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Biosynthesis of succinic acid is an alternative method from conventional chemical synthesis. For this
application, several bacteria and fungi have been employed and genetically modified. Lactic acid bacte-
ria (LAB) are gaining recognition as novel producers of useful compounds by metabolic engineering.
Among LAB, Lactobacillus plantarum NCIMB 8826 is an interesting candidate for succinic acid produc-
tion by metabolic engineering since it has an incomplete tricarboxylic acid (TCA) cycle and naturally
produces small amounts of succinic acid. In this study, we constructed recombinant LAB and evaluated
them as hosts of succinic acid production. We examined the enzymes pyruvate carboxylase (PC), phos-
phoenolpyruvate carboxykinase (PEPCK), and malic enzyme for their potential to improve metabolic flux
from glycolysis to the reductive TCA cycle in a lactate dehydrogenase-deficient strain of L. plantarum
NCIMB 8826 (VL103). We investigated the effects of overexpression or coexpression of each enzyme on
succinic acid production. Our results suggested that PC is the key enzyme for succinic acid production
by L. plantarum VL103, whereas PEPCK is critical for increasing biomass. The highest yield of succinic
acid was obtained through coexpression of PC and PEPCK in L. plantarum VL103. This recombinant strain
produced a 22-fold higher amount of succinic acid than the wild-type and converted 25.3% of glucose to
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1. Introduction

Lactic acid bacteria (LAB) are favorable microorganisms for
metabolism modification, since they harbor small genomes and
simple metabolic pathways. Furthermore, a range of methods for
genetic manipulation have been developed to facilitate metabolic
engineering [1-3]. LAB are gaining recognition as alternative pro-
ducers of valuable metabolites by metabolic engineering. For
example, the modification of pyruvate metabolism has enabled
efficient production of diacetyl, L-alanine or sorbitol [4-6]. In addi-
tion, modifications of more complex biosynthetic pathways have
improved production of exopolysaccharides, vitamin B,, and vita-
min Bg [7,8].

Succinic acid is used as a raw material for the production of
the biodegradable plastic polybutylene succinate and as a food
additive. Because succinic acid is synthesized mainly by chemi-
cal methods from petroleum, alternative production methods, such
as microbial fermentative production, are desirable [9]. There are
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three routes that form succinic acid: the reductive branch of the
tricarboxylic acid (TCA) cycle, which is primarily active under fully
anaerobic conditions, the oxidative branch of the TCA cycle, which
is primarily active under aerobic conditions, and the glyoxylate
shunt, which is essentially active under aerobic conditions upon
adaptation to growth on acetate. The aerobic routes synthesize
1 mol of succinic acid from 1 mol of glucose, while the anaerobic
pathway outputs 2 mol of succinic acid in combination with fixation
of CO,. Thus, succinic acid is efficiently produced under anaerobic
conditions using the reductive branch of the TCA cycle [9]. Fixation
of carbon dioxide is essential in this reaction.

Succinic acid production with genetic modification was demon-
strated in various microorganisms [10]. The highest succinic acid
productivity, 88.1 mMh~1, was achieved in a continuous culture
of Anaerobiospirillum succiniciproducens with integrated membrane
for cell recycling [11]. The concentration up to 1.2 M was shown in
a cell recycling fed-batch culture of Corynebacterium glutamicum
[12]. A mutant Escherichia coli strain deficient in the phospho-
transferase system produced 99.2 g succinic acid1=! by anaerobic
fed-batch fermentation [13]. Although these microorganisms pro-
duce succinic acid efficiently, they have some disadvantages, as
some of them are obligate anaerobic, potentially pathogenic, or
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Fig. 1. The metabolic pathways related to succinic acid formation in Lactobacillus plantarum NCIMB 8826. (1) Lactate dehydrogenase; (2) pyruvate carboxylase; (3) phospho-

enolpyruvate carboxykinase; (4) malic enzyme.

show poor growth, low tolerance to acid and osmotic stress [10].
Many LAB are generally recognized as safe (GRAS) and have been
extensively used for industrial production of fermented food; they
exhibits decent growth rate with various carbohydrates. In addi-
tion, as highly acid- and osmo-tolerant facultative anaerobes, LAB
constituted an adequate model for succinic acid production by fer-
mentation.

