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Succinic acid is a four-carbon dicarboxylic acid produced as one of the fermentation products of anaerobic
metabolism. Based on the complete genome sequence of a capnophilic succinic acid-producing rumen bacte-
rium, Mannheimia succiniciproducens, gene knockout studies were carried out to understand its anaerobic
fermentative metabolism and consequently to develop a metabolically engineered strain capable of producing
succinic acid without by-product formation. Among three different CO,-fixing metabolic reactions catalyzed by
phosphoenolpyruvate (PEP) carboxykinase, PEP carboxylase, and malic enzyme, PEP carboxykinase was the
most important for the anaerobic growth of M. succiniciproducens and succinic acid production. Oxaloacetate
formed by carboxylation of PEP was found to be converted to succinic acid by three sequential reactions
catalyzed by malate dehydrogenase, fumarase, and fumarate reductase. Major metabolic pathways leading to
by-product formation were successfully removed by disrupting the IldhA, pfiB, pta, and ackA genes. This
metabolically engineered LPK7 strain was able to produce 13.4 g/liter of succinic acid from 20 g/liter glucose
with little or no formation of acetic, formic, and lactic acids, resulting in a succinic acid yield of 0.97 mol
succinic acid per mol glucose. Fed-batch culture of M. succiniciproducens LPK7 with intermittent glucose
feeding allowed the production of 52.4 g/liter of succinic acid, with a succinic acid yield of 1.16 mol succinic acid
per mol glucose and a succinic acid productivity of 1.8 g/liter/h, which should be useful for industrial

production of succinic acid.

Succinic acid, also known as butanedioic or amber acid, is a
four-carbon dicarboxylic acid synthesized as an intermediate of
the tricarboxylic acid cycle and also as one of the mixed-acid
fermentation products. There is growing interest in the pro-
duction of succinic acid from renewable resources by microbial
fermentation because succinic acid can be used in numerous
applications (36, 37). Some anaerobic bacteria, such as Anaero-
biospirillum succiniciproducens (6) and Actinobacillus succino-
genes (10), produce succinic acid as a major fermentation prod-
uct of their metabolism. During anaerobic fermentation, the
greenhouse gas CO, is fixed by carboxylation reactions, con-
verting C; to C, metabolites. Although A. succiniciproducens
and A. succinogenes are able to produce relatively more suc-
cinic acid than other microorganisms, concomitant production
of metabolic by-products, such as acetic, formic, and lactic
acids, is problematic because it reduces the succinic acid yield
and makes the purification process difficult and costly.

With an aim to reduce by-product formation, several differ-
ent approaches have been taken. In one example, Guettler et
al. (9) developed a monofluoroacetate-resistant mutant strain
of A. succinogenes that produced less acetic and formic acids
than the parent strain. In other studies, Lee et al. used glycerol
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as a carbon source (22) and supplied hydrogen gas (21) during
fermentation to reduce by-product formation and simulta-
neously enhance succinic acid production by A. succiniciprodu-
cens. However, production of mixed acids still persisted.

Succinic acid production by recombinant Escherichia coli has
also been intensively studied in the last decade (5, 12-14, 31,
34). Successful metabolic engineering of E. coli resulted in
substantial increases in the succinic acid yield and productivity
(5, 12, 13, 24, 28, 31, 34, 35). Vemuri et al. (35) reported an
impressive result, achieving 99 g/liter of succinate by fed-batch
fermentation of recombinant E. coli. However, relatively large
amounts of acetic acid and ethanol were concomitantly pro-
duced, which is a problem to be solved.

Recently, a gram-negative capnophilic bacterium, Mannheimia
succiniciproducens MBELSSE, was isolated from the rumens of
Korean cows (20). M. succiniciproducens was able to produce a
large amount of succinic acid as a major fermentation product
under anaerobic conditions in the presence of CO,. More re-
cently, we reported the complete genome sequence of M. succi-
niciproducens and in silico genome scale metabolic characteristics
(11). The genome scale metabolic-flux analysis showed that phos-
phoenolpyruvate (PEP) carboxylation is a major CO,-fixing step
(Fig. 1), and this flux has a direct relationship with succinic acid
flux in a branched tricarboxylic acid cycle (11). Having the com-
plete genome sequence of M. succiniciproducens in hand, we
examined the possibility of eliminating the by-product formation
by metabolic engineering. Here, we report the strategies for the
metabolic engineering of M. succiniciproducens based on the ge-
nome sequence and construction of an improved succinic acid
producer with reduced by-product formation.
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FIG. 1. Central fermentative metabolic pathways leading to the formation of mixed acids in M. succiniciproducens MBELSSE (solid arrows).
The dashed arrows and parentheses indicate metabolic pathways and isoenzyme genes, respectively, which are not found in M. succiniciproducens
but are found in E. coli K-12 (see Table S1 in the supplemental material). The filled circles indicate the genes disrupted for the characterization
of metabolic-flux redistribution and the construction of a succinic acid overproducer. The boldface arrows indicate major metabolic pathways

leading to succinic acid formation in M. succiniciproducens.

