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Lowering the pH in bacterium-based succinate fermentation is considered a feasible approach to reduce total production costs.
Newly isolated Enterobacter aerogenes strain AJ110637, a rapid carbon source assimilator under weakly acidic (pH 5.0) condi-
tions, was selected as a platform for succinate production. Our previous work showed that the AadhE/PCK strain, developed
from AJ110637 with inactivated ethanol dehydrogenase and introduced Actinobacillus succinogenes phosphoenolpyruvate car-
boxykinase (PCK), generated succinate as a major product of anaerobic mixed-acid fermentation from glucose under weakly
acidic conditions (pH <6.2). To further improve the production of succinate by the AadhE/PCK strain, metabolically engineered
strains were designed based on the elimination of pathways that produced undesirable products and the introduction of two
carboxylation pathways from phosphoenolpyruvate and pyruvate to oxaloacetate. The highest production of succinate was ob-
served with strain ES04/PCK+PYC, which had inactivated ethanol, lactate, acetate, and 2,3-butanediol pathways and coex-
pressed PCK and Corynebacterium glutamicum pyruvate carboxylase (PYC). This strain produced succinate from glucose with
over 70% yield (gram per gram) without any measurable formation of ethanol, lactate, or 2,3-butanediol under weakly acidic
conditions. The impact of lowering the pH from 7.0 to 5.5 on succinate production in this strain was evaluated under pH-con-
trolled batch culture conditions and showed that the lower pH decreased the succinate titer but increased its yield. These find-
ings can be applied to identify additional engineering targets to increase succinate production.

here is an increasing interest in bio-based chemicals from re-

newable carbon sources because of the increasing price of pe-
troleum and the negative impact of petrochemical production on
the environment (1, 2). Succinate, a C,-dicarboxylic acid, which is
an intermediate metabolite in the tricarboxylic acid cycle, is po-
tentially useful as a chemical precursor for many commodity
chemicals, such as y-butyrolactone, tetrahydrofuran, and 1,4-bu-
tanediol. These chemicals can, in turn, be converted into a wide
variety of products, such as green solvents, pharmaceuticals, and
biodegradable plastics (3, 4). Lowering the pH of microbial cul-
tures has been considered a feasible approach to reducing the total
costs of succinate production by limiting the use of alkali and acids
in the fermentation and recovery processes (5, 6). Although an-
aerobic succinate production by Escherichia coli, Corynebacterium
glutamicum, Actinobacillus succinogenes, and Anaerobiospirillum
succiniciproducens has been studied with pHs ranging from 6.0 to
7.0 (7-9), few studies have focused on the effect of weakly acidic
pH (pH <6.0) on succinate production by bacteria. This is be-
cause these bacteria are sensitive to acidic stress and are unable to
grow and assimilate carbon sources effectively under weakly acidic
conditions (10, 11). One potential solution to this limitation is to
develop a new platform for producing succinate by using bacteria
that are inherently adapted to acidic conditions (12). Such studies
have the potential to advance bacterium-based succinate produc-
tion processes.

Enterobacter aerogenes can rapidly assimilate carbon sources,
such as glucose and glycerol, under moderately acidic condi-
tions (pH <6.0), and it effectively produces biofuels, such as
2,3-butanediol, hydrogen, and ethanol, under anaerobic con-
ditions (13-16). Recently, the whole genome sequence of E. aero-
genes KCTC2190 was determined (17). Thus, the anaerobic cen-
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tral pathways involved in ethanol, lactate, 2,3-butanediol, and
succinate formation can be predicted. The availability of this in-
formation provided the incentive to evaluate the suitability of this
organism as a platform for succinate production under weakly
acidic and anaerobic conditions.

A newly isolated E. aerogenes strain, AJ110637, that more rap-
idly consumed glucose under anaerobic conditions (pH 5.0) than
did the well-characterized ATCC 13048 strain was selected as the
platform strain. This strain was used to construct the AadhE/PCK
strain, which has inactivated alcohol dehydrogenase (ADH) and
introduced Actinobacillus succinogenes phosphoenolpyruvate car-
boxykinase (PCK). The AadhE/PCK strain produced succinate
from glucose with a 60% yield under weakly acidic (pH <6.2) and
anaerobic conditions (18). Compared with previously con-
structed E. coli succinate producers, such as KJ122 and KJ134,
whose yields are near theoretical (19), the succinate titer and yield
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FIG 1 Pathways involved in ethanol, 2,3-butanediol, lactate, acetate, and formate (thin arrows), as well as succinate synthesis (thick arrows), in E. aerogenes.
Broken arrows indicate exogenous pyruvate carboxylase and PEP carboxykinase from C. glutamicum and A. succinogenes, respectively. The gene names or locus
symbols are shown in parentheses. PCK, PEP carboxykinase; PYC, pyruvate carboxylase; MDH, malate dehydrogenase; Fum, fumarase; FRD, fumarate reduc-
tase; LDH, D-lactate dehydrogenase; PFL, pyruvate formate-lyase; FHL, formate hydrogen lyase; a-ALS, a-acetolactate synthase; a-ALDC, a-acetolactate
decarboxylase; AR, acetoin reductase; ACDH, acetaldehyde dehydrogenase; ADH, alcohol dehydrogenase; PTA, phosphate acetyltransferase; ACK, acetate

kinase; PPS, PEP synthetase.

from the AadhE/PCK strain is lower and needs to be improved
with further metabolic engineering applications.

