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Abstract

The glutamate decarboxylase (Gad) system is an important amino acid-dependent acid resistance system commonly found
in microorganisms. Actinobacillus succinogenes is one of the best natural producers of succinic acid (SA) but lacks glu-
tamate decarboxylase. This study assessed the effects of Gad system introduction into A. succinogenes. The recombinant
strains gadB-SW and gadBC-SW were constructed by heterologous expression of gadB alone, or gadB together with gadC,
respectively. After 1.0 and 1.5 h of acid stress at pH 4.6, cell survival of gadBC-SW was greater than gadB-SW. The growth
of gadB-SW and gadBC-SW was both affected by the expression of heterologous proteins and by y-aminobutyric acid, with
gadBC-SW growth reduced at a neutral pH. SA production in acidic conditions was evaluated by a shake flask and by 3-L
bioreactor fermentation. The results showed gadBC-SW to increase SA production by 8.4% in shake flask compared to the
parent strain, SW. For a 3-L bioreactor batch fermentation under acidic environment, the highest conversion rate of sugar to
SA was observed for gadBC-SW, reaching 96%. However, SA concentration by gadBC-SW was only 47 g/L and 31 g/L at
pH 6.5 and pH 6.0, respectively. In summary, the introduction of heterologous gadB and gadC into A. succinogenes not only

improved acid tolerance but also influenced the synthesis of SA and added a metabolic burden.
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Introduction

Microbial production of organic acids is a promising
approach by which to obtain building-block chemicals for
use as renewable carbon [1, 2]. Succinic acid (SA) is an
important platform intermediate in that it has two functional
carboxyl groups that can be used for final product diver-
sity. SA is widely used in chemical, pharmaceutical, food,
and agricultural industries. Efficient SA fermentation, as a
cheap and renewable source of carbon, may out compete
petrochemical synthesis [3]. SA is a common metabolic
product of many micro-organisms. Actinobacillus succino-
genes is a Gram-negative facultative anaerobic bacterium
that ferments a wide range of carbohydrates to succinate,
acetate, and formate. The bacterium is one of the best natural
sources of high concentrations of SA [4, 5]. A. succinogenes
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130Z (ATCC 55618) can produce 74 g/L of succinate. The
bacterium was first isolated from bovine rumen. A derived
mutant, FZ53, can produce 106 g/L succinate [6, 7], which
demonstrates the feasibility of microbial fermentation as a
means by which to produce SA.

With A. succinogenes, high yields of SA can be achieved,
although it is likely that products of fermentation inhibit
both cell growth and SA production. Cell growth is affected
adversely at low pH. The Aiba-Shoda model quantified
inhibited production of SA by A. succinogenes ZT-130 [8].
The initial SA concentration affected final SA production,
with SA yield decreased from 1.11 to 0.49 g/g with an initial
20 g/L of SA. With anaerobic culture conditions, A. suc-
cinogenes generates SA through TCA reductive pathways
(C4), acidifying the medium. The optimal pH for A. succi-
nogenes growth is 7.0, with fermentation at neutral pH [9].
pH neutralizing agents such as MgCO;, CaCO;, NaOH, or
KOH are used to neutralize acidic culture medium, sustain-
ing stable production of SA at pH ranging from 6.0 to 7.2
during fermentation [10, 11]. Acid neutralization increases
fermentation cost and downstream separation [12, 13].
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In our previous transmission electron microscopy study,
A. succinogenes cell membranes were found to be severely
damaged by acid stress at pH 4.7. As initial pH decreased,
cell growth was inhibited and the activity of H*-ATPase
decreased [14]. These results suggested that A. succinogenes
was intolerant to acid even though it was an acidogenic bac-
terium. Hence, the use of A. succinogenes at an industrial
scale is limited by poor cell growth, poor tolerance to acid
conditions, and susceptibility to osmotic stress.

Currently, using metabolic and genome engineering,
recombinant strains cultured at low pH can improve the acid
resistance of A. succinogenes [15, 16]. Genome shuffling
has been reported to improve A. succinogenes acid toler-
ance. A genome-shuffled strain, F3-21, survived at pH 5.2,
accumulating 38.1 g/L of SA in a 5 L stirred bioreactor with
controlled pH 5.6-6.0. SA accumulation increased by 45%,
when compared to the parent strain (26.2 g/L) [17]. Another
shuffled strain A. succinogenes, AS-F32, survived at pH 3.5,
with a SA yield of 31.2 g/L at pH 4.8, which was 1.1-fold
greater than the original strain, As-R2 [16]. A. succinogenes
BC-4, a mutant derived by adaptive evolution, has improved
cell growth and SA production in weak acid culture condi-
tions. The yield of SA was 20.7 g/L with anaerobic culture
conditions at pH 5.8 [18]. With these improvements, SA
yield was still unsatisfactory in acidic environments.

