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Previous studies have demonstrated the capability of Corynebacterium glutamicum for anaerobic succinate production from
glucose under nongrowing conditions. In this work, we have addressed two shortfalls of this process, the formation of significant
amounts of by-products and the limitation of the yield by the redox balance. To eliminate acetate formation, a derivative of the
type strain ATCC 13032 (strain BOL-1), which lacked all known pathways for acetate and lactate synthesis (Acat Apgo Apta-

P458S -

ackA AldhA), was constructed. Chromosomal integration of the pyruvate carboxylase gene pyc into BOL-1 resulted in strain
BOL-2, which catalyzed fast succinate production from glucose with a yield of 1 mol/mol and showed only little acetate forma-
tion. In order to provide additional reducing equivalents derived from the cosubstrate formate, the fdh gene from Mycobacte-
rium vaccae, coding for an NAD " -coupled formate dehydrogenase (FDH), was chromosomally integrated into BOL-2, leading to
strain BOL-3. In an anaerobic batch process with strain BOL-3, a 20% higher succinate yield from glucose was obtained in the
presence of formate. A temporary metabolic blockage of strain BOL-3 was prevented by plasmid-borne overexpression of the
glyceraldehyde 3-phosphate dehydrogenase gene gapA. In an anaerobic fed-batch process with glucose and formate, strain BOL-
3/pANG6-gap accumulated 1,134 mM succinate in 53 h with an average succinate production rate of 1.59 mmol per g cells (dry
weight) (cdw) per h. The succinate yield of 1.67 mol/mol glucose is one of the highest currently described for anaerobic succinate
producers and was accompanied by a very low level of by-products (0.10 mol/mol glucose).

Succinate is a C,-dicarboxylate with interesting prospects for a
sustainable chemical industry when produced biotechnologi-
cally in large amounts from renewable carbon sources (17). It
could serve as a precursor for the production of a great variety of
important bulk chemicals, such as tetrahydrofurane (THF), 1,4-
butanediol, y-butyrolactone, or maleic anhydride, which are cur-
rently produced petrochemically (33, 61). Therefore, succinate
was identified as one of the top 12 building block chemicals from
biomass by the U.S. Department of Energy (57).

A number of natural succinate producers which accumulate
succinate as a major product of their fermentative catabolism have
been described, predominantly rumen bacteria belonging to the
family Pasteurellaceae, such as Actinobacillus succinogenes (15),
Mannheimia succiniciproducens (30), and Basfia succiniciprodu-
cens (48), or Anaerobiospirillum succiniciproducens (44), a member
of the Succinivibrionaceae family. Optimization of production
conditions and/or manipulation of metabolic pathways led to the
development of succinate production processes with high yield
(>1 mol/mol glucose) and productivity (14, 31, 34, 35). However,
most of the described strains require complex medium and show
high by-product accumulation (mainly pyruvate and acetate), in-
creasing the costs associated with production and purification.

Also, Escherichia coli forms succinate as an end product of
mixed-acid fermentation. Several metabolic engineering strate-
gies were explored to optimize the anaerobic metabolism of E. coli
for increased succinate production (52, 56). One of the most ben-
eficial approaches was based on the design of a metabolic pathway
which is functionally similar to that of natural producers from the
Pasteurellaceae family, such as A. succinogenes (64). Another ap-
proach used a combination of production pathways, such as the
reductive tricarboxylic acid (TCA) cycle with the glyoxylate shunt
(45) and the introduction of a heterologous carboxylation reac-
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tion (53). A further interesting approach for the optimization of
succinate production with E. coli combined rational metabolic
engineering with directed evolution techniques (23).
Corynebacterium glutamicum is another organism capable of
succinate production. It is a Gram-positive soil bacterium with
generally regarded as safe (GRAS) status and the most important
species for industrial amino acid production, with its major prod-
ucts being L-glutamate (2.1 million tons/year) and L-lysine (1.4
million tons/year). The genome of C. glutamicum is known (19,
27, 59), and numerous genetic tools allowing genetic engineering
are available (29). Extensive knowledge on the metabolism and its
regulation of this organism has been obtained within the past
decades (6, 7). Based on this knowledge, metabolic engineering
was applied successfully to develop strains capable of producing a
variety of other metabolites besides amino acids, such as pu-
trescine (47), ethanol (21), or isobutanol (3, 50). However, C.
glutamicum shows limited anaerobic growth by nitrate respiration
to nitrite, which cannot be reduced further, and accumulates (37,
51). When aerobically grown cells of C. glutamicum are incubated
under anaerobic conditions in the absence of nitrate, they metab-
olize glucose to a mixture of L-lactate, acetate, and succinate. This
conversion is not coupled to growth (22). Transport of succinate

Received 6 December 2011 Accepted 21 February 2012

Published ahead of print 2 March 2012

Address correspondence to Michael Bott, m.bott@fz-juelich.de.
Supplemental material for this article may be found at http://aem.asm.org/.
Copyright © 2012, American Society for Microbiology. All Rights Reserved.
doi:10.1128/AEM.07790-11

aem.asm.org 3325


http://dx.doi.org/10.1128/AEM.07790-11
http://aem.asm.org

Litsanov et al.

into the medium was shown to involve the product of cg2425, the
first succinate exporter to be identified (10, 18).

A C. glutamicum R strain for anaerobic succinate production
which lacks the IdhA gene for the NAD " -dependent lactate dehy-
drogenase and overexpresses the native pyruvate carboxylase gene
pyc has been described (38). Thereby, the formation of lactate,
which is the dominant product of anaerobic glucose catabolism,
was prevented and the provision of oxaloacetate was improved.
This strain accumulated succinate with a yield of 1.4 mol/mol
glucose and formed acetate as a by-product with a yield of 0.29
mol/mol glucose. The oxidation of pyruvate to acetate provides
additional reducing equivalents for conversion of oxaloacetate to
succinate in the reductive TCA cycle (38, 58). We recently devel-
oped an aerobic succinate producer strain of C. glutamicum,
which initially also had the problem of forming large quantities of
acetate. However, by deleting the genes encoding the known path-
ways of acetate formation, i.e., phosphotransacetylase (pta) plus
acetate kinase (ackA), pyruvate:menaquinone oxidoreductase
(pqo), and acetyl coenzyme A (CoA):CoA transferase (cat), we
could drastically reduce the synthesis of this by-product (32).