One metabolic modification often used to improve succinate
production in various bacteria is the elimination of pathways that
compete with succinate synthesis and yield undesirable products
(19-21). Differences in anaerobic metabolism between E. aero-
genes and well-studied succinate producers, such as E. coli and C.
glutamicum, indicate that the target pathways that should be inac-
tivated for improvement of succinate production in E. aerogenes
are different from those in E. coli and C. glutamicum (22-25). An
optimal strategy for improvement of succinate production by E.
aerogenes remains to be determined but is important to better
understand the anaerobic metabolism of this organism.

A general strategy to increase succinate synthesis is to enhance
the carboxylation pathways (26-28). In particular, the introduc-
tion of two carboxylation pathways from phosphoenolpyruvate
(PEP) and pyruvate to oxaloacetate (OAA) effectively stimulates
succinate production (Fig. 1). For example, coexpression of Sor-
ghum vulgare PEP carboxylase (PPC) and Lactococcus lactis pyru-
vate carboxylase (PYC) in E. coli increased succinate production
to a greater extent than expression of either pathway alone (29). In
the present study, based on these strategies, we generated strain
ES04/PCK+PYC, with genes adhE, IdhA, pta, and budA deleted
and with a new coexpression system involving A. succinogenes
PCK and C. glutamicum PYC introduced. This strain produced
succinate from glucose with over 70% yield without the formation
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(i.e., below 0.1 g/liter) of ethanol, lactate, or 2,3-butadiol under a
weakly acidic condition. This strain was also used to investigate
the impact on succinate production of lowering the pH from 7.0
to 5.5.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Details of the strains
and plasmids used in this study are summarized in Table 1. E. aerogenes
AJ110637 was deposited at the International Patent Organism Deposi-
tory, Agency of Industrial Science and Technology (Japan), under acces-
sion no. FERM P-21348 (45). The deposit was converted to an interna-
tional deposit and assigned receipt no. FERM BP-10955 (18). Plasmids
were introduced into E. coli and E. aerogenes by electrotransformation.
Both E. coli and E. aerogenes were grown in Luria-Bertani (LB) medium at
37°C. When needed, 50 mg/liter kanamycin or 40 mg/liter chloramphen-
icol was added to select transformants and to maintain the plasmids.
Disruption of IdhA, pta, and budA genes. To disrupt the IdhA, pta,
and budA genes, the N Red gene knockout system was used with the Red-
recombineering helper plasmid pRSFRedTER (18, 30, 31) (see Fig. S1A in
the supplemental material). A removable kanamycin resistance gene
flanked by attL, and attR, was amplified with AldhA-attL/AldhA-attR,
Apta-attL/Apta-attR, and AbudA-attL/AbudA-attR primers containing
60-nucleotide (nt) sequences homologous to the target region at the 5’
end of the chromosome. The pMW-attL, -Km"-attR, plasmid was used as
the DNA template (30, 31). Replacement of the target genes on the chro-
mosome with the attL,-Km"-attR, fragment was confirmed by PCR using
AldhA-CF/AldhA-CR, Apta-CF/Apta-CR, and AbudA-CF/AbudA-CR as
primers. To remove pRSFRedTER from the marker strains, the strains
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TABLE 1 Microbial strains and plasmids used in this study

Succinate Production by Enterobacter aerogenes

Strains or plasmid Description

Antibiotic resistance® Reference or source

Strains
AJ110637 Isolated wild-type strain (FERM BP-10955) 18
AadhE mutant AJ110637 AadhE Km 18
ES02 AJ110637 AadhE AldhA Km This work
ES03 AJ110637 AadhE AldhA Apta Km This work
ES04 AJ110637 AadhE AldhA Apta AbudA Km This work
Plasmids
pKD46 \ Red-expressing plasmid Ap 30
pRSFRedTER Broad-host-range A Red-expressing plasmid Cm 31
pMW-attL, -Km"-attR, Cassette for gene disruption containing kanamycin resistance gene Km 31
pMW-intxis-ts \ Int/Xis-expressing plasmid Ap 32,33
pRSE-P,,-IX Broad-host-range A Int/Xis-expressing plasmid Cm This work
pSTV28 Plasmid vector with a replication origin of pACYC184 Cm TaKaRa BIO
pSTV28-pyc Plasmid for expression of pyc from C. glutamicum Cm 18
pSTV28-pck Plasmid for expression of pck from A. succinogenes Cm 18
pSTV28-pck-pyc Plasmid for coexpression of A. succinogenes pck and C. glutamicum pyc Cm This work

“ Km, kanamycin; Ap, ampicillin; Cm, chloramphenicol.

were spread on LB plates containing 10% sucrose and 1 mM isopropyl-
B-p-1-thiogalactopyranoside (IPTG) to obtain single colonies. Removal
of pRSFRedTER was confirmed on LB plates containing 40 mg/liter chlor-
amphenicol. The strain that could not grow under these conditions was
designated the “pRSFRedTER-free” strain. All primer sequences are listed
in Table 2.