Lactobacillus plantarum NCIMB 8826 (identical to strain WCFS1)
was isolated from human saliva [14]. This strain has been used
as a model in metabolic engineering studies because its complete
genome has been sequenced and deeply annotated [15,16]. This
strain has an incomplete TCA cycle and produces small amounts of
succinic acid (Fig. 1) [17]. L. plantarum VL103, the L- and Dp-lactate
dehydrogenase (LDH)-deficient strain of L. plantarum NCIMB 8826
[18], was engineered to produce sorbitol by efficient rerouting
of carbon metabolism [6]. As previously reported, productivity of
succinic acid in L. plantarum VL103 was 2.44 mM and it could be
increased up to 17 mM by supplementation of sodium bicarbonate
to the culture medium [19]. This study indicated that L. plantarum
VL103 could produce more succinic acid in a modified culture con-
dition; however, no additional recombination which potentially
increases the productivity has been tested.

To improve of succinic acid biosynthesis by L. plantarum VL103,
metabolic flux from glycolysis to the reductive TCA cycle needs
to be increased. In E. coli and C. glutamicum, the modification of
metabolic pathway was reportedly achieved via overexpression of
phosphoenolpyruvate and pyruvate-carboxylating enzymes [12].
The overexpression of Lactococcus lactis pyruvate carboxylase (PC)
in E. coli increased the pyruvate carboxylating flux and improved
succinate production [20]. Similarly, the homologous overexpress-
ion of the malic enzyme (ME) in E. coli resulted in pyruvate
carboxylation and high succinate production, which was the major

fermentation end-product [21,22]. Phosphoenolpyruvate could
also be carboxylated to oxaloacetate by the phosphoenolpyruvate
carboxykinase (PEPCK); oxaloacetate is then converted to succi-
nate by the reductive TCA cycle. The heterologous overexpression
of the Actinobacillus succinogenes PEPCK in the same host resulted
in a significant improvement of succinate production [23].

To our knowledge, there is no report on succinate production
via overexpression or coexpression of carbon fixation enzymes in
LAB. Therefore, this study aims to use LAB as an alternative model
to construct improved succinic acid producing strains. We investi-
gated succinic acid yield and biomass production resulting from
overexpression or coexpression of carbon fixation enzymes (PC,
ME, PEPCK) in small-scale static cultures of L. plantarum VL103
recombinant strains.

2. Materials and methods
2.1. Bacterial strains and growth conditions

L. plantarum VL103 and derivatives were grown in modified de Man, Rogosa and
Sharpe (MRS) medium (Becton, Dickinson and Company, Franklin Lakes, NJ, USA)
(2% glucose, 1.0% tryptone, 1.0% beef extract, 1.0% yeast extract, 0.2% K;HPOy4, 0.1%
Tween 80, 0.02% MgSO4 7H,0, 0.005% MnSO4 4H,0, 0.2% ammonium citrate, 0.5%
sodium acetate) supplemented with 50 mM NaHCOs and erythromycin (5 pg/ml).
Fermentation experiments were performed under tube-scale static conditions in
10 ml of modified MRS medium at 37 °C.