In this study, two problems of anaerobic succinate formation
with C. glutamicum were addressed. First, we tackled the problem
of acetate formation by deleting the genes responsible for its for-
mation. Second, we aimed at improving the succinate yield from
glucose, which is currently limited by the availability of reducing
equivalents for conversion of oxaloacetate to succinate in the re-
ductive TCA cycle. For this purpose, formate was tested as an
additional donor of NADH and carbon dioxide. Using the above-
mentioned approaches, we obtained a strain which produced 1.13
M succinate in 53 h with a succinate yield of 1.67 mol/mol glucose,
a very low by-product level, and a volumetric productivity of 21
mM h™! in fed-batch fermentation with glucose, formate, and
carbon dioxide as carbon sources.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. All bacterial strains
and plasmids used or constructed in the course of this work are listed in
Table 1. C. glutamicum strains were routinely cultivated at 30°C in brain
heart infusion (BHI) medium (Difco Laboratories, Detroit, MI) supple-
mented with 111 mM glucose or in CGXII medium containing
(NH,),SO, (20 g/liter), urea (5 g/liter), KH,PO, (1 g/liter), K,HPO, (1
g/liter), MgSO,, - 7H,0 (0.25 g/liter), CaCl, (10 mg/liter), FeSO, - 7H,O
(10 mg/liter), MnSO, - H,O (0.1 mg/liter), ZnSO, - 7H,O (1 mg/liter),
CuSO, - 5H,0 (0.2 mg/liter), NiCl, - 6H,0O (20 pg/liter), biotin (0.4
mg/liter), 3-morpholinopropanesulfonic acid (MOPS) (42 g/liter), and
222 mM glucose as the carbon and energy source. The medium differed
from the originally described CGXII medium (28) by a 100-fold-reduced
MnSO, concentration, a doubled biotin concentration, and the lack of
protocatechuate. In anaerobic production experiments including formate
as an additional substrate, 110 mM sodium formate was added to the
CGXII medium during aerobic cultivation of the cells. The pH of the
CGXII medium was adjusted to pH 7 with KOH. E. coli DH5« was rou-
tinely grown in LB medium at 37°C. If appropriate, kanamycin (25 ug/ml
for C. glutamicum or 50 ug/ml for E. coli) and 0.5 mM isopropyl-B-p-1-
thiogalactopyranoside (IPTG) were added.

Recombinant DNA work. The enzymes for recombinant DNA work
were obtained from Roche Diagnostics (Mannheim, Germany) or New
England BioLabs (Frankfurt am Main, Germany). All oligonucleotides
were synthesized by Eurofins MWG Operon and are listed in Table S1 in
the supplemental material. Routine methods like PCR, restriction, or li-
gation were carried out according to standard protocols (43). All PCR
products were generated with KOD Hot Start polymerase (Novagen,
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Darmstadt, Germany). Plasmids were isolated from E. coli with the
QIAprep Spin miniprep kit (Qiagen, Hilden, Germany). E. coli was trans-
formed by the RbCl method (16). Transformation of C. glutamicum was
performed as described previously (54). All plasmid constructs described
below were controlled by DNA sequencing (LGC Genomics, Berlin, Ger-
many).

Construction of deletion mutants, chromosomal gene replace-
ments, and plasmids. C. glutamicum mutants with in-frame deletions of
IdhA (AldhA), pta-ack (Apta-ack), pqo (Apqo), and cat (Acat) as well as the
chromosomal integrations of the pyc™*°® gene from C. glutamicum
DM1727 and the fdh gene from Mycobacterium vaccae, both under the
control of the tuf promoter from C. glutamicum wild type, were con-
structed via a two-step homologous recombination procedure as de-
scribed previously (36) using the suicide vector pK19mobsacB (46). For
construction of pK19mobsacB-Aldh, the regions up- and downstream
(approximately 500 bp each) of the IdhA gene to be deleted were amplified
using two pairs of oligonucleotides designated AldhA1-for/AldhA2-rev
and AldhA3-for/AldhA4-rev (see Table S1 in the supplemental material),
respectively. The resulting DNA fragments served as the template for an
overlap extension PCR with oligonucleotides AldhAl-for and AldhA4-
rev, forming a PCR product of about 1 kb which was digested with the
restriction enzymes HindIIT and EcoRI and cloned into pK19mobsacB cut
with the same enzymes. The construction of the plasmids for the in-frame
deletions of pra-ack (Apta-ack) and pqo (Apqo) was described previously
(32). Plasmid pK19mobsacB-Acat was kindly provided by V. F. Wendisch
(University of Bielefeld).

Plasmid pKl9mobsucB-Apta-AackA::me-pycP45 85 was constructed for
replacing the chromosomal pta-ackA genes with the pyc”**5S gene from C.
glutamicurm DM1727 under the control of the tuf promoter region from C.
glutamicum wild type. For this purpose, the up- and downstream regions
(approximately 650 bp each) of the pta-ackA operon and the tuf promoter
region (178 bp upstream of the coding sequence of the tuf gene) were
amplified from chromosomal DNA of C. glutamicum wild type using the
oligonucleotide pairs mApta-ackl-for/mApta-ack2-rev, mApta-ack3-
for/mApta-ack4-rev, and Apta-ack-Ptuf-for/GTG-Ptuf-rev, respectively.
The pyc™**5S gene was amplified from plasmid pAN6-pyc”*>85 (32) using
the oligonucleotides Ptuf-pyc-for and pyc-Apta-ack-rev (see Table S1
in the supplemental material). By overlap extension PCR, the pta up-
stream region and the tuf promoter region were fused with oligonucleo-
tides mApta-ackl-for/GTG-Ptuf-revand the pyc”*>*S gene was fused with
the ackA downstream region using oligonucleotides Ptuf-pyc-for/mApta-
ack4-rev. After purification, the resulting PCR products served again as
templates for another overlap extension PCR with the oligonucleotide
pair mApta-ackl_for/mApta-ack4_rev. The resulting PCR product of
about 5 kb was digested with the restriction enzymes HindIII and Xbal
and cloned into pK19mobsacB cut with the same enzymes. In the resulting
plasmid, the pyc gene starts with the native GTG codon.

Plasmid pK19mobsacB-Apqo::P,,~fdh was constructed for replacing
the chromosomal pqo gene with the fdh gene from M. vaccae under the
control of the tuf promoter. First, the regions up- and downstream (ap-
proximately 500 bp each) of the Apgo deletion region were amplified with
the oligonucleotide pairs Apqol-for/Apqo2-Xbal-BamHI-rev and Xbal-
BamHI Apqo3-for/Apqo4-rev, respectively (see Table S1 in the supple-
mental material). The two PCR products served as the templates for an
overlap extension PCR with oligonucleotide pair Apqol-for/Apqo4-rev.
The PCR product of about 1 kb, which carried Xbal and BamHI cloning
sites at the fusion site, was digested with HindIII and EcoRI and cloned
into pK19mobsacB cut with the same enzymes. The resulting plasmid was
named pK19mobsacB-Apqo:: Xbal-BamHI. The DNA fragment covering
P, fdh was constructed by amplifying the fuf promoter region (178 bp
upstream of the tuf gene) from chromosomal DNA of C. glutamicum wild
type, using the oligonucleotide pair Ptuf-for/Ptuf-rev, and the fdh gene
from plasmid pBBRIMCS2-fdh (kindly provided by S. Bringer-Meyer,
Forschungszentrum Jiilich), using the oligonucleotide pair Ptuf-fdh-for/
fdh-rev. The two PCR products served as templates for an overlap exten-