MATERIALS AND METHODS

Strains and media. All strains and plasmids used in this study are listed in
Table 1. E. coli was cultivated in Luria-Bertani (LB) medium (10 g/liter Bacto
tryptone, 5 g/liter yeast extract, and 10 g/liter sodium chloride) at 37°C.
M. succiniciproducens MBELSSE (KCTC 0769BP; Korean Collection for Type
Cultures, Daejeon, Korea) was routinely cultivated in LB medium supplemented
with 10 g/liter of glucose at 37°C. Batch fermentations were carried out at 39°C

(see below). When needed, chloramphenicol (Cm), kanamycin (Km), and spec-
tinomycin (Sp) were added at concentrations of 34, 25, and 50 wg/ml, respec-
tively, for E. coli and 6.8, 25, and 50 pg/ml, respectively, for M. succiniciprodu-
cens.

Plasmids. All restriction enzymes used in this work were purchased from New
England Biolabs (Ipswich, MA). Ex Tag DNA polymerase (Takara, Shiga, Japan)
was used for PCR. Genomic DNA was isolated from M. succiniciproducens

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid

Relevant characteristics

Reference or source

M. succiniciproducens MBELSSE

Bovine rumen isolate

M. succiniciproducens LK ldhA::Km"

M. succiniciproducens LPK IdhA::Km" pfiB::Cm"

M. succiniciproducens LPK2 ldhA::Km" pfiB::Cm" pckA::Sp"

M. succiniciproducens LPK4 ldhA::Km" pfiB::Cm" ppc::Sp*

M. succiniciproducens LPKS ldhA::Km" pfiB::Cm" maeB::Sp"

M. succiniciproducens LPK6 ldhA::Km" pfiB::Cm" fumC::Sp*

M. succiniciproducens LPK7 ldhA::Km" pfiB::Cm" pta-ackA::Sp*

E. coli XL1-Blue Cloning host

pUC18 2.7 kb; Ap'; cloning vector

pUCI19 2.7 kb; Ap"; cloning vector

PACYC184 4.2 kb; Cm" Tet"; chloramphenicol resistance gene
pUC4K 4.0 kb; Ap"” Km'; kanamycin resistance gene
pKmobsacB 5.7 kb; Km" sacB; levansucrase gene

pIC156 4.0 kb; Sp'; spectinomycin resistance gene
pLDHK-sacB 7.8 kb; Ap" Km" sacB; IdhA disruption vector
pPFLC-sacB 8.0 kb; Ap" Cm" sacB; pfiB disruption vector
pPPCS-sacB 7.8 kb; Ap" Sp" sacB; ppc disruption vector
pPCKS-sacB 7.8 kb; Ap" Sp" sacB; pckA disruption vector
PMAES-sacB 8.0 kb; Ap" Sp" sacB; maeB disruption vector
pFUMS-sacB 7.8 kb; Ap" Sp" sacB; fumC disruption vector

pPTAS-sacB 8.0 kb; Ap" Sp" sacB; pta and ackA gene disruption vector
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This study

This study

This study

This study

This study

This study

This study
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TABLE 2. Oligonucleotides used in this study

Name Sequence (5'—=3")" Comments
P1 CAGTGAAGGAGCTCCGTAACGCATCCGCCG Sacl

P2 CTTTATCGAATCTGCAGGCGGTTTCCAAAA Pstl

P3 GTACTGTAAACTGCAGCTTTCATAGTTAGC Pstl

P4 GCCGAAAGTCAAGCTTGCCGTCGTTTAGTG HindIII

P5 TCTAGAAGCT Xbal

P6 GCTCTAGACCTTCTATCGCCTTCTTGACG Xbal

P7 GCTCTAGAGGCTACAAAATCACGGGCGTC Xbal

P8 AGCGGATCCCCTTCTATCGCCTTCTTGACG BamHI

P9 GTCCTGCAGGGCTACAAAATCACGGGCGTC Pstl

P10 CATGGCGGATCCAGGTACGCTGATTTCGAT BamHI

P11 CAAGGATCCAACGGATAAAGCTTTTATTAT BamHI

P12 CTCGAGCCCGGGGTTTAAGGGCACCAATAA Smal

P13 CTCGAGCCCCGGGCTTTGCGCCGAATAAAT Smal

P14 TACGGATCCCCAGAAAATCGCCCCCATGCCGA BamHI

P15 GCTCTAGATATCGTTTGATATTGTTCCGCCACATTTG Xbal, EcoRV
P16 CGGGATCCGATATAAAGCGATGTTCTTGCTTGCCCAAT BamHI

P17 GCTCTAGATATCATTATTGGAAAATATATGAAAATAA Xbal, EcoRV
P18 CGGGATCCACCTGCAGATCACGGGCAATATTC BamHI

P19 GCTCTAGATATCATAATTTTAGTAGCGAATTCCGGCTGCG Xbal, EcoRV
P20 GCTCTAGATATCGACAAATGGGTGGTACCTGCCGATATGG Xbal, EcoRV
P21 GTGGTGGATCCTAAACGTTCCGAAGCCTTGTTATCC BamHI