Acid inhibition is a complex phenomenon that affects
many microbial cellular structures and physiological states.
Weak acids (e.g. lactic acid, acetic acid, and succinic acid)
are microbial fermentation products that enter cells by free
diffusion, which rapidly disperse within cells, releasing large
numbers of protons and anions. These molecules adversely
affect acid-sensitive DNA, increase protein degeneration,
decrease enzymatic activity, and damage cell membranes.
To adapt to the environment, microorganisms induce com-
mon mechanisms to resist acid stress including the gluta-
mate decarboxylase system (Gad system), biofilm forma-
tion, the FyF,-ATPase proton pump, protection or repair of
macromolecules (e.g. Dps and RecA systems), and alkali
production [19]. Based on sequencing analysis of the A. suc-
cinogenes genome (NC_009655.1) [5], the acid resistance
mechanisms of A. succinogenes include the F,F,-ATPase,
as well as repair or protection of macromolecules by repair
proteins RceF (Asuc_003), RadC (Asuc_0013), RceO
(Asuc_0193), and DNA mismatch repair proteins MutS
(Asuc_0345), DnaK (Asuc_1092), and AP endonuclease
(Asuc_0359). The role of amino acid decarboxylation and
deamination in acid resistance is unclear. A. succinogenes
lacks Gad, and is reported to be a glutamate auxotroph [5].
However, glutamate (Glu) is cell protective during acid
stress. Glu is involved in protein synthesis and other fun-
damental cellular processes including; glycolysis, gluco-
neogenesis, and the citric acid cycle [20]. In particular, Glu
plays an important role in acid resistance for a number of
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microorganisms via the Gad system [21, 22]. The Gad sys-
tem is Glu dependent and is the most effective acid resist-
ance mechanism [23, 24]. This system is comprised of two
components, glutamate decarboxylase (GadA and GadB),
and antiporter GadC. Glu is catalyzed to y-aminobutyric
acid (GABA) by glutamate decarboxylase with consump-
tion of one proton in Escherichia coli, Lactobacillus brevis,
Bacillus cereus, and Listeria monocytogenes [21-25]. In this
process, GABA is exchanged with extracellular Glu by the
Glu/GABA antiporter GadC [26, 27]. The Gad system plays
a primary role in bacteria that require stomach transit en
route to host invasion. These bacteria include E. coli, Shi-
gella flexneri, Clostridium perfringens, Bacteroides, Fuso-
bacterium, and Eubacterium [28, 29]. As described above,
when a cell is exposed to low pH, the Gad system converts
a molecule of extracellular Glu to extracellular GABA,
consuming an intracellular proton to reduce pH. Using the
Gad system, Brucella microti resists extreme acid stress (pH
2.5) as does E. coli, surviving for several hours in extremely
acidic surroundings (pH 2-3) [23].

In this study, an exogenous Gad system comprised of glu-
tamate decarboxylase (GadB) and antiporter (GadC) genes
was introduced into A. succinogenes CGMCC1593 to deter-
mine whether the introduced Gad system could improve acid
resistance (Fig. 1). The effects of the Gad system on growth
and SA production were investigated via heterologous
expression of gadB alone, or gadB together with gadC. To
our knowledge, this study is the first to determine whether
the Gad system functions in acid-stressed A. succinogenes.

Materials and methods
Strains, plasmid and media

A. succinogenes CGMCC1593 (SW) was isolated from
bovine rumen by our laboratory and stored at the CGMCC
(China General Microbiological Culture Collection Center).
E. coli IM109 and Lactobacillus buchneri NRRL B-30929
were purchased from BNCC (BeNa culture collection,
China). E. coli was cultivated in LB medium (contain-
ing the following: 10 g/L tryptone, 5 g/L yeast extract,
and 10 g/L NaCl) at 37 °C. A. succinogenes was cultured
anaerobically in TSB (Sinopharm Chemical Reagent Co.,
Ltd, China). L. buchneri was cultured anaerobically in MRS
medium (containing the following: casein peptone 1%, beef
extract 0.8%, yeast extract 0.4%, glucose 2%, MgSO, 0.02%,
C,H;0,Na-3H,0 0.5%, ammonium citrate 0.2%, K,HPO,
0.2%, MnSO, 0.005%, and Triton 80 0.1%) at 37 °C. Plas-
mid pLGZ922 was purchased from ATCC (American Type
Culture Collection, Manassas, VA, USA).