Applied and Environmental Microbiology


http://aem.asm.org

TABLE 1 Strains and plasmids used in this study

Anaerobic Succinate Production with C. glutamicum

Strain or plasmid Relevant characteristics”

Source or reference

Strains
C. glutamicum ATCC 13032
C. glutamicum AldhA
C. glutamicum BOL-1
pta-ackA, and IdhA
C. glutamicum BOL-2

BOL-1 derivative with chromosomal integration into the
Apta-ackA locus of the pyc

Wild-type strain, biotin auxotroph 1
ATCC 13032 derivative with an in-frame deletion of the IdhA gene
ATCC 13032 derivative with in-frame deletions of cat, pqo,

This work
This work

This work

4385 gene from C. glutamicum

DM1727 under the control of the tuf promoter

C. glutamicum BOL-3

BOL-2 derivative with chromosomal integration into the Apqo

This work

locus of the fdh gene from M. vaccae under the control of the tuf
promoter from C. glutamicum

E. coli DH5«

F~ ¢80dlacA(lacZ)M15 A(lacZYA-argF)U169 endAl recAl

Invitrogen

hsdR17(ry~ , my ") deoR thi-1 phoA supE44 X~ gyrA96 relAl

Plasmids
PANG6

Kan'; C. glutamicum/E. coli shuttle vector for regulated gene 9

expression (P, lacl, pBL1 0riV¢ gamicum PUCL8 0riVi o)

derived from pEKEx2
pANG-pycP+28S

Kan'; pANG6 derivative containing the pyc”*** gene from C. 32

glutamicum DM1727 under the control of the tac promoter

pANG6-gap

Kan'; pANG6 derivative containing the gapA gene from C.

This work

glutamicum ATCC 13032 under the control of the tac promoter

pBBRIMCS2-fdh
pEKEX2

Kan'; donor of the fdh gene from M. vaccae
Kan'; C. glutamicum/E. coli shuttle vector for regulated gene 8

Bringer-Meyer, unpublished

expression (P, lacl?, pBL1 071V gramicum PUCL8 011V 1)

pEKEx2-fdh

Kan'"; pEKEx2 derivative containing the fdh gene from M. vaccae

This work

under the control of the tac promoter

pK19mobsacB
sacB lacZa)
pK19mobsacB-Acat

Kan'; vector for allelic exchange in C. glutamicum (pK18 oriVy

46

coli

Kan'; pK19mobsacB derivative containing a 1.1-kb overlap 55

extension PCR product (Sall/Xbal) which covers the flanking
regions of the C. glutamicum cat gene

pK19mobsacB-Apqo

Kan'; pK19mobsacB derivative containing a 1-kb overlap 32

extension PCR product (HindIII/EcoRI) which covers the
flanking regions of the C. glutamicum pqo gene

pK19mobsacB-Apqo::Xbal-BamHI

Kan'; pK19mobsacB derivative containing a 1-kb overlap

This work

extension PCR product (HindIII/EcoRI) which covers the
flanking regions of the C. glutamicum pqo gene and possesses an
Xbal/BamHI cloning site within the 23-bp overlap region

pK19mobsacB-Apqo::P,, ~fdh

Kan'; pK19mobsacB-Apqgo::Xbal-BamHI derivative containing a

This work

1.4-kb overlap extension PCR product (Xbal/BamHI) of the tuf
promoter (178 bp) from C. glutamicum fused to the fdh gene
(1,205 bp) from M. vaccae

pk19mobsacB-Apta-AackA

Kan'"; pK19mobsacB derivative containing a 1.1-kb overlap 32

extension PCR product (HindIII/Xbal) which covers the
flanking regions of the C. glutamicum pta-ackA genes

pk19mobsacB-Apta-AackA::P,,-pyc”*>*

Kan'"; pK19mobsacB derivative containing a 5-kb double overlap

This work

extension PCR product (HindIII/Xbal) which carries the fuf
promoter (178 bp) from C. glutamicum ATCC 13032 fused to
the pyc gene (3,422 bp) from C. glutamicum DM1727 within the
flanking regions of the C. glutamicum pta-ackA genes

pK19mobsacB-AldhA

Kan'; pK19mobsacB derivative containing a 1.1-kb overlap

This work

extension PCR product (HindIII/EcoRI) which covers the
flanking regions of the C. glutamicum IdhA gene

“ Kan', kanamycin resistant.

sion PCR with oligonucleotides Ptuf-for/fdh-rev. The resulting PCR
product of 1.4 kb was digested with Xbal and BamHI and cloned into
pK19mobsacB-Apqo::Xbal-BamHI cut with the same enzymes.

The transfer of the resulting deletion/integration plasmids into C. glu-
tamicum and selection for the first and second recombination events were
performed as described previously (36). Kanamycin-sensitive and saccha-
rose-resistant clones were tested by colony PCR analysis with an oligonu-
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cleotide pair designated A-gene/operon-out-fw and A-gene/operon-out-
rv. Only in the case of checking the fdh integration was the oligonucleotide
pair Apqo-out2-for/Apqo-out2-rev used (see Table S1 in the supplemen-
tal material). Clones which had the desired in-frame deletion of the gene/
operon revealed a 1-kb fragment in which all nucleotides except the first 6
codons (in the case of the Acat deletion, the first 7 codons) and the last 12
codons were replaced by a 21-bp tag. Clones with the desired chromo-
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somal integration of P,,,~pyc"**** and P,,-fdh led to PCR products of 5 kb
and 3.5 kb, respectively.

For the construction of the expression plasmid pAN6-gap, the gapA
gene was amplified using the oligonucleotide pair gap-for/gap-rev and
chromosomal DNA of C. glutamicum wild type. The PCR product (1 kb)
was digested with Ndel and Nhel and cloned into pANG6 cut with the same
enzymes. Plasmid pANG6-pyc”**% was described elsewhere (32). The con-
struction of plasmid pEKEx2-fdh was performed by amplifying the fdh
gene from plasmid pPBBRIMCS2-fdh using the oligonucleotide pair fdh-
PstI-RBS-for and fdh-BamHI-rev. Besides the recognition sites for the
restriction endonucleases Pstl and BamHI, the oligonucleotides also in-
troduced a ribosome binding site (AAGGA) ending 9 nucleotides up-
stream of the start codon (see Table S1 in the supplemental material). The
resulting PCR product (1.2 kb) was digested with Pstl and BamHI and
cloned into plasmid pEKEx2 cut with the same enzymes.

Production of biomass for anaerobic succinate production. Five
milliliters of BHI medium supplemented with 111 mM glucose was inoc-
ulated with a single colony of the desired C. glutamicum strain from a fresh
BHI agar plate, and the culture was incubated on a rotary shaker for 16 h
at 30°C. Subsequently, the cells were used to inoculate a 500-ml baffled
shake flask with 50 ml of CGXII medium containing 222 mM glucose.
After approximately 8 h of incubation at 130 rpm and 30°C, the cells were
used to inoculate a 5-liter baffled shake flask containing 600 ml CGXII
medium to an optical density at 600 nm (ODyy,) of 1.2. The culture was
incubated on a rotary shaker for 16 h at 30°C and 85 rpm. The medium
contained 110 mM sodium formate in addition to the 222 mM glucose
when cultivating cells for subsequent production experiments with for-
mate as an additional substrate.