2.2. Plasmid and strain construction

In L. plantarum, pycA (1p-2136), pckA (1p-3418), and mae (Ip-1105) encodes
PC, PEPCK and ME, respectively. These genes were amplified by PCR from
chromosomal DNA of L. plantarum VL103 using the following primer pairs:
pycAF  (5'-TACGGATCCATTGGTGAAGAAAGTATTATTT-3') and pycAR (5'-TGCA-
CTGCAGTCAACTAAGTTCTTAACTAC-3') for pycA; pckAF (5'-CGCGGATCCTATGA-
GCACTAAAAATTCTTA-3') and pckAR (5'-TTTTTGCACTGCAGCTATTTTGTAATTGGTT-
GTT-3') for pckA; and maeF (5-CGGGATCCAATGGTAGAACAAGATGAGAT-3’) and




A. Tsuji et al. / Enzyme and Microbial Technology 53 (2013) 97-103

EcoR 1

PmapA region from L. reuteri

99

Nhe I
MCS region from pQE-31

PapA H RBS1 H 3 XCys

Bs2 HatGH 6xnis H ncs

—

Insert gene
amplified by PCR

PmapAregion

Insert

BamH 1

Cm pMH::insert 1

Pst [ .
PMH:insent 2

; Cm"

D=

PinrapA region and insert 2
amplified by PCR from

BamH 1
Sph 1
Sac 1
Kpn 1
S 1
Sal 1
Pst 1
Hind I

Hpal

PmapAregion

Insert 1

Hpal

pMH::Insertl/Insert2

PmapA region

m-
Insert 2

Fig. 2. Construction of overexpression plasmid and coexpression plasmid.

maeR (5'-AAAACTGCAGCTCCTATGATTAATGCTGTG-3') for mae. BamHI and Pstl
restriction sites underlined in the primer sequences were attached upstream and
downstream of the coding region. BamHI/PstI-digested PCR products were cloned
into the corresponding sites of pMH, digested with the same enzymes, yielding the
plasmids pMH::pycA, pMH::pckA, and pMH::mae. The plasmid pMH is a pGK13 [24]
derivative which was constructed in a previous study [19]. This plasmid contains
the expression signals of the mapA (Mucus Adhesion Promoting protein) operon
from Lactobacillus reuteri DSM 200167, a multiple cloning site, and the translational
start codon from pQE-31 (Qiagen, Hilden, Germany). The coexpression plasmid of
PC with PEPCK (pMH::pycA/pckA), PC with ME (pMH::pycA/mae), and PEPCK with
ME (pMH::pckA/mae) were constructed as shown in Fig. 2. The PEPCK expression
cassette, consisting of mapA operon promoter fused to pckA gene of pMH::pckA,
were cloned into pMH::pycA and pMH::mae, yielding plasmids pMH::pycA/pckA
and pMH::pckA/mae, respectively. The ME expression cassette of pMH::mae were
cloned into pMH::pycA, yielding plasmid pMH::pycA/mae. L. plantarum VL103 was
transformed with the resulting plasmids by electroporation as described previously
[25].

2.3. Enzymatic assays

The bacteria were grown in MRS medium until the mid-exponential phase
(optical density [OD] at 660 nm of 2.0), harvested by centrifugation at 13,000 x g
for 10 min, and mechanically disrupted with glass beads. Enzyme activity was
assayed spectrophotometrically at 25°C in 1 ml of reaction solution, which con-
sists of 50 mM potassium phosphate buffer (pH 7.0), 9.7 mM Na,COs, and 9.7 mM
MgSO4, and 0.14mM nicotinamide adenine dinucleotide (NADH). Sodium pyru-
vate (3.1 mM), 9.7 U/ml malate dehydrogenase, and 3.1 mM adenosine triphosphate
(ATP) was added to the reaction solution in which PC activity was measured. Phos-
phoenolpyruvate (3.1 mM) (potassium salt), 9.7 U/ml malate dehydrogenase, and
3.1 mM adenosine diphosphate (ADP) was added to the reaction solution in which
PEPCK activity was measured. Sodium pyruvate (3.1 mM) was added to the reac-
tion solution in which ME activity was measured. The reaction was initiated by
the addition of 0.1 ml of cell extract (10 g of total protein extract), and monitored
by the decrease in OD at 340 nm. One unit of enzyme was defined as the amount
that catalyzed the oxidation of 1 mmol NADH to nicotinamide adenine dinucleotide
(NAD") per minute at 25°C. Protein concentrations were determined according to
the Bradford method, using bovine serum albumin as a standard [26].