P22 GCTCTAGATATCCGCAGTATCACTTTCTGCGC Xbal, EcoRV
P23 TCCGCAGTCGGATCCGGGTTAACCGCACAG BamHI

P24 GCTCTAGATATCCGTCAGGAAAGCACCCGCCATAGC Xbal, EcoRV
P25 GGGGAGCTCGTGTGGCGCTGCGGAAGTAAGGCACAAAATC Sacl

P26 GCTCTAGATATCTATGGCGCTATCAAACGTGA Xbal, EcoRV
P27 GGGGAGCTCATTTGTTATACAGATTAAATAATTTTTGCC Sacl

P28 GCTCTAGATATCCGACTACAATCAACGAAGAAATGAAAATG Xbal, EcoRV
P29 GGGGAGCTCACGCCACTTGCGGTTCAATACCGAAACGG Sacl

P30 CCAGTCCATACCGATTTCCTGTGCGAGCTC Sacl

P31 GCTCTAGATATCTGCAGGAACCTGCACTTCACCCATAG Xbal, EcoRV
P32 GGGGAGCTCGCTAACTTAGCTTCTAAAGGCCATGTTTCC Sacl

P33 GCTCTAGATATCCGGGTCAATATCGCCGCAAC Xbal, EcoRV
P34 GCTCGCCCGGGGATCGATCCTCTAGAGT Smal

P35 CCCCCCCGGGCCGACAGGCTTTGAAGCATG Smal

P36 GACGTTTCCCGTTGAATATGGC KmR 5" end

P37 CATTGAGGCGTATTATCAGGAAAC ldhA upstream
P38 GCAGTTTCATTTGATGCTCGATG KmR 3’ end

P39 CCTCTTACGATGACGCATCTTTCC ldhA downstream
P40 GGTGGTATATCCAGTGATTTTTTTCTCCAT CmR 5' end

P41 CTTTGCAACATTATGGTATGTATTGCCG PfiB upstream
P42 TACTGCGATGAGTGGCAGGGCGGGGCGTAA CmR 3’ end

P43 CCCCAGCATGTGCAAATCTTCGTCAC pfiB downstream
P44 TCAAATTGCTCATGATTTCACCTCGTTG SpR 5" end

P45 GATCCAGGGAATGGCACGCAGGCTTTCAACGCCGCC ppc upstream
P46 GGCTATCGGGGAGAGTGTGATGATAAGTGG SpR 3" end

P47 GCAAAGCCAGAGGAATGGATGCCATTAACCAATAGCG ppc downstream
P48 GGCGTATTTCAGGCAGACGTAGGCGATGCAACCGAC pckA upstream
P49 GCTTTACCGCCATCTTGGACTAAGGTTGCGGCAAG pckA downstream
P50 GAGCAGATTTGCCGCGCCTTTGAGCGGACTGTCAGGC maeB upstream
P51 GGTTTGCGCCCGTAGCTATCGCCCACCGGTCCCCAG maeB downstream
P52 CGATACCCTGTGCCGCTCGTGCCGAAAGCTTGGCGG fumC upstream
P53 GCGGTGTAGGTTTGGGCGGTTATTGGGCTGAGCGGG fumC downstream
P54 GCTGCCAAACAACCGAAAATACCGCAATAAACGGC pta-ackA upstream
P55 GCAACGCGAGGGTCAATACCGAAGGATTTCGCCG pta-ackA downstream

“ Restriction sites are underlined.

MBELSSE using a Wizard Genomic DNA Purification Kit (Promega, Madison,
WI). The oligonucleotides used in this study are listed in Table 2. An ldhA
gene disruption vector containing two homologous regions was constructed as
follows. PCR was performed with oligonucleotide primers P1 and P2 using
the genomic DNA of M. succiniciproducens as a template. The PCR product
was digested with SacI and PstI and ligated into the Sacl-PstI-digested
pUC18 to make pLDHI1 (see Fig. S1 in the supplemental material). Similarly,
the PCR product obtained with primers P3 and P4 was digested with PstI and
HindIII and ligated into the PstI-HindIII-digested pLDH1 to make pLDH12.
The PstI-digested Km resistance gene cassette from pUC4K was inserted into

the Pstl-digested pLDH12 to make pLDH1K2. Linker P5 was inserted into
Sacl-digested pPLDH1K2 to make a new Xbal site in the plasmid. To amplify
the sacB gene, PCR was carried out using pKmobsacB (29) as a template and
the oligonucleotide primers P6 and P7. Finally, the PCR product was digested
with Xbal and inserted into the Xbal site of pPLDH1K2 to make pLDHK-sacB
for knocking out the IdhA gene (see Fig. S1 in the supplemental material).