Anaerobic succinate production in batch mode. The cells from the
600-ml culture (see above) were harvested by centrifugation (5,000 X g,
4°C, 20 min), resuspended in 600 ml 0.9% NaCl solution containing 111
mM glucose and 200 mM NaHCO;, and transferred into a 1.4-liter bio-
reactor (Multifors multifermenter system; Infors, Einsbach, Germany).
The cell suspension, which had OD, values between 18 and 29, was kept
at 30°C and stirred at 300 rpm. Where indicated, 220 mM sodium formate
was added as an additional substrate. The bioreactor was firmly closed
except for an overpressure one-way valve and a sampling tube with a
rubber valve. Anaerobic conditions were achieved by rapid consumption
of the remaining oxygen by the cells and by preventing aeration in the
hermetically sealed bioreactor. The pH was automatically controlled at a
value of 6.9 by addition of 3 M KOH.

Anaerobic succinate production in fed-batch mode. Fed-batch ex-
periments were performed in a manner similar to that of the batch exper-
iments but used cells from the 1.2-liter culture instead of the 0.6-liter
culture. The cells were resuspended in 450 ml 0.9% NaCl solution con-
taining 222 mM glucose, 240 mM sodium formate, and 250 mM NaHCO4
and transferred into the 1.4-liter Multifors bioreactor (final ODy,, of
approximately 50). Feeding included three additional pulses of 222 mM
glucose combined with 250 mM NaHCOj; after 7.5, 20, and 39 h and four
pulses of sodium formate (2 0of 200 mM and 2 of 290 mM) after 7.5, 20, 36,
and 53 h of cultivation. The pH was kept at pH 6.9 by automated addition
of 4 M KOH. After feeding with NaHCOj, the pH increased to between 7.2
and 7.4 and then returned to pH 6.9 by the acid production of the cells.

Growth parameter determination. Growth was followed by measur-
ing the optical density at 600 nm (ODg,,) with an Ultrospec 500 pro
spectrophotometer (Amersham Biotech, Freiburg, Germany). The bio-
mass concentration was calculated from OD,, values using an experi-
mentally determined correlation factor of 0.25 g cells (dry weight) (cdw)/
liter for an ODy, of 1 (26).

Quantification of glucose and organic acids in the culture superna-
tant. Glucose and organic acids in the culture supernatants were quanti-
fied using an Agilent 1100 liquid chromatography (LC) system (Agilent
Technologies, Waldbronn, Germany) equipped with a 300- by 8-mm or-
ganic acid column (polystyrol-divinylbenzol resin; CS Chromatographie
Service GmbH, Langerwehe, Germany) and a guard cartridge (40 by 8
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mm) filled with the same material. Isocratic elution was performed for 38
min at 40°C with 100 mM sulfuric acid at a flow rate of 0.4 ml/min.
Glucose was detected via an Agilent 1100 refractive index detector, and the
organic acids were detected via an Agilent 1100 diode array detector at 215
nm. Quantification was performed using calibration curves obtained with
external standards.

Measurement of formate dehydrogenase activity in cell extracts.
Five milliliters of BHI medium supplemented with 111 mM glucose was
inoculated with a single colony of the desired C. glutamicum strain from a
fresh BHI agar plate and incubated on a rotary shaker for 8 h at 30°C.
Subsequently, the cells were used to inoculate a 500-ml baffled shake flask
containing 50 ml CGXII medium with 222 mM glucose. After approxi-
mately 16 h of incubation at 130 rpm and 30°C, the cells were used to
inoculate a second 500-ml baffled shake flask with 50 ml of the same
medium to an ODy, of 1, and the culture was incubated on a rotary
shaker at 30°C and 130 rpm until it reached an ODy, of 7 to 8. Then the
cells were harvested by centrifugation, washed in 100 mM potassium
phosphate buffer (pH 6.5), and disrupted by sonication. The crude ex-
tracts were centrifuged at 10,000 X g for 10 min at 4°C, and the superna-
tants were used as cell extracts. The formate dehydrogenase activity was
determined spectrophotometrically at 340 nm in an assay mixture con-
taining 200 mM sodium formate, 2 mM NAD™, and 100 mM potassium
phosphate buffer (pH 7.0) as described previously (2). One unit of en-
zyme activity (U) was defined as the amount of enzyme catalyzing the
reduction of 1 umol NAD™ per min at 30°C. Protein concentrations were
determined by the method of Bradford (5), using bovine serum albumin
as a standard.

RESULTS

Minimizing acetate formation during anaerobic succinate pro-
duction from glucose by C. glutamicum. As described in the in-
troduction, a C. glutamicum R strain for anaerobic succinate pro-
duction which lacks the IdhA gene for the NAD™-dependent
lactate dehydrogenase and overexpresses the native pyruvate car-
boxylase gene pyc has been described (38). This strain formed
acetate as a major by-product with a yield of 0.29 mol/mol glu-
cose. Although the oxidation of pyruvate to acetate provides ad-
ditional reducing equivalents for conversion of oxaloacetate to
succinate in the reductive TCA cycle (38, 58), it also leads to a loss
of carbon and complicates downstream processing. We therefore
aimed at the development of a succinate production strain of C.
glutamicum with minimized acetate formation.

Starting with the C. glutamicum type strain ATCC 13032, we
deleted the genes for all known acetate-forming pathways in C.
glutamicum, i.e., the cat gene for acetyl-CoA:CoA transferase (55,
58), the pqo gene for pyruvate:menaquinone oxidoreductase (49),
and the pta-ackA genes coding for phosphotransacetylase and ac-
etate kinase (41). To abolish lactate production, the IdhA gene for
L-lactate dehydrogenase (22) was deleted. The resulting strain, C.
glutamicum Acat Apqo Apta-ack AldhA, was named BOL-1 (Fig.
1). As increased C3 carboxylation efficiency was shown to be a key
factor for high succinate production (22), strain BOL-1 was trans-
formed with plasmid pAN6-pyc”*>% (32) for overproduction of
the homologous pyruvate carboxylase (40) with a P458S amino
acid exchange, which was reported to be beneficial for the reaction
(20). Alternatively, the pyc"*** gene under the control of the
strong constitutive promoter of the tuf gene (coding for the elon-
gation factor Tu) was chromosomally integrated into the deleted
pta-ack region of the BOL-1 strain, resulting in strain C. glutami-
cum Acat Apqo Apta—ack::mepycP“SSS AldhA (BOL-2). For com-
parison with C. glutamicum R AldhA-pCRA717 (38) and as a ref-
erence, C. glutamicum AldhA/pANG-pyc™**®S was constructed.
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FIG 1 Schematic representation of the metabolic pathways relevant for suc-
cinate production by C. glutamicum under anaerobic conditions. Reactions
leading to by-products or which are presumably not relevant are displayed in
gray. Enzymes whose genes were deleted in the course of this work are indi-
cated by “X.” Enzymes whose genes were overexpressed are highlighted in gray
boxes, and the arrows for the corresponding reactions are thickened. Addi-
tional reactions not directly involved in succinate synthesis but important for
cofactor supply, cofactor conversion, and CO, production are displayed in
boxes within the TCA cycle. Abbreviations: ACN, aconitase; AK, acetate ki-
nase; CoAT, acetyl-CoA:CoA transferase; CS, citrate synthase; DHAP, dihy-
droxyacetone phosphate; FDH, formate dehydrogenase (from M. vaccae);
FUM, fumarase; GAP, glyceraldehyde 3-phosphate; GAPDH, glyceraldehyde
3-phosphate dehydrogenase; ICD, isocitrate dehydrogenase; LDH, L-lactate
dehydrogenase; MDH, malate dehydrogenase; NDH-II, type II NADH dehy-
drogenase; OAA, oxaloacetate; ODHC, 2-oxoglutarate dehydrogenase com-
plex; PEP, phosphoenolpyruvate; PEPCx, PEP carboxylase; PCx, pyruvate car-
boxylase; PCx"**5S, pyruvate carboxylase with a P458S exchange; PDHC,
pyruvate dehydrogenase complex; PTA, phosphotransacetylase; PQO, pyru-
vate:menaquinone oxidoreductase; SCS, succinyl-CoA synthetase; SDH, suc-
cinate dehydrogenase.