2.4. Analytical methods

Samples of culture were filtered (pore size: 0.22 wm) after centrifugation at
13,000 x g for 10 min. The supernatant was analyzed for glucose consumption and

production of fermentation end-products. Concentrations of organic acids were
determined by high-performance liquid chromatography (HPLC) using a Waters®
2695 Separations Module, 2996 Photodiode Array Detector, and Reagent Manager
(Waters Corporation, Milford, MA, USA) with columns RSpak KC-811 (Shodex, Tokyo,
Japan) and RSpak KC-G (Shodex). The column was eluted isocratically at 60°C at
a flow rate of 0.8 ml/min with 0.08% HClO4, Ethanol and acetoin concentrations
were determined by HPLC, as for the concentrations of organic acids. The column
was eluted isocratically at 60 °C at a rate of 1 ml/min using surface plasmon waves,
which facilitate detection of refractive index changes. Glucose was measured with
a commercial glucose ClI-test kit (Wako Pure Chemical, Osaka, Japan). Analysis of
intracellular metabolic products was performed according to the method described
previously [27].

Cell growth was determined by measuring the increase in OD at 660 nm spec-
trophotometrically (UV-2000; Shimadzu Scientific Instruments, Inc., Columbia, MD,
USA). One unit of OD corresponded to 2.5 x 10% CFU/ml.

2.5. Statistical analysis

Statistical evaluation of the fermentation product, enzymatic activity, and cell
growth were performed by Student’s t-test with the level of significance set at
p<0.05.

3. Results and discussion

3.1. Metabolic characteristics of L. plantarum VL103
overexpressing pyruvate carboxylase, phosphoenolpyruvate
carboxykinase, and malic enzyme

From analysis of the genome sequence, L. plantarum NCIMB8826
contains gene candidates coding for PC, PEPCK, and ME. Each gene
candidate was individually cloned on a multicopy plasmid for its
overexpression in L. plantarum VL103. To confirm their function-
ality, PC, PEPCK, and ME enzyme activity was measured. Table 1
shows the enzyme activities of L. plantarum VL103(pMH) used as
control (empty vector) and its derivatives. Each overexpression
strain exhibited an increased activity of its corresponding enzyme.
The activities of PC, PEPCK, and ME in L. plantarum VL103 were
2.4-, 1.7-, and 1.3-fold higher than those of the control strain,
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Table 1
Enzymatic activities detected in cell extracts® from the Lactobacillus plantarum
VL103 and derivatives.

L. plantarum Enzymatic activity® (U/mg of protein) of strain

VL103strains

PC PEPCK ME
pMH 0.78 + 0.018 0.39 + 0.033 0.088 + 0.011
PMH::pycA 1.89 + 0.078 - -
PMH::pckA - 0.68 + 0.063 -
PMH::mae - - 0.119+0.006

Values represent the mean and standard error derived from three independent
experiments, with each experiment performed in triplicate. PC, pyruvate carboxy-
lase; PEPCK, phosphoenolpyruvate carboxykinase; ME, malic enzyme.

a Cell extracts were prepared according to the method described in Section 2.

b One unit of activity corresponds to the conversion of 1 mmol substrate per min.

respectively. These differences were statistical significant between
control and the derivatives. These results suggested that these three
enzymes are active and potentially capable of increasing metabolic
flux from glycolysis to the reductive TCA cycle.

