers, the gadA expression
cassette including the pyridoxine phosphate oxidase (PNPO)
gene pdxH was amplified by PCR. PCR amplification was
conducted using pUBDAL-amyL as the template and P3/P4
primers to amplify the pUBDAL vector backbone fragment.
Following the acquisition of the two fragments, a PCR poly-
mer was generated via POE-PCR [28], and this PCR product
was subsequently introduced into B. subtilis SCK6 competent
cells. The recombinant expression plasmid pUBDAL-gadA
was generated through recombination utilizing the endoge-
nous enzyme system of B. subtilis. Subsequent to sequencing,
electrotransformation into B. subtilis WS9D was performed to
yield the recombinant strain WS9D-GAD.
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Construction of B. subtilis WS9C6 (AnprE::gadA,
AaprE::gadA, AnprB::gadA, AsrfA::gadA, Ampr::gadA,
Abpr::gadA) strain

In pursuit of enhancing GAD expression stability in B.
subtilis, the gadA expression cassette was integrated into
the B. subtilis genome. PCR amplification of the left and
right arms of the nprE gene was performed using B. sub-
tilis WS9 as the template and P5/P6 as the primers. The
tetracycline (7ef) resistance gene was PCR-amplified using
pHY300PLK-gadA-pdxH as the template and P7/P8 as the
primers, resulting in the lox72-Tet-lox66 expression cassette.
The gadA expression cassette was amplified by PCR using
pUBDAL-gadA as a template and P9/P10 as primers. Sub-
sequently, the three fragments were recovered and subjected
to overlapping PCR to create the gadA integration cassette,
connecting it with the resistance gene and the homologous
arm. The resulting cassette was introduced into WS9C-com-
petent cells and then plated onto tetracycline (20 pg mL™")
resistant plates for selection. The transformed strains were
verified and identified through PCR analysis with P10/P11
primers and subsequently sent to Suzhou Jinweizhi Bio-
technology Co., Ltd for sequencing. The resulting strain,
WS9C1-Tet, was successfully engineered with the integra-
tion of the nprE gene locus, gadA expression cassette, and
the lox71-Tet-lox66 expression framework.

To further enhance the integrated copy number, it is nec-
essary to eliminate the 7et resistance gene from the genome
of the recombinant strain WS9C1-Tet. The Tet resistance
gene can be deleted by the Cre/lox system and recombined
between lox71 and lox66 using Cre recombinase [20].
The recombinant strain WS9C1 was used as the host into
which the plasmid pE194-Cre was transferred into it. The
expression of the Cre enzyme was induced by IPTG at a
final concentration of 1 mM, and the plasmid pE194-Cre
was removed at 51 °C for 12 h. Ultimately, the recombinant
strain WS9C1, devoid of the resistance gene and pE194-
Cre plasmid, was subjected to screening using the bacte-
rial photocopy method. The newly constructed strain served
as the host for the subsequent integration rounds, applying
the same method. Sequential integration of the nprE, aprE,
nprB, srfA, mpr, and bpr sites led to the formation of the
recombinant strain WS9C6.

Knockout of alanine racemase (dal) gene

Employing WS9C6 as the host and the dal gene as the des-
ignated integration site, the gadA expression cassette was
successfully integrated into the dal gene through the Cre/lox
method. At the same time, the insertion of the gadA expres-
sion cassette resulted in the loss of activity of the dal gene,
effectively achieving the knockout objective. Ultimately, the

alanine-deficient recombinant strain WS9C6D was success-
fully generated.

Expression of GAD recombinant bacteria

The culture conditions at the shake flask level are as follows:
The recombinant bacteria stored at —80 °C were inoculated
into LB liquid medium with a volume fraction of 0.2%,
and the constant temperature of the shaker was 37 °C, 200
r min~! for 10-12 h. Subsequently, the culture was trans-
ferred to a TB fermentation medium at a 5% volume frac-
tion and maintained on a thermostatic shaker at 37 °C and
200 r min~! for 2 h. Pyridoxine (PN) was added to reach a
final concentration of 0.2 mM. The introduction of the cost-
effective precursor PN to the culture medium facilitates its
conversion into PLP via the PLP remedial pathway cata-
lyzed by PNPO oxidase. This enzymatic conversion results
in the generation of coenzyme PLP, which plays a crucial
role in preserving the stability of GAD and facilitating its
proper folding. [29]. Subsequently, fermentation was con-
ducted at 33 °C with agitation at 200 r min~' for 36 h. The
fermentation solution was used to determine the total ODgy
of the bacteria. The bacterial suspension, with a cell den-
sity (ODg) of 5, underwent centrifugation at 12,000 rpm
for 5 min to harvest the bacteria. Subsequently, the cells
were resuspended in a citric acid-disodium hydrogen phos-
phate buffer (pH 5.0, 50 mM) containing 0.15 mM PLP. The
cells were ultrasonically broken in ice water (power 110 W,
10 min), centrifuged at 12,000 rpm for 5 min, and the GAD
enzyme activity was determined in the broken supernatant.