Fermentation medium for SA production by A. succino-
genes contained the following: corn steep liquor 1.0-3.0%,
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Fig. 1 The SA synthesis This study
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metabolites were as follows:

G6P Glucose-6-phosphate,
F6P fructose-6-phosphate, G3P
glyceraldehyde-3-phosphate,
PEP phosphoenolpyruvate, Pyr
pyruvic acid, PGI phosphohex-
ose isomerase, PFK phospho-
fructokinase, ENO enolase,
OAA oxaloacetate, MAL malate,
FUM fumarate, SUC succinate,
SUCC succinyl CoA, AKG
a-ketoglutarate, /CI isocitrate,
CIT citrate, LA lactic acid, AA
acetic acid, EA ethyl alcohol,
FA formic acid, PCK phospho-
enolpyruvate carboxykinase,
PFL pyruvate formate-lyase,
LDH lactate dehydrogenase,
ACKA acetokinase, ADH alco-
holdehydrogenase

RecF, ReeO, -
Dnak, .

AP endonuclease,
UvrA-like protein

H+

FoF-ATPase:

NaH,PO,-2H,0 0.2-0.5%, K,HPO,-3H,0 0.2-0.5%,
MgCl,-6H,0 0.02-0.05%, glucose 5%, CaCl, 0.01-0.03%,
and Na,$ 0.01-0.1%).

DNA manipulation techniques

For gadA, gadB, gadB, and gadC expression in A. succi-
nogenes, overexpression plasmids were constructed (Fig.
S1). The primers are listed in Table 1. The gadA fragments
were amplified by PCR from the genome of Lactobacillus
brevis, and gadB or gadC fragments were amplified by PCR
from the genome of L. buchneri. Plasmids were constructed
with a one-step cloning kit (Vazyme, China) following the
manufacturer’s instructions and transformed into E. coli. The

Table 1 Primers used in this study
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sequences of gadA, gadB, and gadBC were confirmed using
Sanger sequencing by GENEWIZ. Inc. Plasmids were trans-
formed into A. succinogenes by electroporation [15]. One pg
of plasmid DNA was added to 100 pL of competent cells in
a 0.2-cm gap cuvette and the suspension electroporated at
2.5 kV for 5-6 ms.

Protein preparation and SDS-PAGE analysis

Recombinant strains were cultured anaerobically in TSB
medium at 37 °C for 16 h. Cells were harvested by centrifu-
gation at 8000 rpm for 10 min and resuspended in sterile
water. The cells received ultrasonic treatment (3 s of treat-
ment, followed by 5 s of no treatment, for 20 min at 350 W),

Name Sequences Comments
gadB-s TTATCAATGAGGTGATCTAGAATGAGTGAAAAAAATGATGAACAGATG gadB upstream
gadB-al AACTTCACCTTTATTTATTGCTGACCGTTGTTGCGTCTG gadB downstream
gadB-a2 ACGGCCAGTGAATTCGAGCTCTTATTTATTGCTGACCGTTGTTGCGTCTG Containing RBS
of gadB down-
stream
gadC-s CAATAAATAAAGGTGAAGTTTGGAAAGAGACGACGTTGAATCTCATG gadC upstream
gadC-a ACGGCCAGTGAATTCGAGCTCCTACTTTTTAGCAGTTTCTCCATGCG gadC downstream
gadA-s TTATCAATGAGGTGATCTAGAATGGCTATGTTGTATGGAAAACAC gadA upstream
gadA-a ACGGCCAGTGAATTCGAGCTCTCATGCGGCCGCGTGCGTGAA gadA downstream
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then the supernatant was centrifuged at 8000 rpm for 10 min.
The supernatant was used as a crude protein preparation and
subjected to SDS-PAGE. The SDS-PAGE was performed
using a 12% separation gel and a 5% spacer gel.