Presence of metabolites in the culture supernatants of L. plan-
tarum VL103(pMH) and derivatives were determined every 24 h by
HPLC (Table 2). Succinic acid concentration reached its peak after
48 h (Table 2), and remained constant until the end of fermenta-
tion (data not shown). All the derivatives yielded more succinic
acid than the control strain VL103(pMH) after 48 h of fermentation
(1.5 to 3-fold increase). L. plantarum VL103(pMH::pycA) yielded the
highest succinic acid concentration (52.5 mM), which is 3- and 22-
fold higher than the LDH-deficient strain VL103(pMH) (16.9 mM)
and the wild-type (2.44 mM), respectively. Notably, L. plantarum
VL103(pMH::pycA) converted 23.8% of glucose to succinic acid.
This strain exhibited the highest increase in enzyme activity and
succinic acid yield among the recombinant strains overexpressing
each enzyme. These results demonstrated that PC overexpression
is effective for constructing improved succinic acid-producing L.
plantarum strains and suggest that PC is a key enzyme for succinic
acid production in this model microorganism.

An intracellular accumulation of succinic acid would limit the
production capacity from the change intracellular pH conditions.
However, L. plantarum VL103(pMH) and derivatives did not accu-
mulate succinic acid intracellularly (data not shown). Succinic acid
is generally transported by diffusion or by a dicarboxylate trans-
port protein located in the plasma membrane [28,29]. Although the
transport mechanism responsible for the import and export of suc-
cinic acid in L. plantarum is unknown, L. plantarum VL103(pMH) and
derivatives are capable of exporting succinic acid into the culture
medium at high concentration without major intracellular accu-
mulation.

L. plantarum VL103(pMH) and derivatives generate additional
fermentation by-products, including acetoin, ethanol, and formate.
Acetoin production by the enzyme overexpressing strains was
lower than that by L. plantarum VL103(pMH) after 48 h of fermen-
tation. The LDH-deficient strain of L. plantarum exhibited a reduced
rate of NADH reoxidation, causing intracellular pyruvate accumu-
lation as well as extracellular production (Table 2) [1]. Conversion
of accumulated pyruvate to acetoin is also an important mech-
anism for pH homeostasis in L. plantarum [30]. The L. plantarum
VL103(pMH) and derivatives produce increased amount of acetoin
compared to the wild type. However, the production of acetoin
does not lead to the conversion of NADH to NAD* while succinic
acid biosynthesis results in the consumption of 2 mol of NADH. Our
results suggest that reduced acetoin production in strains over-
expressing each enzyme reflects increased conversion of NADH
to NAD* due to elevated succinic acid production, resulting in an
improvement in NADH reoxidation of the LDH-deficient strain.
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Fig. 3. Cell growth of the Lactobacillus plantarum VL103(pMH) and derivatives in
modified MRS medium, ascertained by measuring the increase in optical den-
sity at 660 nm. Data are mean of three independent experiments and those in
parentheses are standard deviation. Symbols: O, L. plantarum VL103(pMH); O,
L. plantarum VL103(pMH::pycA); A, L. plantarum VL103(pMH::pckA); ¢, L. plan-
tarum VL103(pMH::mae); W, L. plantarum VL103(pMH::pycA/pckA); a, L. plantarum
VL103(pMH::pycA/mae); ¢, L. plantarum VL103(pMH::pckA/mae).

L. plantarum VL103 and derivatives consume acetate which is
present in the MRS medium (initial concentration 61.0 mM). It has
been previously reported that LDH-deficient LAB produce ethanol
by consuming acetate to improve intracellular redox balance [1,6].
Consumption of acetate by L. plantarum VL103(pMH) and deriva-
tives (up to 36 mM) could play a role in the maintenance of the
redox balance. However, our results suggested that acetate is con-
verted in other compounds than ethanol because the concentration
of ethanol in the medium does not increase.