The culture conditions of high-density fermentation
in a 3-L fermenter are as follows: The recombinant GAD
recombinant strain was activated on the LB plate, and the
monoclonal strain was inoculated into the LB liquid medium
at 37 °C for 10 h and transferred to the 50 mL LB liquid
medium with 0.2% inoculation amount. After an expanded
culture at 37 °C for 10 h, it was inoculated into a 3-L fer-
menter containing 0.9 L of basal medium for high-density
culture. The control parameters of the fermentation process
are as follows: the fermentation temperature is 37 °C, the
pH is 7.0, the dissolved oxygen is coupled to the rotation
speed of the stirrer shaft, and the dissolved oxygen is set at
30%, and the dissolved oxygen rebounds (i.e., the rotation
speed suddenly decreases and the dissolved oxygen suddenly
increases). At this point, the feeding medium was started.
Cell density (ODg) and GAD production were determined
during fermentation.

Determination of GAD activity
The GAD enzyme activity assay was performed as fol-

lows 360 pL of 0.1 M monosodium glutamate monohy-
drate and 0.15 M PLP were dissolved in 50 mM pH 4.5
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citric acid-disodium hydrogen phosphate buffer to prepare
a substrate solution. The solution was preheated in a 37 °C
water bath for 10 min. Subsequently, 40 uL of the disrupted
supernatant was added and allowed to react for an additional
10 min. Following this, 600 uL of pH 10 boric acid buffer
was introduced into the boiling water bath for an additional
10 min to terminate the reaction. The quantification of reac-
tion products in the sample was performed using the HPLC-
OPA pre-column derivatization method.

The HPLC detection conditions were as follows: GL
Inertsil ODS-3 liquid chromatography column with a UV
detector was used at a column temperature of 35 °C, with a
flow rate of 0.8 mL min~' and an injection volume of 10 pL.
The mobile phase consisted of two components, mobile
phase A and mobile phase B, and gradient elution was
employed for detection. Mobile phase A: anhydrous sodium
acetate 4.52 g L™, 200 pL L~! triethylamine, 5 mL L~! tet-
rahydrofuran, pH 7.2 adjusted by acetic acid. Mobile phase
B: anhydrous sodium acetate 22.6 g L™!/acetonitrile/metha-
nol=1:2:2 (v/v/v) The gradient elution program was as fol-
lows: 0—~12.0 min, B phase was 8-60% (v/v), 12—14.0 min, B
phase was 60—100% (v/v), 14-16.5 min, B phase maintained
100% (v/v), 16.5-18.5 min, B phase was 100-8% (v/v),
18.5-22.0 min, B phase maintained 8% (v/v); an enzyme
activity unit was defined as the amount of enzyme required
to catalyze the conversion of the substrate to 1 umol GABA
in 1 min.
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Fig. 1 Construction and expression of recombinant plasmids. a Con-
struction of pUBDAL-gadA. b SDS-PAGE of GAD. M, GoldBand
Plus 3-color Regular Range Protein Marker (8—180 kDa). Lane 1 and
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Results and discussion

Food-grade expression of GAD based on dal
screening marker

In the growth and metabolism of B. subtilis, b-alanine plays
a crucial role in cell wall synthesis. In common fermentation
media, alanine is mostly L-type, and D-alanine racemase is
required to convert L-alanine to p-alanine [30]. Deletion of
the p-alanine racemase gene (dal) in the B. subtilis genome
has been shown directly or indirectly impact p-alanine
supply, leading to incomplete cell wall growth or even the
failure to synthesize, resulting in the strain of inability to
grow [31]. At the same time, the insertion of the essential
gene dal into the plasmid can complement the p-alanine-
deficient, resulting in a screening pressure, which enables
the screening of recombinant bacteria and the maintenance
of the plasmid without the application of antibiotics. While
a limited number of studies have demonstrated the feasibility
and effectiveness of GAD expression at a food-grade level
[32]. Nonetheless, a significant disparity remains between
the production of food-grade GAD and the demands of the
industrial sector.