Construction of pRSF-P,, -IX. pRSF-P_, -IX was constructed to re-
move the kanamycin resistance gene on the chromosome in the marker
strains. The pMW-intxis-ts plasmid carries the gene encoding integrase
(Int) of the N phage and the gene encoding excisionase (Xis) and provides
temperature-sensitive replication (32, 33). The pKD46 plasmid carries the
gene encoding the A Red genes under the control of an arabinose pro-

moter (30). DNA fragments containing the xis-int and arabinose pro-
moter regions were amplified by PCR using the intxis-F/intxis-R and
PKD466199F/PKD461243R primers and pMW-intxis-ts and pKD46 as
the templates, respectively. The xis-int and arabinose promoter regions
were cloned into the Notl/Pvul and Bsal/Pvul sites of the pPRSFRedTER
plasmid, respectively. This plasmid was designated “pRSF-P,,-IX” (see
Fig. S1B in the supplemental material).

Removal of antibiotic resistance genes from the chromosome.
pRSF-P,,-IX was used to remove the kanamycin resistance gene from the
genetically modified bacterial chromosome (see Fig. S1 in the supplemen-
tal material). pRSF-P,,-IX was introduced into the marker strain via

electrotransformation. Transformants harboring pRSF-P,, -IX were se-

TABLE 2 Oligonucleotide primer sequences used in this study

Primer

Primer sequence (5'—3")

Disruption of adhE, budA,
IdhA, and pta genes

AbudA-attL 5"-AACCTTTATTTAACCTTTCTTATATTTGTTGAACGAGGAAGTGGCTCATGTGAAGCCTGCTTTTTTATACT
AAGTTGGC-3'

AbudA-attR 5'-GCGCCCACTGGCGCTGCGGATACTGTTTGTCCATGTGAACCTCCTAACTTCGCTCAAGTTAGTATAAAAA
AGCTGAACGA-3’

AldhA-attL 5"-ATGTTAACGACGCATACGGCTTTGAACTGGAATTTTTCGACTTCCTGCTGACCGAAAAGATGAAGCCTGC
TTTTTTATACTAAGTTGGC-3'

AldhA-attR 5"-GGCAGGCGGAGAGCCGGCGGAACACGTCATCCTGGATGACATCATTCGATTTATCTTCAACGCTCAAGT
TAGTATAAAAAAGCTGAACGA-3'

Apta-attL 5'-CTGGCGGTGCTGTTTTGTATCCCGCCTAAAACTGGCGGTAACGAAAGAGGATATATCGTGTGAAGCCTG
CTTTTTTATACTAAGTTGGC-3'

Apta-attR 5'-GCGTTAGAGCCATAAAAAAGGCAGCCATTTGGCTGCCTTTCTTGTCTCAGCGGGAGATTACGCTCAAGT
TAGTATAAAAAAGCTGAACGA-3’

AbudA-CF 5 -TTTCTATATTGGAACTGTGAGCTGAATCG-3'

AbudA-CR 5'-GCTTCCAGTTGGCTGACGACCAGATC-3'

AldhA-CF 5"-TTTCTTAAGACTGCGATATGCTCTAG-3’

AldhA-CR 5"-TTCATTCGTACTCCAAAACATTTGTC-3'

Apta-CF 5'-TCGTGAACTGTCCCTGGG-3'

Apta-CR 5'-GTCAGCGAGGTATGCTGG-3’

Construction of pRSF-P,, -IX

intxis-F 5'-CATGGCGGCCGCTTATTTGATTTCAATTTTGTCCCAC-3’

intxis-R 5'-GATCCCGATCGAAGGAGGTTATAAAAAATGGAATTGAATTCGTGTAATTGC-3’

PKD466199F 5'-GCGCGGTCTCACTCTTCCTTTTTCAATA-3’

PKD461243R 5'-GGCCCGATCGTTTTTATAACCTCCTTAG-3'
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lected on LB plates containing 40 mg/liter of chloramphenicol. Obtained
transformants were spread on LB plates containing 40 mg/liter chloram-
phenicol and 1% r-arabinose. Clones that formed single colonies were
identified, and elimination of the kanamycin resistance gene was con-
firmed by growth on LB medium containing 50 mg/liter kanamycin.
Strains that could not grow on the kanamycin plates were utilized as
marker-free strains. The procedure to remove pRSF-P,, -IX from the
marker-free strain was the same as that of pRSFRedTER (18).

Construction of plasmid to co-overexpress A. succinogenes PCK
and C. glutamicum PYC. DNA fragments obtained by SacI digestion,
containing the thrL promoter and C. glutamicum pyc of pSTV28-pyc, were
ligated into SacI-digested pSTV28-pck in order to obtain a plasmid that
coexpressed PCK and PYC. The resultant plasmid was designated
“pSTV28-pck-pyc.” The strains harboring pSTV28, pSTV28-pck,
pSTV28-pyc, and pSTV28-pck-pyc are formatted as follows: “strain name/
empty,” “strain name/PCK,” “strain name/PYC,” and “strain name/
PCK+PYC,” respectively (e.g., the AadhE mutant harboring pSTV28-pck
is represented as the “AadhE/PCK” strain).