Succinate production of strains AldhA/pAN6-pyc”*>*, BOL-1/
PANG6-pyc”**%, and BOL-2 was tested under anaerobic conditions
in 0.9% (wt/vol) NaCl solution containing 111 mM glucose at a
constant pH of 6.9 (with 3 M KOH) using a Multifors bioreactor
system. To ensure the necessary supply of CO, for C3 carboxyla-
tion, 200 mM NaHCO; was added. Three independent fermenta-
tions with different biomass concentrations, resulting in different
kinetics, were performed for each strain. In Fig. 2, one represen-
tative fermentation for each of the tested strains is shown. The
average specific process parameters and final product titers, in-
cluding standard deviations, are shown in Table 2.

The reference strain C. glutamicum AldhA/pANG6-pyc”*>* uti-
lized glucose with a specific rate of 3.68 * 0.07 mmol per g cdw per
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h and produced succinate with a specific rate of 3.70 = 0.17 mmol
per g cdw per h. In total, 130 = 4 mM succinate was accumulated
in the supernatant during batch fermentation with a yield of
1.16 * 0.02 mol/mol glucose. Simultaneously, 52 = 2 mM acetate
was formed, corresponding to a yield of 0.46 * 0.01 mol/mol
glucose. Pyruvate accumulated during the production process si-
multaneously to glucose consumption, reaching a maximal level
of more than 20 mM. After glucose was depleted, pyruvate was
partially consumed, leading to a final concentration of 5 = 0 mM
after 21 h. Besides pyruvate, malate (8 = 2 mM), fumarate (2.2 =
0.7 mM), and a-ketoglutarate (3 = 1 mM) were also detected in
the supernatant after 21 h. Whereas malate and fumarate presum-
ably are formed by the reductive branch of the TCA cycle, a-ke-
toglutarate must be formed by the oxidative branch (Fig. 1).

As expected, strain BOL-1/pAN6-pyc”*>*® showed an approx-
imately 90% decreased final acetate titer (5 = 1 mM) compared to
that of the reference strain C. glutamicum Aldh/pANG6-pyc™*>%.
However, the glucose consumption rate (2.29 * 0.20 mmol per g
cdw per h) and the succinate production rate (2.33 = 0.18 mmol
per g cdw per h) were reduced by 37 to 38% compared to those of
the reference strain. The strain BOL-1 reached a succinate titer of
116 = 3 mM, which corresponded to the maximal theoretical
yield (1.00 % 0.03 mol succinate/mol glucose) that is possible
when glucose is metabolized exclusively by glycolysis. The absence
of the pyruvate-dissimilating pathways leading to acetate in the
BOL-1/pAN6-pyc”*>®® strain led to an increased excretion of py-
ruvate (final titer, 24 = 2 mM) and a-ketoglutarate (14 = 0 mM),
whereas the concentrations of malate (6 = 1 mM) and fumarate
(3 = 0.3 mM) remained nearly unchanged.

The BOL-2 strain showed the same final titers and product
yields as strain BOL-1/pAN6-pyc”*>%5; however, the rates of glu-
cose consumption (4.24 * 0.32 mmol per g cdw per h) and suc-
cinate production (4.20 = 0.26 mmol per g cdw per h) were 80%
and 85% higher, respectively. These rates even exceeded those of
the reference strain AldhA/pAN6-pyc”*>®® by 15% and 14%, re-
spectively.

Increasing the supply of redox equivalents for anaerobic suc-
cinate production from glucose by coutilization of formate. The
strain BOL-2 was able to rapidly metabolize glucose to succi-
nate under anaerobic conditions up to its theoretical maximal
yield of 1 mol/mol glucose with minimized accumulation of
by-products (lactate and acetate). In order to increase the suc-
cinate yield, additional reducing equivalents are required. For
this purpose, we wanted to introduce the fdh gene from Myco-
bacterium vaccae (11), which codes for an NAD"-dependent
formate dehydrogenase (FDH), into strain BOL-2. Theoretically, the
coutilization of glucose and formate could allow an exergonic “ho-
mosuccinate fermentation” according to the following reaction:

Glucose + 2 formate™ —> 2 succinate’” + 2H"
+2H,0 (AG" =-315 kj /mol glucose)

In a first set of experiments, the fdh gene was overexpressed in
strain BOL-2 using the expression plasmid pEKEx2-fdh. However,
in the presence of formate, this plasmid led to a complete stop of
glucose utilization, although neither formate utilization nor prod-
uct formation was observed (data not shown). It was supposed
that initial oxidation of minor amounts of formate led to an excess
of NADH, which inhibited the activity of glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) and blocked glycolysis. This idea
was supported by previous studies, in which it was proposed that
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FIG 2 Representative anaerobic batch fermentation of C. glutamicum AldhA/pAN6-pyc"*>5 (#; biomass concentration, 6.35 g cdw/liter), C. glutamicum
BOL-1/pAN6-pyc”*>* (A; biomass concentration, 6.00 g cdw/liter), and C. glutamicum BOL-2 (M; biomass concentration, 5.33 g cdw/liter) showing glucose
consumption (A), succinate formation (B), acetate formation (C), and pyruvate formation (D). The experiments were performed in a Multifors bioreactor
system, and the cells, pregrown aerobically, were resuspended in a solution containing 0.9% (wt/vol) NaCl solution, 111 mM glucose, and 200 mM NaHCO;. The
pH was kept constant at 6.9 by addition of 3 M KOH. Note that the different rates cannot be directly compared, as the biomass concentrations differed. The
average values of the final process parameters, including standard deviations from three independent fermentations for each strain, are displayed in Table 2.