In this study, to achieve the food-grade expression of
GAD, we employed the alanine auxotrophic strain WS9D
preserved in the laboratory was used as the host. We fused
the gadA expression cassette with the pUBDAL vector
that has complemented the p-alanine racemase produc-
tion pathway (Fig. 1a). Consequently, we developed the
expression strain WS9D-GAD, thereby establishing a
comprehensive food-grade GAD expression system. The
results of SDS-PAGE in shake flask fermentation are pre-
sented in Fig. 1b. revealing a distinct protein band within

Py
repB

Lane 2 represent the intracellular supernatant and cell wall-disrupted
precipitate of the B. subtilis WS9D-GAD strain, respectively
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the 45-60 kDa range, in alignment with the anticipated
52.7 kDa molecular weight, and the enzyme activity of
fermentation was 21.68 U mL~".

In this study, we conducted high-density fermentation
of the recombinant strain WS9D-GAD within a 3-L fer-
menter to assess the expression of glutamate decarboxy-
lase in relation to food quality. We controlled the culture
medium and adjusted several parameters, introducing PN
into the fermenter at 24 h intervals from the seed liquid
until reaching a final concentration of 3 mM. As shown in
Fig. 2, the intracellular GAD activity of the recombinant
strain WS9D-GAD reached 109.71 U mL™" after 42 h,
which was 5.06 times higher than the shake flask level.
It can be seen from the enzyme production curve that
the GAD enzyme activity reached a peak at 42 h, but the
expression of GAD was unstable during the later fermen-
tation process. The utilization of the plasmid-based gene
expression system was widespread in the fermentation of
recombinant bacteria. Nonetheless, the instability of plas-
mids may result in diminished expression of the recom-
binant product [33]. The stability of the pUBDAL-gadA
plasmid was 48% after 50 h, and the plasmid loss rate was
higher. This may be attributed to two factors. First, during
the replication process, plasmid undergoes internal struc-
tural rearrangements, leading to the generation of unstable
single strands that result in inconsistent plasmid expres-
sion in the host. Second, as the fermentation cycle extends,
additional p-alanine production pathways develop within
the strain, reducing the selective pressure for p-alanine.
Consequently, this compromises plasmid stability, result-
ing in lower expression levels in the later stages than in
the early stages.

120 — 80
-#- Enzyme activity
- OD,
110 4 600 L 70
100 -
- - 60
= 90+
=)
3 80 4 - 50
2z 8
= 70+ -40
g
o 60 - 30
£
2> 50+
= - 20
= 40 -
30 10
20 T T T T T T T T 0
0 12 24 36 48 60 72 84
Time(h)

Fig.2 High-density fermentation expression in 3-L fermenter of
recombinant bacteria B. subtilis WS9D-GAD

Food-grade expression of GAD based on genomic
integration

To address the issue of unstable expression associated with
free plasmids, genomic integration is a prevalent method
for expressing foreign proteins [34]. Genomic integration
involves employing homologous recombination to insert the
target fragment into the genome for expression purposes.
Subsequently, gene expression is replicated alongside chro-
mosome replication, resulting in the acquisition of a recom-
binant strain exhibiting stable expression. Within a certain
range, gene expression gradually increases with the increase
of copy number, eliminating the need for additional antibi-
otics. To improve the expression stability of the GAD, the
GAD was integrated into the genome of B. subtilis using the
Cre/lox method (Fig. 3). Research has demonstrated that,
in comparison to integrated vectors, linearized fragments
facilitate easier integration into the genome. The process of
homologous recombination is straightforward, and it elimi-
nates the need for the repeated construction of vectors [35].

In this study, WS9C was used as the host, in which the
srfC, spollIAC, amyE, nprE, aprE, nprB, bpr, mpr and epr
genes were knocked out, and the comk gene was integrated
at the amyE site. This host has high transformation effi-
ciency and strong recombinant protein expression ability,
and the knockout and integration of the above gene sites
have no significant effect on the growth of the strain. Ini-
tially, we employed Cre/lox system to integrate the GAD
into the nprE site of the WS9C strain, yielding the recom-
binant strains WS9C1. Subsequently, we further integrated
the GAD enzyme into the aprE, nprB, srfA, mpr, and bpr
sites, yielding the recombinant strains WS9C2, WS9C3,
WS9C4, WSI9C5, and WS9C6, respectively. The results of
PCR verification during the construction of the recombinant
strains are presented in Fig. 4a. The size of the left and right
homologous arm gene fragments is approximately 1000 bp,
the gadA expression cassette measures 3385 bp, and the
lox72 fragment is 34 bp in size. The gel electrophoresis pat-
tern of the successfully integrated strain with the gadA inte-
gration cassette exhibited a size of approximately 5419 bp,
while the original strain measured 2100 bp. Notably, lanes
2,4,6,8, 10, and 12 correspond to the target fragments
resulting from homologous recombination, and their sizes
align with the theoretical values, confirming the successful
integration of the gadA integration cassette at different sites.
In shake flask experiments, the recombinant strains WS9Cl1
through WS9C6 displayed enzyme activities of 2.57, 4.28,
5.80, 7.85, 10.47 and 12.89 U mL~!, respectively (Fig. 4b).
Notably, there was a gradual increase in GAD enzyme activ-
ity as the number of integrated copy sites increased. The
results of SDS-PAGE analysis of enzyme solutions from
shake flask fermentation are presented in Supporting Infor-
mation Fig. S2. GAD enzyme electrophoresis band became
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of the reference strains WS9 nprE, aprE, nprB, srfA, mpr, and bpr assessed after 36 h of incubation at 33 °C