Succinate fermentation in 1.5-ml microcentrifuge tubes. To evalu-
ate succinate production under weakly acidic (pH <6.2) and anaerobic
conditions, we employed a convenient evaluation system utilizing 1.5-ml
microcentrifuge tubes (18). Preculture for cell growth was performed on
LB plates at 37°C for 10 h. The precultured cells were then incubated
anaerobically at 37°C for 16 h in an AnaeroPack A-04 (Mitsubishi Gas
Chemicals, Inc., Tokyo, Japan), washed twice with cold NaCl solution
(0.8%), and inoculated into 1.5-ml microcentrifuge tubes containing 1.4
ml MS medium [40 g/liter glucose, 1 g/liter MgSO,-7H,0, 2 g/liter Bacto
yeast extract, 1 g/liter (NH,),SO,-7H,0, 1 g/liter KH,PO,, 10 mg/liter
MnSO,-5H,0, 10 mg/liter FeSO,-7H,0, 1 mg/liter biotin| containing 50
g/liter precipitated CaCOj sterilized by dry heat at 180°C for 3 h (Japanese
Pharmacopoeia, Tokyo, Japan). After tight capping, succinate fermenta-
tion was performed using an Eppendorf Thermomixer comfort (Eppen-
dorf, Hamburg, Germany) at 34°C and a rotation speed of 1,400 rpm. The
initial biomass was adjusted to approximately 1.2 g dry cell weight (DCW)
per liter. Using this system, the pH dropped from an initial 6.2 to approx-
imately 5.4 due to the formation of acidic compounds, such as succinate,
during fermentation.

pH-controlled succinate fermentation. pH-controlled succinate
fermentation was carried out in a 100-ml jar fermenter with 60 ml MS2
medium [50 g/liter glucose, 1 g/liter MgSO,-7H,0, 2 g/liter Bacto yeast
extract, 1 g/liter (NH,),SO,-7H,0, 1 g/liter KH,PO,, 10 mg/liter
MnSO,-5H,0, 10 mg/liter FeSO,-7H,0, 1 mg/liter biotin, 0.05 g GD113
(antifoam reagent)]. The initial pH was adjusted to 5.5, 5.7, or 7.0 by KOH
at 34°C. Each pH was maintained with 2 N NaOH during cultivation.
Carbon dioxide gas was applied at 40 ml/min, and agitation was set at 700
rpm. Preculture was performed on LB agar at 37°C for 10 h. The cells were
then incubated at 37°C for 16 h in an AnaeroPack A-04. Initial biomass
was adjusted to approximately 1.2 g (DCW)/liter.

Analysis of metabolites. Organic acids that accumulated in the me-
dium were analyzed by high-performance liquid chromatography on a
CDD-10AD system (Shimadzu Co., Ltd., Kyoto, Japan) after a suitable
dilution (34). Acetoin, 2,3-butanediol, and ethanol were quantified on
a GC4000 gas chromatograph (GL-Science Co., Ltd., Tokyo, Japan)
equipped with a flame ionization detector. A TC-BOND Q (GL-Science)
capillary column was used for separation (18). The glucose concentration
was analyzed using an AS-310 Biotech analyzer (Sakura SI Co., Ltd., To-
kyo, Japan). Yield is expressed as gram of product per gram of consumed
glucose (g/g). Optical densities at 600 nm (ODy,,) were measured with a
U-2001 spectrometer (Hitachi Co. Ltd., Tokyo, Japan). Broth containing
CaCO; was diluted with 0.1 N HCl before measurement of OD,,. Dry cell
weight was calculated according to a standard curve between the g
(DCW)/liter and ODyy,. The formula used to calculate the dry cell weight
of E. aerogenes was g (DCW)/liter = 0.291 X ODy.
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RESULTS

Development of a A Int/Xis-dependent selective marker exci-
sion system in E. aerogenes. The N\ Red-recombination system
has been successfully used to rapidly generate chromosomal mod-
ifications in members of the Enterobacteriaceae family (14, 30, 31).
In our previous study, we demonstrated N Red-dependent inte-
gration using pRSFRedTER to disrupt the adhE gene in E. aero-
genes (Table 1; see Fig. S1A in the supplemental material). To
accelerate genome engineering, we modified a selective marker
excision system for E. aerogenes. A \ Int/Xis-dependent site-spe-
cific recombination system is available to remove selective mark-
ers from the E. coli chromosome (see Fig. S1IA) (32, 33). In this
system, the pMW-intxis-ts plasmid contains [3-lactamase as a se-
lective marker and is used for the expression of X Int/Xis protein in
E. coli (Table 1). However, E. aerogenes exhibits inherently strong
resistance toward ampicillin, and there are multiple copies of the
B-lactamase gene on the E. aerogenes KCTC2190 chromosome.
For this reason, we reconstructed a A Int/Xis expression plasmid
from pRSFRedTER that contains a different selection marker,
chloramphenicol acetyltransferase (encoded by cat) and levansu-
crase (encoded by sacB) from Bacillus subtilis. This allows for effi-
cient recovery of this plasmid from cells grown in a sucrose-con-
taining medium (31). A newly constructed N\ Int/Xis expression
plasmid (pRSF-P,,,-IX) provided L-arabinose-inducible expres-
sion of the xis and int genes under the control of an arabinose
promoter (Fig. S1B). A marker-free strain was obtained from the
AadhE (Km") strain harboring pRSF-P,, -IX after it was cultured
in LB medium containing 1% L-arabinose (details may be found
in Materials and Methods).