high NADH levels can possibly inhibit GAPDH and slow down
glycolysis in C. glutamicum during anaerobic alanine production
(25). To reduce or eliminate the proposed GAPDH inhibition,
two additional changes were introduced into the BOL-2 strain. (i)
A single copy of the fdh gene under the control of the strong
constitutive promoter of the fuf gene was chromosomally inte-
grated into the Apqo locus, resulting in strain C. glutamicum Acat

Apqo::P,,. fdh Apta-ack:P,, pyc”**** AldhA (BOL-3). The single,
constitutively expressed fdh copy should lead to a decreased FDH
level, resulting in reduced FDH activity and, consequently, a low-
ered NADH production rate. Ultimately, this should allow the
NADH reoxidizing reactions to prevent NADH accumulation and
GAPDH inhibition. Enzyme activity measurements confirmed
that the specific NAD*-dependent FDH activity of strain BOL-3

TABLE 2 Comparison of different C. glutamicum strains with respect to relevant parameters for anaerobic succinate production from glucose in a

batch fermentation”

Rate (mmol per g cdw per

Ylek.l of h) of: Final titer (mM) of:

succinate/ Amt of glucose

glucose Glucose Succinate consumed
C. glutamicum strain ~ (mol/mol)  uptake production  (mM) Succinate Acetate Pyruvate Malate Fumarate «a-Ketoglutarate
AldhAJ/pANG-pycP*>85 1,16 £ 0.02  3.68 =0.07 3.70 =0.17 113 =3 1304 52*2 5%*0 §+2 22+07 3=*1
BOL-1/pAN6-pyc”™*% 1,00 = 0.03 2.29 =020 2.33+0.18 115*3 1163 5+x1 242 6*1 30*03 14*0
BOL-2 1.03 £0.04 4.24*032 420*026 112*4 116 =2 5%1 232 7*x2 33*x08 12*1
BOL-3 1.05 £0.02 428 £0.39 437*034 115*1 121 £3 6*1 26 £ 2 42 06*x04 13X1
BOL-3/pAN6 1.01 £0.02 341 *£0.22 338%025 1161 118 = 4 5%0 24+1 61 29*x04 15*0
BOL-3/pAN6-gap 1.07 £0.02 2.20*0.12 225*0.08 116 =3 124 =3 6*0 20+ 1 4*0 11x04 14£0

“ The cells were pregrown aerobically and subsequently resuspended in 600 ml 0.9% (wt/vol) NaCl solution containing 111 mM glucose and 200 mM NaHCOj in a bioreactor. The
pH of the cell suspension was maintained at pH 6.9 by addition of 3 M KOH. Rates were calculated for the period in which glucose was completely consumed. The final
concentrations of products and by-products were determined after 21 * 1 h. All values are the average data with standard deviations from three independent batch fermentations.
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FIG 3 Succinate formation (half-filled symbols), glucose consumption (filled symbols), and formate utilization (open symbols) during a representative
anaerobic batch fermentation with a glucose/formate mixture (panels Al and A2) or with glucose alone (panels B1 and B2) of C. glutamicum BOL-2 (M; biomass
concentrations, 5.50 [A] and 5.33 [B] g cdw/liter), BOL-3 (A; biomass concentrations, 4.70 [A] and 5.10 [B] g cdw/liter), BOL-3/pANG6 ( 4 ; biomass concen-
trations, 5.28 [A] and 5.33 [B] g cdw/liter), and BOL-3/pAN6-gap (@®; biomass concentrations, 5.70 [A] and 5.70 [B] g cdw/liter). The experiments were
performed in a Multifors bioreactor system, and the cells, pregrown aerobically, were resuspended in a solution containing 0.9% (wt/vol) NaCl solution, 111 mM
glucose, 200 mM NaHCOj;, and 220 mM sodium formate. The pH was kept constant at 6.9 by addition of 3 M KOH. Note that the different rates cannot be
directly compared, as the biomass concentrations differed. The average values of the final process parameters, including standard deviations from three

independent fermentations for each strain, are displayed in Table 3.

(0.024 = 0.004 U/mg protein) was 81% lower than that of strain
BOL-2/pEKEx2-fdh (0.130 = 0.001 U/mg protein). The control
strains BOL-2 and BOL-2/pEKEx2 showed no NAD *-dependent
FDH activity at all. (ii) Jojima and coworkers previously demon-
strated that overexpression of the gapA gene can be used as an
efficient approach to improve glucose consumption in C. glutami-
cum R under anaerobic conditions that lead to high NADH/
NAD ™ ratios (25). Therefore, we constructed plasmid pAN6-gap,
which allows overexpression of the homologous gapA gene from
C. glutamicum, and transferred this plasmid into the BOL-3 strain,
resulting in BOL-3/pAN6-gap. The strain with empty vector was
also constructed as a control (BOL-3/pANG).

To determine the influence of formate on succinate produc-
tion, strains BOL-2, BOL-3, BOL-3/pAN6, and BOL-3/pAN6-gap
were incubated under anaerobic conditions in 0.9% (wt/vol) NaCl
solution containing 111 mM glucose and 200 mM NaHCO; with
and without 220 mM sodium formate. The experiments were per-
formed in a Multifors bioreactor system at pH 6.9, adjusted with 3
M KOH. Three independent fermentations with different biomass
concentrations, leading to different kinetics, were performed for
each strain. Representative fermentations for each strain are
shown in Fig. 3A for the experiments with the glucose/formate
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mixture and in Fig. 3B for the experiments with glucose as the sole
substrate. The average specific process parameters and final product
titers, including standard deviations, are listed in Tables 2 and 3 for
the experiments with and without formate, respectively.

In the case of the BOL-2 strain, the addition of formate did not
influence the succinate yield (1.01 % 0.03 mol/mol glucose) but
reduced the glucose uptake and succinate production rates by
40%. Thus, the presence of 220 mM formate slowed down the
overall process, although it was not consumed in detectable
amounts. The acetate level produced remained low (5 = 0 mM),
but the final titers of pyruvate (31 = 2 mM; +34%), malate (12 *
0 mM; +71%), and fumarate (4 = 0 mM; +20%) increased,
whereas the a-ketoglutarate titer decreased (9 = 1 mM; —25%).