3.2. Cell proliferation of L. plantarum VL103 overexpressing
pyruvate carboxylase, phosphoenolpyruvate carboxykinase, and
malic enzyme

Growth curves were established for L. plantarum VL103(pMH)
and derivatives (Fig. 3A). The three derivatives showed a higher
specific growth rate than L. plantarum VL103(pMH). Similarly, the
specific growth rate of metabolically engineered E. coli with PC or
PEPCK overproduction was shown to be increased compared to
the wild-type strain [21,23]. The overexpression of each enzyme
in L. plantarum VL103 reduced intracellular pyruvate accumula-
tion and improved glucose consumption rate, probably resulting
from an improved redox balance linked to succinate production.
However, L. plantarum VL103(pMH::pycA) showed a lower total
cell number than L. plantarum VL103(pMH) after 72 h (Fig. 2A).
This lower biomass could be explained by the consumption of
adenosine triphosphate (ATP) during the conversion of pyruvate
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Table 2

Fermentation product concentrations in modified MRS medium produced by Lactobacillus plantarum NCIMB 8826 and derivatives.

L. plantarum strains  Time (h) Glucose consumed (mM) Fermentation product (mM)
Succinate Lactate Pyruvate Formate Acetate Ethanol Acetoin

NCIMB 8826 24 90.31 +£ 0.74 1.48 £ 0.06 160.62+0.77 ND ND 6134 +£242 ND 0.28 + 0.03

48 109.69 £ 0.01 244 £ 014 189.50+2.61 ND ND 63.96 £ 045 ND 0.28 £+ 0.03
VL103
pMH 24 26.28 + 0.55 11.00 £ 023 ND 6.01+0.82 12.58+0.76 53.66 +239 0.01+0.00 15.18 +0.74
PMH::pycA 36.61 + 0.75 33.28 £2.07 ND ND ND 36.71 £3.79 0.01+£0.00 30.96 + 1.14
PMH::pckA 108.80 + 0.31 19.14 £ 0.74 ND ND 37.58+1.23 4878 £2.15 0.01+0.00 54.75+ 1.69
pMH::mae 61.28 + 0.38 20.14+£2.01 ND ND 14.18+1.10 50.83+3.06 0.01+0.00 44.79 4+ 1.32
pMH 48 109.00 + 0.30 16.87 £ 0.88 ND ND 16334052 58954252 0.02+0.00 75.12 4+ 1.17
PMH::pycA 107.20 + 0.10 52.46 £ 0.35 ND ND 13.03+0.61 25.35+1.48 0.02+0.00 62.64 + 3.04
PMH::pckA 108.30 £ 0.05 25324+ 0.71 ND ND 45.65+0.56 4332 +090 0.024+0.00 64.44 £ 255
pMH::mae 108.40 £ 0.05 33.24 £ 050 ND ND 31.69+0.27 43.60 +£2.69 0.024+0.00 60.65 £ 2.27

ND, not detected. Values represent the mean and standard error derived from three independent experiments, with each experiment performed in triplicate.

to oxaloacetate by PC. Unlike PC, the reaction catalyzed by ME does
not consume ATP. Hence, the change in specific growth rate of L.
plantarum VL103(pMH::mae) might be due to the depletion of accu-
mulated pyruvate in the cell. The L. plantarum VL103(pMH::pckA)
exhibited a higher specific growth rate and higher total cell
number than L. plantarum VL103(pMH::mae) and L. plantarum
VL103(pMH::pycA). This increased biomass could be due to avoid-
ance of the rate-limiting step in glycolysis, i.e., the reaction between
phosphoenolpyruvate and pyruvate [31]. Instead, L. plantarum
VL103(pMH::pckA) produced ATP by converting phosphoenolpyru-
vate into oxaloacetate. Thus, L. plantarum VL103(pMH::pckA)
improves its succinic acid production by increasing total biomass.
Since reduced cell growth is an obstacle for the construction of
metabolically engineered bacteria, PEPCK overexpression is an
interesting approach for the engineering of succinic acid-producing
bacteria since it increases succinic acid concentration by enhancing
biomass formation.