gene loci were labeled as 1, 3, 5, 7, 9, 11, respectively. The results of
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thicker with the increase of enzyme activity, and no inclu-
sion body was formed.

Genome integration and recombinant plasmid
co-expression improved the food-grade expression
level of GAD

To enhance GAD expression, we employed a strategy
involving genome integration and co-expression of recom-
binant plasmids. Genome integration serves as a stable and
enduring method for gene expression, complementing the
transient yet efficient expression facilitated by exogenous
plasmids. The combined expression levels resulting from
genomic integration and plasmid co-expression have the
potential to surpass those achieved through single-genome
integration or free plasmid expression alone, ensuring a sta-
ble and elevated expression of GAD. In this study, we uti-
lized the WS9C6 strain with six genome integrations as the
host. Through homologous recombination, we inserted the
gadA expression cassette into the dal gene, resulting in the
inactivation of the dal gene and the creation of a p-alanine
deficient strain known as WS9C6D (Fig. S2). Additionally,
we introduced the plasmid pUBDAL-gadA into this strain,
yielding the recombinant strain WS9C6D-GAD, which
effectively achieved genome integration and co-expression
of the recombinant plasmid within B. subtilis.

At 36 h of shake flask fermentation, the intracellular
enzyme activity of the recombinant strain WS9C6D-GAD
was 28.15 U mL™!. And the ODy, reached 87.6 after 68 h of
3-L fermenter the GAD activity reached the highest value of
199.49 U-mL~"! (Fig. 5), representing an impressive 81.83%
increase compared to the original food-grade expression
strain WS9D-GAD, which was the highest expression level
of food-grade expression of glutamate decarboxylase. In

220 — 110
-# Enzyme activity
200 ™ P L 100
180 - 90
o - 80
—= 160
= I 70
- a o
E 140 | 60 ng
£ 120 | 50 ©
<
2 100 I 40
= 80 30
=
60 - 20
10
40 -
T T T T T T T T 0

0 10 20 30 40 50 60 70 80 90

Time(h)

Fig.5 High-density fermentation expression in 3-L fermenter of
recombinant bacteria B. subtilis WS9C6D-GAD

comparison with the 3-L fermenter fermentation of the
recombinant strain WS9D-GAD, the highest enzyme activ-
ity exhibited a substantial 80% increase. The stability of the
recombinant plasmid pUBDAL-gadA in WS9C6D-GAD was
54% at 59 h. However, during the middle and late stages of
high-density fermentation, WS9C6D-GAD demonstrated
relative stability, with a gradual upward trend. This phe-
nomenon can be attributed to continuous and stable genome
integration expression throughout the fermentation process,
compensating for reduced expression resulting from plasmid
instability.

Conclusion

In this study, we successfully generated a strain, WS9D-
GAD, for expressing glutamate decarboxylase, utilizing
D-alanine as the select marker, within the auxotrophic strain
of B. subtilis. However, this strain encounters plasmid insta-
bility during the middle and late stages of 3-L fermenter
fermentation, leading to reduced glutamate decarboxylase
expression levels. To enhance expression stability, we
employed the Cre/lox system to achieve genome integra-
tion and resistance-free expression of GAD. Building upon
this foundation, we successfully accomplished genome inte-
gration and plasmid-free co-expression to enhance GAD
expression levels. As a result, in the high-density fermen-
tation culture of a 3-L fermenter, the GAD activity in the
recombinant strain increased from 109.71 to 199.49 U mL™!,
achieving the highest known level of food-grade GAD
expression within a food-grade expression host. This suc-
cessful attainment of efficient food-grade GAD expression
holds significant promise for the industrial-scale production
of food-grade y-aminobutyric acid.
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