In contrast to BOL-2, the BOL-3 strain containing the fdh gene
from M. vaccae utilized 84 = 2 mM formate with an uptake rate of
0.98 * 0.25 mmol per g cdw per h. The succinate yield of the
BOL-3 strain on a glucose/formate mixture increased about 20%
to 1.26 = 0.02 mol/mol glucose compared to 1.05 = 0.02 mol/mol
with glucose alone. The substrate uptake and succinate produc-
tion rates of the BOL-3 strain for the process with the glucose/
formate mixture were calculated only for the first 3 h of produc-
tion, because afterwards, the strain entered a dormancy phase
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TABLE 3 Comparison of different C. glutamicum strains with respect to relevant parameters for anaerobic succinate production from glucose and

formate in a batch fermentation®

Yield of Consumption
X Rate (mmol per g cdw per h) of: (mM) of: Final titer (mM) of:

succinate/
C. glutamicum glucose Succinate  Glucose Formate
strain (mol/mol) production uptake uptake Formate Glucose Succinate Acetate Pyruvate Malate Fumarate a-Ketoglutarate
BOL-2 1.01 = 0.03 2.58 = 0.25 2.57 = 0.22 ND ND 1082 1095 50 31*£2 12Xx04*0 9+1
BOL-3 1.26 £ 0.02 2.30 = 0.06 1.76 = 0.17 098 2025 84 *2 111 *2 141 *£3 2*x0 23*2 14*x15*0 5*0
BOL-3/pAN6 1.28 £0.05 2.42 = 0.15 1.67 £ 0.09 1.01 =0.21 77 £15 104 *10 13315 2*0 23*x5 12*x14*0 5x2
BOL-3/pANG6-gap 1.41 = 0.02 2.14 = 0.54 1.56 £ 0.42 1.11 £0.12 89 =13 107*4 151*x7 3*x0 14*x3 10*x24=*1 4=*1

“ The cells were pregrown aerobically and subsequently resuspended in 600 ml 0.9% (wt/vol) NaCl solution containing 111 mM glucose, 200 mM NaHCO3, and 220 mM sodium
formate in a bioreactor. The pH of the cell suspension was maintained at pH 6.9 by addition of 3 M KOH. Rates were calculated for the period in which glucose was completely
consumed for strains BOL-2 and BOL-3/pAN6-gap but for only the first 3 h of glucose utilization for strains BOL-3 and BOL-3/pAN6, which showed a temporary metabolic
blockage after those 3 h. The final concentrations of products and by-products were determined after 20 = 1 h for strains BOL-2 and BOL-3/pAN6-gap and after 26 * 3 h for
strains BOL-3 and BOL-3/pANG6. All values are the average data with standard deviations from three independent batch fermentations. ND, not detected.

which lasted for several hours (Fig. 3A). In these first 3 h, the
glucose uptake (1.76 * 0.17 mmol per g cdw per h) and succinate
production (2.30 = 0.06 mmol per g cdw per h) rates of BOL-3
were reduced by 59% and 47% compared to the values on glucose
alone (4.28 = 0.39 mmol per g cdw per h and 4.37 = 0.34 mmol
per g cdw per h, respectively). Thus, the deceleration of the process
in the presence of formate that was observed for the BOL-2 strain
was also detected for the BOL-3 strain. During the temporary
block of the BOL-3 strain utilizing the glucose/formate mixture,
very low substrate consumption and product excretion were de-
tected. After several hours, the production continued again with
nearly the same rate as in the first 3 h. This behavior was observed
in all three analyzed fermentations with formate as a cosubstrate.
Interestingly, during glucose/formate coutilization, the BOL-3
strain accumulated less acetate (2 = 0 mM; —60%) and a-keto-
glutarate (5 = 0 mM; —62%) but more intermediates of the re-
ductive branch of the TCA cycle, namely, malate (14 = 1 mM;
+250%) and fumarate (5 = 0 mM; +733%), than during produc-
tion on glucose as the sole substrate. The final excreted pyruvate
levels were comparable between the two conditions (23 = 2 mM
to 26 = 2 mM). As expected, BOL-3/pANG6 exhibited characteris-
tics similar to those of the parental strain BOL-3 except for re-
duced glucose uptake and succinate production rates during fer-
mentation on glucose as the sole substrate.

In contrast to BOL-3 and BOL-3/pANS, the strain BOL-3/
PANG6-gap showed no temporary process inhibition in the pres-
ence of formate as a cosubstrate (Fig. 3A). The BOL-3/pANG6-gap
strain consumed 89 * 13 mM formate (1.11 = 0.12 mmol per g
cdw per h) together with 107 = 4 mM glucose (1.56 = 0.42 mmol
per g cdw per h) and produced 151 = 7 mM succinate (2.14 = 0.54
mmol per g cdw per h) with a yield of 1.41 = 0.02 mol/mol glu-
cose. This was the best yield achieved during batch fermentation
and represented an increase of 32% compared to the value on
glucose alone (1.07 £ 0.02 mol/mol glucose). Remarkably, the
production process of the BOL-3/pANG6-gap strain on glucose as
the sole substrate showed the lowest glucose uptake (2.20 = 0.12
mmol per g cdw per h) and succinate production (2.25 * 0.08
mmol per g cdw per h) rates of all tested strains. In the presence of
formate, the glucose uptake rate of BOL-3/pAN6-gap dropped by
30% compared to that of glucose alone, while the succinate pro-
duction rate decreased by only 5%. During formate/glucose couti-
lization, the BOL-3/pANG6-gap strain accumulated less pyruvate
(14 = 1 mM; —30%), a-ketoglutarate (4 = 1 mM; —72%), and

3332 aem.asm.org

acetate (3 = 0 mM; —50%) but showed increased excretion of
malate (10 = 2 mM; +150%) and fumarate (4 = 1 mM; +263%)
compared to the by-product profile on glucose as the sole sub-
strate.

Fed-batch succinate production with strain BOL-3/pANG6-
gap on a formate/glucose substrate mixture. To test the perfor-
mance of strain BOL-3/pAN6-gap throughout a process in which
high concentrations of products should accumulate, two indepen-
dent fed-batch fermentations were carried out with different bio-
mass concentrations, leading to different kinetics. The two exper-
iments showed comparable final succinate yields (deviation, 5%)
and titers (deviation, 10%). One representative experiment is
shown in Fig. 4 and described in detail here. Initially, the 0.9%
NaCl solution contained 222 mM glucose, 240 mM formate, and
250 mM NaHCO;. After 7.5, 20, and 39 h, 222 mM glucose and
250 mM NaHCO; were added. After 7.5 and 20 h, 200 mM so-
dium formate was added, and after 36 and 53 h, 290 mM sodium
formate was added. The pH was kept at pH 6.9 by automated
addition of 4 M KOH. After feeding with NaHCOj, the pH in-
creased to between 7.2 and 7.4 and then returned to pH 6.9 by the
acid production of the cells. Throughout the experiment, the con-
centrations of glucose and organic acids were measured offline by
high-performance liquid chromatography (HPLC).