To make a pfiB gene disruption plasmid, the sacB gene was amplified with
primers P8 and P9, digested with PstI and BamHI, and ligated into the PstI-
BamHI-digested pUC19 to make pUC19-sacB. PCR was performed with primers
P10 and P11 using the genomic DNA of M. succiniciproducens as a template. The
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PCR product was digested with BamHI and ligated into the BamHI-digested
pUC19-sacB to make pPFL12-sacB. To amplify a Cm resistance gene, PCR was
performed with primers P12 and P13 using pACYC184 as a template. The
Smal-digested Cm resistance gene cassette was ligated into the Bst1107I-di-
gested pPFL12-sacB to make pPFLC-sacB (see Fig. S2 in the supplemental
material). To make the ppc, pckA, maeB, fumC, and pta-ackA gene disruption
vectors, PCRs were performed with the primer pairs P14-P15, P16-P17, P18-P19,
P20-P21, and P22-P23, respectively, using the genomic DNA of M. succinici-
producens as a template. The PCR products were subsequently digested with
Xbal and BamHI and cloned into the Xbal-BamHI sites of pUC19 to make
pPPC1, pPCK1, pMAEI, pFUMI, and pPTA1, respectively. Then, PCR prod-
ucts obtained with primer pairs P24-P25, P26-P27, P28-P29, P30-P31, and P32-
P33 were digested with Xbal and Sacl and cloned into the Xbal-Sacl sites
of pPPC1, pPCK1, pMAE1, pFUMI, and pPTA1 to make pPPC12, pPCK12,
pPMAEI12, pFUM12, and pPTA12, respectively. The Sp resistance gene cassette
was amplified from pIC156 (30) using primers P34 and P35, digested with Smal,
and inserted into the EcoRV sites of pPPC12, pPCK12, pMAE12, pFUM12, and
pPTAI12 to make pPPC1S2, pPCK1S2, pMAE1S2, pFUMI1S2, and pPTA1S2,
respectively. The orientation of Sp resistance genes in these plasmids was con-
firmed by PCR. Finally, the SacI-BamHI-digested DNA fragments of pPPC1S2,
pPCK1S2, pMAE1S2, pFUMI1S2, and pPTA1S2 were cloned into the Sacl-
BamHI sites of pUC19-sacB to make pPPCS-sacB, pPCKS-sacB, pMAES-sacB,
pFUMS-sacB, and pPTAS-sacB, respectively (see Fig. S2 in the supplemental
material).

Gene knockouts. M. succiniciproducens MBELSSE was grown to an optical
density at 600 nm (ODy) of 0.25. Cells from 100 ml of broth were harvested and
washed twice with cold 10% (vol/vol) glycerol solution and resuspended in 1 ml
of 10% (vol/vol) glycerol solution. Competent cells (50 wl) were mixed with 10 .l
of plasmid DNA (5 ng/ul) isolated from E. coli XL1-Blue. Electroporation was
performed using a Gene Pulser (Bio-Rad, Hercules, CA; 1.8 kV, 200 (), and 25
wF) and a 0.1-cm electrode gap cuvette (Bio-Rad). After incubation in 1 ml of
LB broth containing 10 g/liter glucose at 37°C for 1.5 h, the cells were spread on
an LB agar plate containing 10 g/liter glucose and 25 mg/liter of Km, 6.8 mg/liter
of Cm, or 50 mg/liter of Sp, depending on the suicide vector employed. After
incubation at 37°C for 48 h, transformants were randomly selected and trans-
ferred twice onto an LB agar plate containing 100 g/liter of sucrose and antibi-
otics as indicated above. Finally, several candidates were grown in LB medium
containing 10 g/liter glucose, and their genomic DNAs were isolated for the
confirmation of gene inactivation as follows. Disruption of the /dhA gene by
double crossover was confirmed by PCRs using primer pairs P36-P37 and P38-
P39. Primers P37 and P39 are located outside the cloned sequence in the
pLDHK-sacB vector, and primers P36 and P38 are located in the Km resistance
gene. Inactivation of the pfIB gene by allelic exchange was confirmed by PCRs
using primer pairs P40-P41 and P42-P43. Primers P41 and P43 are located
outside the cloned sequence in the pPFLC-sacB vector, and primers P40 and P42
are located in the Cm resistance gene. Similarly, inactivation of the ppc, pckA,
maeB, fumC, and pta-ackA genes was confirmed by PCRs using primer pairs
P44-P45 and P46-P47, P44-P48 and P46-P49, P44-P50 and P46-P51, P44-P52 and
P46-P53, and P44-P54 and P46-P55, respectively (Table 1).