3.3. The metabolic characteristics and cell proliferation of L.
plantarum VL103 coexpressing pyruvate carboxylase or
phosphoenolpyruvate carboxykinase and other enzymes

PC, PEPCK, and ME influence succinic acid yield in different ways.
PC overexpression yielded the highest amount of succinic acid,
but reduced total cell number. Conversely, PEPCK overexpression
increased total cell number, but resulted in a lower succinic acid
yield per biomass. In addition, ME overexpression showed an inter-
mediate situation.

We hypothesized that a combined high succinic acid yield and
cell proliferation could be generated by coexpression of PC, PEPCK,
and ME. The L. plantarum VL103(pMH::pycA/mae), L. plantarum

Table 3

VL103(pMH::pckA/mae) and L. plantarum VL103(pMH::pycA/pckA)
were constructed, and their metabolites were quantified after 24
and 48 h of culture by HPLC (Table 3), and their growth curves
were drawn (Fig. 3B). Succinic acid concentration reached its peak
after 48 h and remained constant until the end of fermentation
(data not shown). The coexpression strains also exhibited the prop-
erties of both enzyme overexpressing strains. All these strains
showed a higher specific growth rate than L. plantarum VL103.
The coexpressing strains exhibited the combined properties of
overexpression of each enzyme with respect to by-product gener-
ation. Acetic acid consumption and decreased acetoin production
were confirmed, as well as the improved glucose consumption
rate.

The total cell number of L. plantarum VL103(pMH::pycA/pckA)
was higher than L. plantarum VL103(pMH::pycA), but lower
than L. plantarum VL103(pMH::pckA). The L. plantarum
VL103(pMH::pycA/mae) showed a lower total cell number
than L. plantarum VL103(pMH::mae) but similar to L. plan-
tarum VL103(pMH::pycA). On the other hand, L. plantarum
VL103(pMH::pckA/mae) exhibited the highest total cell number
than L. plantarum VL103(pMH) and all derivatives after 72 h. The
coexpression of PC with PEPCK or PC with ME resulted in defective
cell proliferation than overexpression ME or PEPCK, respectively.
This might be because PC consumed ATP which was required for
cell growth.

The L. plantarum VL103(pMH::pycA/mae) yielded slightly more
succinic acid than L. plantarum VL103(pMH::pycA): an increase
from 52.5 to 53.5 mM, corresponding to 24.3% of glucose conver-
sion to succinic acid. These results demonstrate that increased
succinic acid yield in L. plantarum VL103(pMH::pycA/mae) rela-
tive to L. plantarum VL103(pMH::pycA) was also achieved through

Fermentation product concentrations in modified MRS medium produced by Lactobacillus plantarum strains coexpressing enzymes.

L. plantarum VL103 strains ~ Time (h)  Glucose consumed (mM)  Fermentation product (mM)
Succinate Pyruvate Formate Acetate Ethanol Acetoin

pMH::pycA/pckA 24 76.39 + 0.34 33.26 +£ 0.78 ND 5.40 + 0.30 38.44 + 0.79 0.01 + 0.00 48.15 + 1.58
PMH::pycA/mae 74.89 + 0.61 35.56 + 0.41 ND 4.51 +0.28 41.81 £ 0.73 0.01 + 0.00 51.56 + 2.04
PMH::pckA/mae 100.61 + 1.36 20.71 £ 0.20 ND 7.51 £ 0.65 51.69 + 1.11 0.01 £ 0.00 50.05 + 1.70
PMH::pycA[pckA 48 107.90 + 0.31 55.69 + 0.28 ND 30.10 + 1.92 30.96 + 1.45 0.02 + 0.00 60.19 + 1.97
PMH::pycA/mae 109.00 + 0.23 53.45 + 0.92 ND 20.62 + 0.95 38.56 + 1.73 0.01 + 0.00 64.44 + 2.55
PMH::pckA[/mae 108.00 + 0.42 26.81 + 0.28 ND 35.35 + 1.69 36.97 + 0.58 0.02 + 0.00 62.56 + 2.12

ND, not detected. Values represent the mean and standard error derived from three independent experiments, with each experiment performed in triplicate.