Quantification of Gad system activity

The recombinant strains were inoculated into TSB medium
and cultured to stationary phase. The cells were harvested by
centrifugation at 8000 rpm for 10 min and washed twice with
PBS buffer solution. Then, the cells were resuspended in
0.2 M sodium acetate-acetic acid buffer with 50 g/L sodium
glutamate and 0.6 mM phosphopyridoxal. After incubation
for 30 min at 37 °C and centrifugation at 220 rpm the reac-
tion was terminated with 10% trichloroacetic acid (TCA).
The reaction solution was filtered through a 0.22 pL filter
and stored at — 20 °C before analysis. One unit of Gad activ-
ity was defined as the amount of enzyme required to generate
1 pmol of GABA per min with the above assay conditions.

Determination of acid-resisting spot

A strain cryopreserved in glycerol was inoculated into TSB
medium and cultured to stationary phase at 37 °C. The cells
were harvested by centrifugation at 8000 rpm for 10 min
and washed twice with sterile water. Then, 100 pL of the
cell suspension was added to 900 pL of TSB medium which
contained 0 mM or 40 mM sodium glutamate at pH 4.6.
After culturing for 1.0 h or 1.5 h at 37 °C, 5 pL of culture
solution was plated on TSB solid medium and observed after
24 hat 37 °C.

Measurement of intracellular pH

The cells of stationary phase were harvested by centrifuga-
tion at 8000 rpm for 10 min and resuspended in standard
curve buffer of different pH value (pH4.0, pHS5.0, pH6.0,
pH7.0, pH8.0) with 1 pM valinomycin and nigericin. The
cells were harvested again and resuspended in standard
curve buffer of different pH value. 0.25 pM fluorescent
probe BCECF AM were added to the above solution for
20 min at 30 °C. The cells were harvested by centrifuga-
tion and washed three times by the same buffer. Fluores-
cence intensities were measured at excitation wavelengths
of 490 and 440 nm by the multifunctional enzyme marker.
The emission wavelength was 525 nm, and the slit widths
were 20 nm. 1490/1440 was fluorescence intensity 1. The
standard curve was drawn with pH as the abscise and 1gI as
the ordinate.

The sample cells of stationary phase were harvested by
centrifugation at 8000 rpm for 10 min and resuspended
50 mM HEPES-K (pH 8.0). 0.25 pM fluorescent probe
BCECF AM were added to the above solution for 20 min
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at 30 °C. The cells were harvested by centrifugation and
washed three times by phosphate buffer(pH 7.0). Fluores-
cence intensities were measured following the standard
curve method.

The standard curve buffer contained the following:
50 mM glycine, 50 mM citric acid, 50 mM Na,HPO,,
50 mM KClI.

Fermentation

Cells were cultured in a 500 mL sterile flask containing
200 mL TSB medium at 38 °C for 12—-14 h in an anaerobic
incubator. A 10% suspension was inoculated into fermenta-
tion medium with suitable MgCOj; for early fermentation.
The pH was maintained at 6.0-6.5 by supplementation with
300 g/L Na,CO;. The temperature and agitation were 38 °C
and 400 rpm, respectively. When the sugar content was less
than 10 g/L, glucose was added but the concentration was
kept below 20 g/L. Fermentation was stopped when sugar
was exhausted.

Analysis methods

The optical density of A. succinogenes was monitored using
a spectrophotometer at 660 nm (ODg,). Samples were fil-
tered through a 0.22 pum filter before application to an HPLC
system. GABA was analyzed by HPLC with an Agilent sys-
tem using UV detection. SA was analyzed by HPLC with a
Waters system and Sepax Carbomix H-NP column using a
refractive index (RI) detector. The column temperature was
55 °C and the mobile phase was 3.3 mM H,SO, at a flow
rate 0.5 mL/min.

Results and discussion

Introduction into A. succinogenes of a Gad system
comprised of heterologous gadB and gadBC

Plasmid pLGZ922 and recombinant plasmids; pLGZ-gadA,
pLGZ-gadB, and pLGZ-gadBC were introduced into A.
succinogenes CGMCC1593 by electroporation to con-
struct recombinant strains pLGZM-SW, gadA-SW, gadB-
SW, and gadBC-SW. The expression of GadA, GadB, and
GadC proteins in these recombinant strains was detected by
SDS-PAGE. GadB in the gadB-SW and gadBC-SW strains
was successfully expressed. Since the molecular weights of
GadB and GadC of L. buchneri are 54.5 kDa and 55.4 kDa,
respectively, the GadC in the gadBC-SW was not obvious
in SDS-PAGE (Fig. 2A). GadA was not detected (data are
not shown).