Fermentation. M. succiniciproducens cells were routinely cultivated anaerobi-
cally in sealed bottles containing 250 ml of MH3 medium plus 5 g/liter of glucose
and 1 mg/ml of Na,S - 9H,0 under a CO, atmosphere. MH3 medium contains
(per liter) 2.5 g polypeptone, 2.5 g yeast extract, 3 g K,HPO,, 1 g NaCl, 1 g
(NH,4),S0,, 0.2 g CaCl, - 2H,0, 0.2 g MgCl, - 6H,0, and 3 g MgCOj;. Batch
cultures were carried out in a 6.6-liter Bioflo 3000 fermentor (New Brunswick
Scientific Co., Edison, NJ) containing 2.25 liters of modified MH3 (MMH3)
medium plus 20 g/liter glucose. MMH3 medium contains (per liter) 5 g yeast
extract, 1.25 g NaCl, 0.4 g CaCl, - 2H,0, 0.4 g MgCl, - 6H,0, 5.02 g K,HPO,,
and 2.87 g KH,PO,. Fermentations were carried out at the optimal temperature
of 39°C as reported previously (20). The pH was adjusted to 6.5 using 28%
(vol/vol) ammonia solution. Foaming was controlled by the addition of Antifoam
289 (Sigma, St. Louis, MO). CO, gas, scrubbed free of oxygen by passing it
through an oxygen trap (Agilent, Waldbronn, Germany), was sparged through-
out the fermentation at a flow rate of 0.25 vol/vol/min. Agitation speed was
controlled at 200 rpm. Fed-batch culture was carried out under the same con-
ditions as batch cultures, using MMH3 medium containing 63 g/liter of glucose.
A concentrated solution containing 700 g/liter glucose and 20 g/liter MgSO, -
7H,0 was fed into the fermentor using a peristaltic pump (Cole-Parmer, Vernon
Hills, IL) when the glucose concentration in the fermentor decreased to ca. 30
g/liter, in order to maintain the glucose concentration at 30 to 45 g/liter.

Analytical procedures. The concentrations of glucose and organic acids were
determined by high-performance liquid chromatography (ProStar 210; Varian,
Palo Alto, CA) equipped with UV/visible-light (ProStar 320; Varian, Palo Alto,
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CA) and refractive index (Shodex RI-71, Tokyo, Japan) detectors. A MetaCarb
87H column (300 by 7.8 mm; Varian) was eluted isocratically with 0.01 N H,SO,
at 60°C at a flow rate of 0.6 ml/min. Cell growth was monitored by measuring the
ODg using an Ultrospec 3000 spectrophotometer (Pharmacia Biotech, Upp-
sala, Sweden). The cell concentration, defined as grams dry cell weight per liter,
was calculated from the predetermined standard curve relating the ODg to dry
weight (an ODg, of 1 = 0.451 g dry cell weight/liter).

RESULTS

Development of the gene knockout method. Since appropri-
ate genetic tools and plasmid vectors for engineering M. suc-
ciniciproducens were not available, we first developed a gene
knockout method. Using pUCI19 as a backbone plasmid, sui-
cide vectors having the sacB gene, which has been used as a
counterselectable marker (26) in many gram-negative bacteria
and several gram-positive Corynebacterium species, were con-
structed to completely remove the functional open reading
frames of the genes of interest from the chromosome.

The strategy employed for inactivating the /dhA and pfiB
genes, as examples, is depicted in Fig. 2. After the transforma-
tion of the plasmid pLDHK-sacB, cells that integrated the
plasmid into the chromosome by single crossover were selected
in a medium containing Km and glucose. Two types of inte-
gration, upstream and downstream of the IdhA gene, are pos-
sible, as shown in Fig. 2. Among the cells with the first cross-
over, those that lost the ldhA gene by the second crossover were
selected in a medium containing Km and sucrose. Wild-type M.
succiniciproducens has an invertase gene and can utilize su-
crose as a carbon source. However, recombinant cells with the
sacB gene cannot survive on high-sucrose medium, due to the
accumulation of a levan polymer synthesized from sucrose by a
levansucrase (encoded by the sacB gene). Cells that failed to
remove the gene replacement plasmid containing the sacB
gene by double crossover lysed on the agar plate containing a
high concentration of sucrose.

The candidates with the /dhA gene disrupted were confirmed
by PCRs using two primer pairs, P36-P37 and P38-P39. For the
further inactivation of the pfiB gene, the LK strain with the
ldhA gene disrupted was transformed with pPFLC-sacB. Cells
harboring the plasmid in their chromosome by the first
crossover were selected in a medium containing Cm and
glucose. Cells with the second crossover were selected in a
medium containing Cm and sucrose. The candidates with
pfiB inactivated were confirmed by PCRs using two oligo-
nucleotide pairs, P40-P41 and P42-P43. As a result, the LPK
strain with /dhA-pflB disrupted was constructed. From this
LPK strain, LPK2, LPK4, LPKS5, LPK6, and LPK?7 strains
were similarly constructed using plasmids pPCKS-sacB,
pPPCS-sacB, pMAES-sacB, pFUMS-sacB, and pPTAS-sacB,
respectively. The respective transformants were selected in a
medium containing Sp and glucose for the first crossover, fol-
lowed by selection for the second crossover in a medium con-
taining Sp and sucrose. The final knockout candidates were
confirmed by PCRs using the primer sets listed in Table 2 (see
also Materials and Methods).