102 A. Tsuji et al. / Enzyme and Microbial Technology 53 (2013) 97-103

elevated specific growth rate. However, these results showed a
no significant difference between L. plantarum VL103(pMH::pycA)
and L. plantarum VL103(pMH::pycA/mae). Moreover, the suc-
cinic acid yield of L. plantarum VL103(pMH::pckA/mae) was
lower than L. plantarum VL103(pMH::mae) (26.8 vs. 33.2 mM).
The ME catalyze the reversible conversion of malate and
NAD* to pyruvate and NADH. In general, malic enzymes have
a higher affinity toward malate than toward pyruvate [31].
Thus, the L. plantarum VL103(pMH::pckA/mae) and L. plan-
tarum VL103(pMH::pycA/mae) were suggested that malate might
be converted to pyruvate via ME. Furthermore, L. plantarum
VL103(pMH::pycA/pckA) yielded more succinic acid than L. plan-
tarum VL103(pMH::pycA): an increase from 52.5 to 55.7mM,
corresponding to 25.3% of glucose conversion to succinic acid. From
these results, it can be concluded that increased succinic acid yield
in L. plantarum VL103(pMH::pycA/pckA) relative to L. plantarum
VL103(pMH::pycA) was achieved through increased biomass for-
mation, although the mechanism of biomass increase by PEPCK
remain unclear.

The strategies of metabolic engineering in E. coli for succinic acid
production are classified into three main methods: improvement
of substrate transportation, enhancement of pathways directly
involved in the succinic acid production, deletion of pathways
involved in by-product accumulation. These methods and their
combinations are used for succinic acid production in several bacte-
ria and fungi. In this study, combination of deletion of lactate
pathways and enhancement of the carbon fixation enzymes was
performed. The results showed that PC-overexpression was effec-
tive in high succinic acid production, but slowed the growth rate
down. The coexpression of PC and PEPCK was shown to exhibit
increase of succinic acid yield and biomass. Furthermore, our exper-
imental set up is simple and exhibits high usability.

Since the productivity of succinic acid by the currently con-
structed L. plantarum is not comparable to the other producer
microbes, this L. plantarum may not be suitable for industrial pro-
duction of the organic acid. However, LAB can be applied to food
fermentation or used as food additives, while most other succinic
acid-producing microorganisms are not applicable for those pur-
poses. Moreover, the genetic modifications done in this study are
gene deletion and self-cloning, which are food-grade techniques. In
this respect, this metabolically engineered LAB may be appealing
to food industry.

The future developments of this study will consist of knock-
out of the production pathway of byproducts such as acetoin and
formic acid which consume approximately 70% of glucose, regu-
lation of succinic acid and substrate transporters in L. plantarum,
and examination of a range of culture conditions in order to go
a step further in the optimization of succinic acid production by
L. plantarum.

4. Conclusion

In this study, succinic acid production by L. plantarum VL103 was
significantly enhanced through genetic engineering. Overexpress-
ion or coexpression of carbon fixation enzymes has been reported
to improve metabolic flux from glycolysis to the reductive TCA
cycle, resulting in an increase of succinic acid production. Here, we
show that individual overexpression or coexpression of the car-
bon fixation enzymes, PC, PEPCK, and ME, in L. plantarum VL103
resulted in all cases in an improvement of succinic acid production.
We demonstrated that this improvement by PEPCK overexpression
relies on an enhanced biomass formation while PC overexpression
showed the higher succinate yield. By combining both properties
through the coexpression of PEPCK and PC, 25.3% of sugar could be
converted to succinic acid, which is the most efficient rate reported

to date in the context of metabolic engineering of LAB for succinic
acid production.
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