The activity of Gad in recombinant strains is assessed in
Fig. 2B. Both consumption of Glu and generation of GABA
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Fig.2 Construction of recombinant strains of A. succinogenes expressing the Gad system. A SDS-PAGE analysis of the overexpression of GadB
and GadBC. Lane M, protein marker; lane 1, GadBC; lane 2, control strain; lane 3, GadB. B Gad activity of the recombinants

were observed in gadB-SW and gadBC-SW, with their
GABA yields 0.62 +0.053 U/mg free cells and 0.653 +£0.073
U/mg free cells, respectively. Neither consumption of Glu
nor production of GABA was detected in the control strain,
which also confirmed the absence of Gad in the A. succi-
nogenes wild strain. Thus, both the gadB-SW and gadBC-
SW strains exhibited Gad activity, with the gadBC-SW
strain slightly greater than the gadB-SW strain. GadC is
a Glu/GABA antiporter, which transfers extracellular Glu
to the cytoplasm and intracellular GABA to the extracel-
lular milieu [30]. These results suggested that GadC in A.
succinogenes increased the exchange rate between Glu and
GABA, reducing cell damage during acid stress, which may
be more conducive to the formation of GABA.

The effect of the Gad system on the growth
of recombinant strains

To investigate the acid tolerance of Gad recombinant strains,
survival in a low pH environment was assessed by an acid-
resisting spot (Fig. 3). Cell survival was decreased with the
prolongation of acid stress. Whether or not Glu was added,
maximum survival of the double gene expression strain
gadBC-SW was 1.0 h and 1.5 h at pH 4.6. These results dem-
onstrated that heterologous expression of gadB and gadC in
A. succinogenes improved acid tolerance and survival in the
presence of Glu with acidic conditions. However, survival of
all strains was increased with Glu supplementation. These
results suggested the importance of Glu to A. succinogenes
in acidic environments. The observation that Glu improved

acid tolerance was similar to the known importance of Glu
for microbial acid resistance. Glu enhances survival of E.
coli by Gad at pH 2.5 [23]. There was no Gad system in
A. succinogenes, which suggested other potential mecha-
nisms by which Glu protected cells from acid stress. GadB
catalyzed Glu to GABA for survival in an acidic environ-
ment. However, GABA could not be quickly and effectively
transported outside of the recombinant gadB-SW strain, in
that the strain lacked the antiporter, GadC, which resulted in
increased cell death. Therefore, the tolerance of gadB-SW to
acid was lower than gadBC-SW.

The intracellular pH of recombinant strains was measured
(Table S1). The intracellular pH of gadB-SW and gadBC-
SW was increased slightly change after suffering pH 4.6
for 1 h, but the intracellular pH of pLGZ-SW was less
decreased, which indicated gadB-SW and gadBC-SW may
maintain their survival by increasing the intracellular pH
value under acid stress.

The growth of recombinant strains at neutral pH was
assessed (Fig. 4). The ODgq of pLGZ-SW, gadB-SW and
gadBC-SW was 1.809, 1.703, and 1.602, respectively, which
differed from survival with acid stress. It may be that intro-
duction of exogenous protein increased metabolic burden
affecting cell growth. Furthermore, GABA may have an
effect on cell growth and this possible effect was assessed
by the addition of 20 mM GABA to the culture medium
(Fig. 4). The resultant ODgg¢, of pLGZ-SW, gadB-SW, and
gadBC-SW were 1.788, 1.607, and 1.362, respectively.
These ODgg, values were less than those without GABA
addition. GABA appeared to be unfavorable to cell growth
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Fig.3 Survival of different 10h 15h
strains at pH 4.6
101 10-2 101 102
SW SW _
+ 3
pLGZ-SW pLGZ-SW
+ .l_;:f; &3
b
gadB-SW gadB-SW
gadBC-SW gadBC-SW

Table 2 Fermentation performance of the strains at weak acid in

2.0 0 mM GABA shake flask

20 mM GABA
1ok I Strain Final SA(g/L) Final AA(g/L) ODgq, Final pH
71 = I
1.5 SW 17.73+0.20  2.03+0.21 7.40+0.13 5.59+0.08
I gadB-SW  16.23+0.17  2.68+0.19 7.02+0.20 5.52+0.05
8 gadBC-SW 19.17+0.08 3.67+0.35 8.28+0.20 5.63+0.03
o 1.0
o

0.5 strains was assessed during shake flask fermentation. MgCO4
is an excellent pH regulator during fermentation. Generally,
the optimum mass ratio of glucose and MgCO; was 1:0.8
&y CK gadB-SW gadBC-SW in fermentation medium. When the mass ratio of glucose

Fig.4 Cell growth of different strains at neutral pH and with GABA
supplementation

at neutral pH. The gadBC-SW strain was also affected by
GABA. The burden of foreign protein expression on cell
growth, as well as the impact of GABA produced by the Gad
system, may decrease the growth of recombinant strains,
even though the survival of A. succinogenes was increased
by the Gad system.