Effect of inactivation of lactate dehydrogenase on succinate
production in the AadhE mutant. Our previous study showed
that lactate was a significant by-product in the AadhE/PYC and
AadhE/PCK strains, which produced 7.0 and 1.6 g/liter lactate
with yields of 45.5% and 18.6% (g/g), respectively (18). Lactate is
formed from pyruvate by coupling with the oxidation of NADH.
D-Lactate dehydrogenase (LDH) (encoded by IdhA) is the domi-
nant catalyst for this reaction in E. aerogenes (14) (Fig. 1). The ldhA
gene was, therefore, disrupted from the AadhE mutant (desig-
nated ES02) to reduce lactate formation (Table 1). Then, the het-
erogeneous carboxylation enzyme expression plasmids, pSTV28-
pyc and pSTV28-pck, were introduced into ES02 to enhance
succinate production (Table 1). The results of succinate fermen-
tation in 1.5-ml microcentrifuge tubes using these strains are
summarized in Table 3. Lactate formation was not observed in
ES02/empty. However, the acetate titer and yield were increased in
ES02/empty (1.8 g/liter corresponding to a 52.9% yield) com-
pared to the AadhE/empty strain (0.5 g/liter corresponding to a
20.8% yield). The succinate titers in strains ES02/PYC and ES02/
PCK were 4.8 g/liter and 4.6 g/liter, respectively. These values were
approximately 0.9 times of those in the AadhE/PYC (5.4 g/liter)
and AadhE/PCK (5.2 g/liter) strains (Table 3) (18). The succinate
yield in ES02/PYC (51.6%) was increased compared with that in
the AadhE/PYC strain (35.0%). In contrast, the succinate yield in
ES02/PCK (63.9%) was similar to that in the AadhE/PCK strain
(60.5%). Both ES02/PYC and ES02/PCK produced 3.3 g/liter ac-
etate as a major by-product. The yields of acetate in ES02/PYC
(35.5%) and ES02/PCK (45.8%) were 1.9 and 1.8 times those in
the AadhE/PYC (18.8%) and AadhE/PCK (25.6%) strains, respec-
tively. Thus, elimination of lactate formation in ES02/PYC and
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TABLE 3 Profiles of end pH, biomass, consumed glucose, and end products in multiple knockout mutants overexpressing PYC and/or PCK”

Biomass Consumed End product (g/liter) Succinate

(g [DCW]/ glucose P & yield
Strain” EndpH liter)" (g/liter) Pyruvate Malate  Formate Succinate Lactate Acetate  Ethanol 2,3-Butanediol (% [g/g])*
ES02/empty 58=*+0.1 1.2 *=0.1 34*04 04=*0.1 ND° 0.7*+0.1 02=*0.1 ND 1.8+ 0.1 ND 0.2 £0.1 59*1.1
ES02/PYC 54+0.1 1.6 =0.1 93+0.2 ND ND 0.2*+0.1 48=*0.1 ND 3.3+0.1 ND 0.2 +0.1 51.6 £ 0.9
ES02/PCK 54*+0.1 1.5*0.1 72*+04 <0.1 <0.1 <0.1 4.6 0.3 <0.1 3.3*0.1 ND 0.2 +0.1 63.9 £ 3.1
ES03/empty 57*0.1 1.3 =0.1 3.7*+03 05%*0.1 ND 0.3*+0.1 03=*0.1 ND 0.5+ 0.2 <0.1 1.4 £0.2 9.1+29
ES03/PYC 55*0.1 1.5*0.1 89*05 ND ND <0.1 3.8*+0.2 <0.1 0.4 +0.1 <0.1 3.1*+0.2 42,7 +2.5
ES03/PCK 54*0.1 1.5*=0.2 74+07 02=x0.1 ND 0.2*+0.1 42=*02 ND 0.5*0.2 <0.1 3.7*x0.2 56.8 £ 4.4
ES04/empty 57*0.1 14 *=0.1 31+02 0.8*0.1 ND 0.4+0.1 05*0.2 ND 0.8 0.1 <0.1 <0.1 15.1 £ 2.8
ES04/PYC 55*0.1 1.6 =0.1 62+03 02=*01 02x0.1 02=*0.1 3.6*0.3 <0.1 0.4 +0.1 <0.1 <0.1 58.1 £4.2
ES04/PCK 55*0.1 1.5*0.1 58*+*03 02*0.1 02*01 02=*0.1 35*03 ND 0.5+ 0.1 <0.1 <0.1 60.3 £ 3.6
ES02/PCK+PYC 5.4 *0.1 1.5=*0.1 85*+04 <0.1 0.2 +0.1 <0.1 5.7+ 03 ND 3.1 0.1 ND 0.2 +0.1 67.0 £ 4.3
ES03/PCK+PYC 54*0.1 1502 97*09 02*0.1 02*0.1 02=*0.1 59=*02 ND 0.7 +0.2 <0.1 3.4+0.2 60.8 £ 4.8
ES04/PCK+PYC 54 *0.1 1.6 +0.1 114*09 03*0.1 05=*0.1 <0.1 8.1 04 <0.1 0.6 0.1 <0.1 <0.1 71.0 £ 2.8

@ Data are expressed as means = SD from four independent experiments.
b All strains were cultivated for 48 h.
¢ Initial biomass was adjusted to 1.2 g (DCW/liter).