Effects of disrupting the IdhA and pflB genes. The genes
responsible for the formation of acetic, formic, lactic, and
succinic acids in M. succiniciproducens MBELSSE were se-
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pLDHK-sacB and pPFLC-sacB, which contain the counterselectable levansucrase gene (sacB).
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lected from a functionally annotated genome database (15).
The genes coding for the enzymes involved in the mixed-acid
fermentative metabolism of M. succiniciproducens were com-
pared with the known genes of E. coli K-12 (see Table S1 in the
supplemental material). The key enzymes present in E. coli,
but not in M. succiniciproducens, include a glucose-specific
phosphotransferase system (PTS), NAD “-dependent malic
enzyme, membrane-associated malate dehydrogenase, fuma-
rases A and B, pyruvate kinase I, pyruvate oxidase, and acetyl-
coenzyme A synthetase (see Table S1 in the supplemental
material). Our recent study suggested that M. succiniciprodu-
cens does not utilize the PTS for glucose uptake; rather, it
possesses a glucokinase activity to transfer phosphate from
ATP to glucose (23). The metabolic pathways leading to the
formation of succinic acid and other organic acids in M. suc-
ciniciproducens under anaerobic condition are shown in Fig. 1.

Batch cultivation of wild-type M. succiniciproducens in
MMH3 medium containing 22.5 g/liter glucose resulted in the
production of 10.5 g/liter succinic acid, 4.96 g/liter acetic acid,
4.10 g/liter formic acid, and 3.47 g/liter lactic acid (Fig. 3A). In
order to eliminate the formation of by-products, the genes
responsible for the formation of acetic, formic, and lactic acids
were sequentially knocked out. First, the IdhA gene was dis-
rupted to prevent lactic acid formation. Anaerobic fermenta-
tion of the IldhA-deficient M. succiniciproducens LK strain
showed much less lactic acid formation. Concomitantly, the
final succinic acid concentration and yield increased to 12.0

g/liter and 0.90 mol succinic acid per mol glucose (Fig. 3B).
Next, the pfIB gene was additionally inactivated with an aim to
eliminate the formation of acetic and formic acids. The forma-
tion of formic acid was completely eliminated (Fig. 3C). Pro-
duction of acetic acid was significantly reduced in the LPK
strain but still persisted. This suggests that there are other
metabolic pathways contributing to the formation of acetic
acid. Due to the inactivation of the major pyruvate dissimila-
tion pathways and limited reducing power in the LPK strain,
3.26 g/liter of pyruvic acid and 1.95 g/liter of malic acid were
produced. Also, the specific growth rate of the LPK strain
(0.33 h™') was lower than those of the wild-type strain
(0.88 h™') and the LK strain (0.59 h™!). Nonetheless, it is
notable that succinic acid formation increased to a final con-
centration of 13.4 g/liter with no formic acid and much less
lactic acid production as a result of the /dhA and pfiB inacti-
vation (Fig. 3C). The succinic acid yield was 0.97 mol succinic
acid per mol glucose (0.63 g succinic acid per g glucose).
Comparison of three CO,-fixing pathways. Since succinic
acid is a four-carbon dicarboxylic acid, carboxylation of PEP or
pyruvate is an important step in its production. Three enzymes,
PEP carboxylase (ppc) (18), PEP carboxykinase (pckA) (7),
and malic enzyme (maeB) (4, 17), were considered to be re-
sponsible for the carboxylation of PEP or pyruvate in M.
succiniciproducens. To examine which enzyme plays the most
important role in C5-C, conversion, the maeB, ppc, and pckA
genes of M. succiniciproducens were separately disrupted in the
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LPK strain. The LPKS strain with ldhA-pflB-maeB inactivated
showed fermentation patterns similar to that of its parent LPK
strain (Fig. 3C and 4A). The LPK4 strain with /dhA-pfiB-ppc
inactivated also showed a fermentation profile (Fig. 4B) similar
to those of the LPK and LPKS strains, except that it consumed
glucose much more rapidly and produced more pyruvate (3.79
g/liter) and less acetic acid (1.36 g/liter). On the other hand,
the LPK2 strain with ldhA-pflB-pckA inactivated showed very
slow growth during the entire period of anaerobic fermenta-
tion, resulting in a significant decrease in succinic acid produc-
tivity (Fig. 4C and Table 3). These observations suggest that
PEP carboxykinase encoded by the pckA gene plays the most
important role in both anaerobic growth of M. succiniciprodu-
cens and efficient succinic acid production. Furthermore, the
LPK®6 strain, which is the LPK strain with fumC inactivated,
could not grow under anaerobic conditions (data not shown),
which suggests that formation of succinic acid is essential for
the growth of the M. succiniciproducens LPK strain under an-
aerobic conditions. To our knowledge, this is the first report to
present direct experimental evidence that the carbon flux effi-
ciently flows from PEP to succinic acid via oxaloacetate,
malate, and fumarate by metabolic pathways comprised of PEP
carboxykinase, malate dehydrogenase, fumarase, and fumarate
reductase in anaerobic succinic acid fermentation (Fig. 1).