The effect of the Gad system on SA production
by recombinant strains

To further study the effects of the Gad system on SA pro-
duction, the effect of acidic conditions on the recombinant
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and MgCO; was 1:0.4 (Table 2), the greatest SA accumu-
lation was by gadBC-SW at 19.2 g/L, which was slightly
greater than that of SW (17.7 g/L) and an increase of 8.4%.
This mass ratio also resulted in the greatest cell growth, OD
(8.28). The minimum SA accumulation (16.2 g/L) was by
strain gadB-SW, with both pH and OD values at the end of
fermentation the lowest. It may be that GABA was produced
but not efficiently transported to the extracellular milieu in
a low pH environment, not conducive to cell growth or SA
accumulation. The introduction of a complete Gad system
into A. succinogenes maximized SA production in an acidic
environment.

SA production by the recombinant strains was assessed by
fermentation in a 3-L bioreactor at pH 6.5 and pH 6.0. SW,
gadB-SW, and gadBC-SW produced 54.8 g/L, 50.3 g/L, and
47 g/L. SA at pH 6.5, respectively (Fig. SA). The correspond-
ing conversion rates of sugar to SA were 74%, 74%, and
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Fig.5 Batch fermentation profiles of A. succinogenes SW, gadB-SW and gadBC-SW. A Fermentation at pH 6.5. B Fermentation at pH 6.0. a
SW; b gadB-SW; ¢ gadBC-SW; Symbols are: square, glucose; triangle, SA circle, AA rhombus, ODq, pentagon, pH

78%, respectively. Comparison of the growth of the three
strains found the maximum growth ODgg, value for strain
gadBC-SW to be the lowest. Compared with that of SW, the
OD of strain gadBC-SW decreased slowly during the middle
and late fermentation period, with OD value the highest at
the end of fermentation. Furthermore, the SA concentration
produced by gadB-SW was not improved. This result may
be related to modification of SA cellular metabolism due to
the expression of heterologous proteins. When fermentation
was maintained at pH 6.0, SW, gadB-SW, and gadBC-SW
produced 37.35 g/L, 36.94 g/L, and 31.95 g/L of SA with
corresponding conversion rates of sugar to SA of 85%, 90%,
and 96%, respectively (Fig. 5B). During the fermentation
process, sugar consumption by the recombinant strains was
significantly slower, and interestingly, when the pH value
of gadBC-SW reached 6.4, it no longer decreased. And the
lowest SA concentration was by the gadBC-SW strain, which
was approximately 15% lower than that of SW. The highest
conversion rate of sugar to SA was by the gadBC-SW strain,
which was increased 13.9% over the parent strain, even
though the SA concentration was lower. This phenomenon
was also observed in a fermentation environment of pH 6.5.
The pH of the gadBC-SW stain was always above 6.0 during
fermentation, demonstrating acid resistance with heterolo-
gous expression of gadB and gadC. Acetic acid (AA) accu-
mulation by the gadBC-SW strain reached 4.01 g/L, which
was greater than that of the other two strains. These results

suggested that the introduction of gadB and gadC may
have enhanced the AA biosynthetic pathway and affected
SA accumulation. The gadB-SW strain produced slightly
less SA than the SW strain, but more than the gadBC-SW
strain. It was possible that the expression of heterologous
proteins may have caused a metabolic burden that affected
cell growth and SA production.

Conclusions

Recombinant strains of A. succinogenes that expressed gadB
and gadBC were successfully constructed. After acid stress,
the survival of A. succinogenes was improved by the intro-
duction of a complete Gad system comprised of gadB and
gadC, although cellular growth was slightly reduced at neu-
tral pH. Despite the effect on cell growth, the introduction
of gadB and gadC significantly increased the conversion rate
of sugar to SA in 3-L bioreactor batch fermentation with
acid conditions. The greatest rate of sugar conversion to SA
was 96% by the gadBC-SW strain. The increased metabolic
burden of gadB-SW and gadBC-SW influenced bacterial
growth, sugar consumption, and SA production of A. suc-
cinogenes. This study provided a foundation upon which to
improve strains of A. succinogenes for greater production
of SA.
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