 Succinate yield is gram of product per gram of consumed glucose expressed as a percentage.

¢ ND, not determined.

ES02/PCK leads to a slightly decreased succinate titer and en-
hanced acetate production.

Effect of inactivation of PTA on succinate production in
ES02. Acetate was a significant by-product in strains ES02/PYC
and ES02/PCK. Therefore, we next disrupted the pta gene in strain
ES02 to reduce acetate production. The pta gene codes for phos-
phoacetyl transferase (PTA), which catalyzes the reversible con-
version of acetyl coenzyme A (acetyl-CoA) to acetylphosphate in
E. coli (Fig. 1). Because the level of pyruvate increases under an-
aerobic conditions and activates PTA toward acetylphosphate
synthesis, anaerobic conditions favor the production of acetyl-
phosphate. Therefore, PTA is a target of metabolic engineering to
reduce acetate production and, subsequently, to increase succi-
nate production in E. coli (25).

The Apta mutant of strain ES02 was designated ES03 (Table 1).
The strains ES03/empty, ES03/PYC, and ES03/PCK were con-
structed and evaluated for fermentative products (Table 3). The
acetate titer and yield were decreased in ES03/empty (0.5 g/liter
corresponding to a 13.5% yield) compared to ES02/empty (1.8
g/liter corresponding to a 52.9% yield). However, the 2,3-butane-
diol titer in ESO3/empty (1.4 g/liter corresponding to a 37.8%
yield) was approximately 7-fold higher than that of ES02/empty
(0.2 g/liter corresponding to a 5.9% yield).

The strains ES03/PYC and ES03/PCK produced 3.8 and 4.2
g/liter succinate from 8.9 and 7.4 g/liter consumed glucose, re-
spectively, resulting in succinate yields of 42.7% and 56.8%, re-
spectively (Table 3). Although inactivation of PTA was effective in
decreasing acetate formation, it also decreased succinate produc-
tion because of the increased 2,3-butanediol production in ES03/
PYC and ES03/PCK.

Effect of inactivating a-acetolactate decarboxylase on succi-
nate production in ES03. Our previous study showed that dele-
tion of the budA gene encoding a-acetolactate decarboxylase
eliminated both acetoin and 2,3-butanediol production (Fig. 1).
The budA gene was therefore disrupted from strain ES03 to obtain
ES04 (Table 1). The production of succinate in ES04/empty, ES04/
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PYC, and ES04/PCK is summarized in Table 3. Both the titer and
yield of acetate and pyruvate in ES04/empty (pyruvate, 0.8 g/liter,
corresponding to a 25.8% yield; acetate, 0.8 g/liter, corresponding
to a 25.8% yield) were increased over 1.6 times compared to those
in ES03/empty (pyruvate, 0.5 g/liter, corresponding to a 13.5%
yield; acetate, 0.5g/liter, corresponding to a 13.5% yield).

Strains ES04/PYC and ES04/PCK produced 3.6 and 3.5 g/liter
succinate from 6.2 and 5.8 g/liter consumed glucose, resulting in
yields of 58.1% and 60.3%, respectively (Table 3). These succinate
yield values were increased approximately 1.4- and 1.1-fold from
those of ES03/PYC (42.7%) and ES03/PCK (56.8%), respectively.
However, the succinate titers in ES04/PYC (3.6 g/liter) and ES04/
PCK (3.5 g/liter) were slightly decreased from those in ES03/PYC
(3.8 g/liter) and ES03/PCK (4.2 g/liter). Elimination of the 2,3-
butanediol synthesis pathway slightly increased the succinate yield
but decreased its titer because of increased pyruvate and acetate
production in ES04/PYC and ES04/PCK.

A metabolic engineering approach based on the elimination of
pyruvate node reactions involved in lactate, acetate, and 2,3-bu-
tanediol synthesis from the AadhE/PCK strain contributes to de-
creasing the total amount of by-products (Table 3). However, a
decreased formation of by-products did not correlate with in-
creased succinate production in strains overexpressing PYC or
PCK (Fig. 2B).

Coexpression of C. glutamicum pyc and A. succinogenes pck
in ES02, ES03, and ES04. To investigate the effect of coexpressing
PCK and PYC on succinate production, the coexpression plasmid
pSTV28-pck-pyc was introduced into strains ES02, ES03, and
ES04. The succinate titer and yield in all strains was increased
when either PYC or PCK was overexpressed but was greatest when
they were coexpressed (Fig. 2B and C and Table 3). The highest
production of succinate was observed in strain ES04/PCK+PYC.
The succinate titer of this strain was 8.1 g/liter, which was approx-
imately 2.3-fold higher than those of ES04/PCK (3.5 g/liter) and
ES04/PYC (3.6 g/liter). The succinate yield in ES04/PCK+PYC
reached 71.0% and was approximately 1.2-fold higher than those
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FIG 2 Consumed glucose, succinate titer, and succinate yield of all strains using 1.5-ml microcentrifuge tube scale fermentation. (A) Consumed glucose (g/liter);
(B) succinate titer (g/liter); (C) succinate yield (%). The values from the AadhE/empty, AadhE/PYC, and AadhE/PCK strains were excerpted from our previous

work (18). Data are expressed as means * standard deviations (SD).

of ES04/PYC (58.1%) and ES04/PCK (60.3%). The vyields of
pyruvate (2.6%) and acetate (5.2%) in ES04/PCK+PYC were
slightly decreased from those in ES04/PYC (pyruvate, 3.2%; ace-
tate, 6.5%) and ES04/PCK (pyruvate, 3.4%; acetate, 8.6%). Thus,
this new coexpression system was more effective in increasing
both the succinate titer and yield than when PCK and PYC were
individually expressed.