Reducing acetic acid production. Inactivation of the ldhA
and pfiB genes almost completely blocked the formation of
lactic and formic acids, but not acetic acid. With an aim to
eliminate acetic acid formation, presumably contributed by
unknown metabolic pathways, two key enzymes, phosphotrans-
acetylase and acetate kinase, were further inactivated in the
LPK strain to make the LPK7 strain. Acetic acid production
was almost completely blocked in the LPK7 strain (Fig. 3D).
The mass ratio of succinic acid to acetic acid and the succinic
acid yield on glucose at the end of fermentation were 11.98-
and 1.42-fold, respectively, higher than those obtained with a
wild-type strain (Table 4). However, cell growth was somewhat
negatively affected, presumably due to the shortage of ATP,
which otherwise could be supplied by an acetate kinase reac-
tion (Fig. 1). As observed with the LPK strain, pyruvic and
malic acids were accumulated during the fermentation of the
LPKY7 strain, reaching 2.47 and 2.62 g/liter, respectively, at the
end of fermentation (Table 4). They were not further con-
verted to succinic acid even after prolonged fermentation (data
not shown).

Fed-batch fermentation. Fed-batch fermentation of the M.
succiniciproducens LPK7 strain was performed to achieve

TABLE 3. Effects of disruption of major CO,-fixing enzymes in succinic acid fermentation by M. succiniciproducens

Concn of fermentation products (g/liter [mM])

Maximum volumetric

Specific growth succinic acid

Strain L . S . . . rate (h™") productivity
Succinic acid Acetic acid Formic acid Lactic acid Malic acid Pyruvic acid (g/liter/h)
LPK 13.42 (113.63) 2.06 (34.30) ND“ 0.37 (4.05) 1.95 (14.54) 3.26 (36.97) 0.33 1.59
LPK2 5.74 (48.57) 1.32 (21.98) ND 0.30 (3.33) 0.60 (4.48) 1.02 (11.58) 0.04 0.11
LPK4 11.77 (99.68) 0.74 (12.35) ND 0.19 (2.09) 2.55(19.02) 4.83 (54.87) 0.40 1.98
LPKS 11.72 (99.25) 1.36 (22.68) 0.09 (1.89) 0.29 (3.23) 2.12 (15.84) 3.79 (43.00) 0.38 1.48

“ND, not detected.
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the PEP carboxylation reaction catalyzed by PEP carboxy-
kinase produces ATP, which is not produced in the PEP carbox-
ylase reaction. Kim et al. (19) reported that the overexpression
of the A. succinogenes pckA gene resulted in enhanced succinic
acid production in a ppc-negative E. coli strain. Second, the
formation of other fermentation products is much less than for
other wild-type microorganisms when PEP carboxylation is
used. This is because pyruvate can be readily converted to
acetic, formic, and lactic acids by pyruvate formate lyase and
lactate dehydrogenase. Furthermore, the M. succiniciprodu-
cens LPK strain with ldhA-pfiB disrupted showed much less of
a growth defect than E. coli with IdhA-pfIB disrupted, which
showed almost no growth (32). This suggests that pyruvate
dissimilation is not essential in the anaerobic cultivation of
M. succiniciproducens, which is different from most micro-
organisms, including E. coli.

To further understand the carbon flux distributions, carbon
recovery was calculated from the measured carbon content
present in the form of organic acids in the culture broth (Table
4). Since the exact amounts of CO, fixation could not be
determined, the carbon recovery values were given in ranges;
the lower limit was calculated by assuming that all CO, used
in the PEP carboxylation reaction was provided externally,
while the higher limit was calculated by assuming that all CO,
was generated inside the cell. Obviously, the actual carbon
recovery value will be within this range. The highest fraction of
carbon from glucose was converted to succinic acid in all fer-
mentations, supporting the notion that M. succiniciproducens is
one of the most promising succinic acid producers. The LPK7
strain with ldhA, pflB, and pta-ackA disrupted showed a dra-
matic increase in carbon recovery in the form of succinic acid
(between the lower limit of 51% and the higher limit of 68%)
at the expense of acetic, formic, and lactic acids. Furthermore,
carbon recovery as succinic acid increased to 58% to 77% by
fed-batch culture of LPK7.

The most notable development in this study was nearly com-
plete elimination of common fermentation by-products, acetic,
formic, and lactic acids. Since M. succiniciproducens does not
possess the poxB and acs genes, the major acetic-acid-forming
enzymes are phosphotransacetylase and acetate kinase, en-
coded by the pta and ackA genes, respectively (Fig. 1). How-
ever, a small amount of acetic acid (less than 0.53 g/liter) was
still produced in the LPK?7 strain, which lacks the pta and ackA
genes. Bulter et al. (3) reported that E. coli still produced
acetic acid even though all the enzymes encoded by the pta, acs
and poxB genes responsible for acetic acid formation were
simultaneously knocked out. This was attributed to known and
unknown amino acid and fatty acid metabolism. Production of
a small amount of acetic acid in M. succiniciproducens strain
LPK7 seems to be due to the same reason. This could be
supported by the finding that M. succiniciproducens possesses
the cysK and argE genes, the products of which can form acetic
acid in amino acid metabolism.