Succinate production in ES04/PCK+PYC under pH-con-
trolled conditions. To evaluate the impact on succinate produc-
tion of lowering the culture pH from neutral to weakly acidic
conditions, Strain ES04/PCK+PYC was cultured at pH 5.5, 5.7, or
7.0 1in a 100-ml jar fermenter. The results are summarized in Fig. 3
and Table 4. At pH 5.7, the succinate titer and yield were 11.2
g/liter and 72.7%, respectively. These values and the profiles of
end products were similar to those obtained in 1.5-ml microcen-
trifuge tubes (Table 3). Lowering the pH from 7.0 to 5.5 had neg-
ative effects on the succinate titer but positive effects on its yield

(Fig. 3, Table 4). The succinate titer at pH 5.5 was 5.1 g/liter, which
was only 22.6% of that at pH 7.0 (22.6 g/liter). In contrast, the
succinate yield at pH 5.5 was 70.8%, 1.3 times higher than that at
pH 7.0 (55.8%). At pH 7.0, the titers of pyruvate (5.1 g/liter) and
malate (5.4 g/liter) were increased 10 and 27 times compared with
those at pH 5.5, respectively. Thus, lowering the pH from 7.0 to a
weakly acidic pH (pH 5.5 and 5.7) leads to a decreased succinate
titer but increased yield.

DISCUSSION

Two general metabolic engineering approaches have been used
with various bacteria to increase carbon flux toward succinate
synthesis: (i) elimination of pathways that compete for the carbon
needed for succinate synthesis (19-21) and (ii) enhancement of
carboxylation pathways from PEP and/or pyruvate to OAA (26—
29). In the present study, both strategies were utilized, and the
effects on succinate production in E. aerogenes were determined.
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45 45 1 451 sl
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FIG 3 Profiles of main products and glucose of strain ES04/PCK+PYC under pH-controlled conditions. The pH was maintained at 7.0 (A), 5.7 (B), and 5.5 (C).
Symbols indicate glucose (open circles), succinate (closed circles), pyruvate (open triangles), and malate (closed triangles). Data from three independent

experiments are shown. Error bars indicate £SD.
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TABLE 4 Profiles of biomass, consumed glucose, end products, succinate yield, and volumetric productivity in strain ES04/PCK+PYC under pH-

controlled batch culture conditions”

Biomass Consumed End product (g/liter) Succinate  Volumetric
Controlled (g [DCW]/ glucose yield productivity
pH? liter)© (g/liter) Pyruvate Malate  Formate Succinate Lactate  Acetate Ethanol 2,3-Butanediol (% [g/g])d (g/liter/h)*
7.0 1.5 £ 0.1 40.5*+1.1 51%£03 5405 1.0£0.1 226*1.2 03£0.1 1.1 £04 0.2=*0.1 <0.1 55.8 £ 3.8 0.47 = 0.02
5.7 1.3 £0.1 154*12 03*0.1 03*0.1 0.1*0.1 11.2*14 0.1 =0.1 0.5*0.1 <0.1 <0.1 72.7 £3.6 0.23 =0.03
5.5 1.2 = 0.1 72*04 05*0.1 02=*x0.1 <0.1 51*02 01=*x0.1 04=*0.1 <0.1 <0.1 70.8 = 0.5 0.11 = 0.01

@ Data are expressed as means = SD from three independent experiments.
b pH was maintained at 7.0, 5.7, and 5.5 by 2 N NaOH.
¢ Initial biomass was adjusted to 1.2 g (DCW)/liter.

 Succinate yield is gram of product per gram of consumed glucose expressed as a percentage.

¢ Volumetric productivity indicates the succinate titer (g/liter/h).

As shown Fig. 2, an increased titer and yield of succinate were
evident in strains coexpressing PCK and PYC. The extent of this
increase depended upon which competing pathways were elimi-
nated. These results strongly suggested that combination ap-
proaches, elimination of by-product pathways and this coexpres-
sion system, are necessary to maximally improve succinate
production in E. aerogenes. Thus, strain ES04 (AadhE AldhA Apta
AbudA)/PCK+PYC produced succinate with small amounts of
by-products and over a 70% yield at pH 5.5 (Fig. 3, Table 4).

Earlier studies showed that elimination of pyruvate node reac-
tions effectively increased succinate production in E. coli and C.
glutamicum strains overexpressing PYC (20, 27, 35-37). In E.
aerogenes, this approach increased the succinate yield but de-
creased its titer (Fig. 2B and C) (Table 3). The succinate yield and
titer in strain ES04/PYC were 1.7 and 0.8 times, respectively, those
of the “parental” AadhE/PYC strain. Removing the pyruvate node
reactions increased the flux of the PYC-dependent reaction,
thereby increasing the succinate yield. However, removing these
reactions also promoted redox imbalance, resulting in decreased
glucose consumption. For example, a decrease in glucose con-
sumption was observed in the PYC-overexpressing strain when
the lactate and 2,3-butanediol synthesis pathways, which are in-
volved in NADH reoxidation, were inactivated (Fig. 2A). These
results strongly suggested that succinate production in the strain
overexpressing PYC was not limited by the supply of NADH.

Interestingly, eliminating the pyruvate node reactions in E.
aerogenes strains overexpressing PCK decreased the succinate titer
but did not influence the succinate yield, which was approxi-
mately 60% in the AadhE, ES02, ES03, and ES04 PCK-overex-
pressing strains (Fig. 2C). This phenomenon can be explained by
the balance of PEP and pyruvate when glucose is imported via
phosphotransferase (PTS), which is the predominant glucose up-
take system in E. aerogenes. In the PTS system, the import of 1 mol
of glucose yields 1 mol of pyruvate and PEP. A PCK-dependent
reaction converts most of the PEP to OAA, while most of the
pyruvate is converted to by-products in the PCK-overexpressing
strains (Fig. 1). Overall, succinate yields in these strains were sim-
ilar and approximately half of the maximum theoretical yield
(112.3%).

In E. aerogenes, pyruvate can be presumably converted to PEP
by PEP synthetase (PPS) when coupled with the conversion of
ATP to AMP (Fig. 1). However, we speculate that this reaction is
performed in an ATP-dependent manner and thus is largely inac-
tive under energy-insufficient anaerobic conditions. Thus, the
production of succinate in the strains overexpressing PCK is lim-
ited by the supply of PEP.
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To overcome these factors limiting succinate production in
strains overexpressing PYC or PCK, two carboxylation pathways
from PEP and pyruvate to OAA were introduced (29). This ap-
proach was feasible because overexpressing PYC concurrently
with PCK can recapture the pyruvate generated by glucose-PTS
and direct it back to OAA. Subsequently, the increased OAA pool
contributes to improve redox balance by effectively consumption
of NADH via malate dehydrogenase (MDH) in succinate synthe-
sis pathways (Fig. 1). We used A. succinogenes PCK and C. glutami-
cum PYC to create a new coexpression system in strains ES02,
ES03, and ES04. This coexpression resulted in strains with a suc-
cinate yield and titer that were higher than those when either PYC
or PCK was overexpressed individually (Fig. 2, Table 3). Overall,
this expression system effectively functions to increase succinate
production in these strains with eliminated pyruvate node reac-
tions.

There are only a few previous reports on the impact of low pH
(below pH 6.0) on succinate production in bacteria, even though
this is considered economically favorable compared to neutral pH
(7). As shown Fig. 3 and Table 4, at pH 5.5 strain ES04/PCK+PYC
produced 5.1 g/liter succinate with a 70.8% yield. Interestingly,
the succinate yield at pH 5.5 and 5.7 was approximately 1.3 times
higher than that at pH 7.0 (55.8%). This is because the formation
of excess pyruvate and malate was only observed at pH 7.0. These
data suggested that downstream reactions from malate, such as
fumarase (FUM), fumarate reductase (FRD), and the succinate
exporter, limited succinate production under neutral pH condi-
tions (Fig. 1). Although enhanced MDH activity leads to increased
succinate production in E. coli (38), other downstream reactions,
such as FRD, regulate succinate production in ES04/PCK+PYC
(Fig. 1). FRD activity is induced via FNR (a DNA-binding tran-
scriptional dual regulator) under anaerobic conditions in E. coli
(39). Therefore, if anaerobic conditions are insufficient to induce
FRD activity, an excess level of malate can be formed. The effect of
decreasing malate production on succinate production by contin-
uously expressing a high level of FRD in ES04/PCK+PYC remains
to be determined.

The results from pH-controlled fermentation showed that a
decreased pH decreased the succinate titer in strain ES04/
PCK+PYC, similar to previous reports in E. coli (7, 40) (Fig. 3,
Table 4). Maintaining a constant pH in the cell under acidic con-
ditions requires more energy than under neutral conditions be-
cause of the demands imposed by acid resistance mechanisms,
such as the proton efflux pump. This can decrease overall energy
availability, thereby limiting succinate production under acidic
and anaerobic conditions. To improve the production of succi-
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nate under these conditions, genetic modifications based on an
energy-conserving strategy may be effective. Previous studies in-
dicated that replacing glucose uptake from PTS with glucose per-
mease to increase the PEP supply resulted in an increase net yield
of ATP because of the dominant PEP carboxylation by PCK with
ATP generation in E. coli (41-44). In the near future, we will con-
struct a further engineered strain based on the energy-conserving
strategy and evaluate the impact of increase net ATP yield on
succinate production under weakly acidic (pH <6.0) and anaer-
obic conditions. We believe that these studies will be useful to
understand the relationship between the net yield of ATP and
succinate production and to advance our understanding of bacte-
rium-based succinate fermentation under acidic and anaerobic
conditions.
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