M. succiniciproducens possesses the adhE and adhC genes,
which are known to be responsible for ethanol formation. They
were highly similar to those of E. coli in amino acid sequence
(see Table S1 in the supplemental material). When M. succi-
niciproducens was cultivated in a medium containing mannitol
as the sole carbon source, a substantial amount of ethanol was
produced (20), which certainly indicates the existence of eth-
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anol-forming enzymes in the bacterium. However, ethanol for-
mation was not observed when M. succiniciproducens was cul-
tured on glucose, which is different from E. coli. Even though
the reason for this phenomenon is not clear, the following
explanation can be suggested. M. succiniciproducens does not
use the PTS for glucose uptake (23) but uses a highly con-
served mannitol-specific PTS for the uptake of mannitol. The
mannitol-specific PTS gene is located upstream of the manni-
tol-1-phosphate dehydrogenase gene (mfID) in the genome
(see Table S1 in the supplemental material). When mannitol is
used as a carbon source, pyruvate is formed during its trans-
port. This might increase the intracellular concentration of
pyruvate, which is subsequently converted to acetic acid and
ethanol using the surplus reducing power generated by man-
nitol-1-phosphate dehydrogenase. Conversely, ethanol forma-
tion is not observed when glucose is used as a carbon source
because of the limited pyruvate formation in M. succiniciprodu-
cens.

It was found that the metabolic intermediates pyruvic and
malic acids were excreted when the major pyruvate-dissimilat-
ing enzymes lactate dehydrogenase and pyruvate formate lyase
were simultaneously knocked out (as in strains LPK and
LPK?7). Pyruvate is formed from PEP by pyruvate kinase, en-
coded by the pykA gene, because the pykF and ptsG genes are
not found in M. succiniciproducens. M. succiniciproducens
seems to operate this reaction to produce the pyruvate and
ATP required for cell growth. This was supported by the find-
ing that the pyruvic acid concentration increased with cell
growth and remained constant after cell growth stopped (Fig.
3C and D and 4A). Also, pyruvate can be formed from malate
by malic enzyme (maeB). In E. coli and Corynebacterium glu-
tamicum, the malic enzymes preferably convert malate to pyru-
vate, because the K,,, values for malate and pyruvate are 0.4
and 16 mM and 3.8 and 13.8 mM, respectively (8, 12). Succinic
acid is a highly reduced metabolite requiring four electrons per
molecule. Excretion of pyruvic and malic acids in strains LPK
and LPK7 suggests that cells are limited in reducing power for
the formation of succinic acid.

Genome-based metabolic engineering allowed the develop-
ment of an improved succinic acid producer with much re-
duced by-product formation. It is of course desirable to elim-
inate the production of pyruvic and malic acids to make a
homofermentative succinic acid producer, which is our next
goal. However, it should be mentioned that the separation of
succinic acid from pyruvic and malic acids is much easier than
with acetic, formic, and lactic acids. Huh et al. (16) reported
that the amine-based extraction of succinic acid from fermen-
tation broth is the most effective and economical method. A
preliminary study using this method suggested that succinic
acid can be purified much more efficiently when pyruvic and
malic acids, rather than acetic, formic, and/or lactic acids, are
present together (results not shown).

The succinic acid yield obtained by fed-batch culture was
1.16 mol succinic acid per mol glucose, which can be further
increased by making more reducing power available and elim-
inating the formation of pyruvic and malic acids. Additional
reducing power can be provided by directly supplying hy-
drogen gas (21), by using more reduced sugar as a carbon
source (33), or by introducing or amplifying the enzymes
that generate reducing power (1, 2). Also, coexpression of
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the sfcA (or maeB) gene encoding malic enzyme (12, 31)
and/or the pyc gene encoding pyruvate carboxylase (27, 34)
can be considered for the efficient conversion of pyruvate to
C, metabolite. The addition of a CO, source, such as
MgCOs, to the culture medium can further increase succinic
acid formation. We did not add it in this study to avoid the
formation of precipitates and thus to obtain more reproduc-
ible fermentation data, such as the ODyy,.

In summary, the anaerobic fermentative metabolic charac-
teristics of M. succiniciproducens were deciphered by genome-
based metabolic engineering studies. Due to the lack of suit-
able genetic tools and plasmid vectors, the strategy of deleting
the target genes from the chromosome was employed. An
improved succinic acid producer could be developed by sys-
tematically disrupting the ldhA, pfiB, pta, and ackA genes in the
chromosome, which resulted in much reduced formation of
common fermentation by-products.
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