As shown in Fig. 4, the succinate concentration increased con-
tinuously for 53 h, after which the metabolic activity of the cells
ceased, although neither glucose nor formate had been consumed.
The stop of metabolism correlated with the fourth addition of
sodium formate, indicating that the formate titer of about 500
mM might have been responsible for inhibition of metabolism.
Within the first 53 h, succinate was produced to a final titer of
1,134 mM (134 g liter'). In this time, 679 mM glucose (122 g
liter ') and 772 mM formate (36 g liter ') had been consumed
(Fig. 4A). This resulted in the highest succinate yield described for
C. glutamicum of 1.67 mol/mol glucose (1.1 g succinate/g glu-
cose), an average specific succinate production rate of 1.59 mmol
per g cdw per h, and a mean volumetric productivity of 21 mM
h™"'. The average specific glucose uptake rate (0.95 mmol per g
cdw per h) observed for strain BOL-3/pAN6-gap during fed-batch
fermentation was 40% lower than that for the batch experiment
(1.56 = 0.42 mmol per g cdw per h) and was slightly lower than the
average formate uptake rate (1.08 mmol per g cdw per h) in the
fed-batch process, which was reduced by only 3% compared to
that of the batch experiment. Both the glucose uptake rate and the
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FIG 4 Representative anaerobic fed-batch fermentation with C. glutamicum
strain BOL-3/pANG6-gap showing succinate production (black stars) during
coutilization of glucose (black squares) and formate (black triangles) (A) and
formation of the by-products pyruvate (open triangles), acetate (open stars),
a-ketoglutarate (open circles), malate (open squares), and fumarate (open
diamonds) (B). The dashed line shown after 53 h of incubation marks the end
of anaerobic succinate production activity. The experiment was performed in
a Multifors bioreactor system, and the cells, pregrown aerobically, were resus-
pended in 450 ml of a solution containing 0.9% (wt/vol) NaCl, 220 mM glu-
cose, 250 mM NaHCOj, and 220 mM sodium formate. The cell suspension
had an initial OD, of about 50. After 7.5, 20, and 39 h, 222 mM glucose and
250 mM NaHCO; were added. After 7.5 and 20 h, 200 mM sodium formate
was added, and after 36 and 53 h, 290 mM sodium formate was added. The pH
was kept at pH 6.9 by automated addition of 4 M KOH. After feeding with
NaHCO;, the pH increased to between 7.2 and 7.4 and then returned to pH 6.9
by the acid production of the cells. Two independent fermentations were per-
formed, with both showing comparable results with respect to product yield
(5% difference) and titer (10% difference).

formate uptake rate decreased after each pulse, but the former
decreased more strongly than the latter.

The kinetics of formation of the by-products malate, fumarate,
and a-ketoglutarate correlated roughly with the glucose con-
sumption rate, being faster in the initial stages of the fermentation
(Fig. 4B). In contrast, acetate was excreted with an approximately
constant rate during the whole production process. Pyruvate rep-
resented a temporary by-product, as it accumulated up to 27 mM
during metabolism of the glucose initially present and then was
consumed. In total, the fed-batch process with the BOL-3/pANG6-
gap strain resulted in 107 mM by-products (corresponding to 417
mM C) after 53 h (35 mM «a-ketoglutarate, 33 mM malate, 20 mM
acetate, 13 mM fumarate, and 6 mM pyruvate), which represented
only 10% of the total glucose carbon consumed (4,074 mM C).
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To judge the efficiency of supplying additional NADH by for-
mate oxidation, the redox balance of the fed-batch process was
calculated. As NADH can be converted to MQH, by NADH de-
hydrogenase and as malate dehydrogenase can use both NADPH
and NADH (4, 12), all three reduced cofactors were calculated as
one NADH pool. The calculation was based on the metabolic re-
actions of strain BOL-3/pANG6-gap, as shown on Fig. 1. Oxidation
of glucose to pyruvate via glycolysis delivered 1,358 mM NADH,
oxidation of pyruvate to acetyl-CoA or acetate delivered 55 mM,
oxidation of isocitrate to a-ketoglutarate delivered 35 mM, and
formate oxidation to CO, delivered 772 mM. Thus, in sum, 2,220
mM NADH was generated. For the conversion of oxaloacetate to
succinate via malate and fumarate, 2,314 mM NADH was needed.
Thus, the redox balance was close to 96%.

Formate oxidation yields not only NADH but also CO, for
succinate production. In total, 1,862 mM CO, was available in the
fed-batch process: 1,000 mM from NaHCOs;, 772 mM from for-
mate oxidation, 55 mM from pyruvate oxidation to acetyl-CoA/
acetate, and 35 mM from oxidation of isocitrate to a-ketogluta-
rate. On the other hand, 1,215 mM CO, was required for
carboxylation of pyruvate (or phosphoenolpyruvate) to oxaloac-
etate. Thus, at least 10% of the carbon dioxide fixed in succinate
originated from formate oxidation. With respect to the entire car-
bon balance, 5,846 mM C was provided (679 mM glucose, 772
mM formate, 1,000 mM NaHCO;) and 4,953 mM carbon was
recovered in products (1,134 mM succinate, 35 mM a-ketogluta-
rate, 33 mM malate, 20 mM acetate, 13 mM fumarate, 6 mM
pyruvate). The gap of 15% is almost certainly due to remaining
carbon dioxide, which was not measured.

DISCUSSION

In this work, metabolic engineering was used to develop C. glu-
tamicum strains (based on the ATCC 13032 wild-type strain) for
anaerobic succinate production from glucose or glucose/formate
mixtures. The specific aims were to reduce by-product formation
and to increase the succinate yield. For comparison with the pre-
viously described succinate producer C. glutamicum R AldhA-
pCRA717 (38), C. glutamicum AldhA/pANG6-pyc™*>® was created.
By trend, these two strains behaved similarly, but the ATCC
13032-based strain formed 17% less succinate and 59% more by-
products than the R-based strain. Besides the different strain
backgrounds, the use of the wild-type versus the mutated pyc gene,
the use of different plasmids and promoters for pyc expression,
and different production conditions could be responsible for the
differing results. C. glutamicum AldhA/pANG6-pyc”**® produced
0.46 mol acetate/mol glucose. To eliminate this major by-product,
the genes for the three acetate-forming pathways known in C.
glutamicum (cat, pqo, ackA-pta) were deleted, resulting in strain
BOL-1. For enhancement of pyruvate carboxylation, either
plasmid pANG6-pyc™*>® was used or pyc"**® was chromo-
somally integrated under the control of the strong constitutive
tuf promoter (strain BOL-2). Both strains formed 90% less
acetate than C. glutamicum AldhA/pANG6-pyc™*>%5, Tt is still un-
clear which reactions and enzymes are responsible for the re-
sidual acetate production. As discussed previously (32), it
might be formed by the hydrolysis and/or conversion of acetyl-
CoA to acetate by a number of putative acetyltransferases or
hydrolases. As expected, the succinate yield of strains BOL-1/
pANG6-pyc’*># and BOL-2 was decreased to 1.0 mol/mol glu-
cose compared to strain AldhA/pAN6-pyc®***® (1.16 mol/mol),
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since the inhibition of acetate formation from pyruvate also
reduced the formation of reducing equivalents (by the pyru-
vate dehydrogenase complex and/or by pyruvate:menaquinone
oxidoreductase), as discussed previously (58).

As the succinate yield of strain BOL-2 was limited by the redox
balance, the M. vaccae fdh gene encoding an NAD*-dependent
formate dehydrogenase was chromosomally integrated under the
control of the tuf promoter, allowing the use of formate as an
additional donor of reducing equivalents and, simultaneously, of
CO,. All strains carrying the fdh gene (BOL-3, BOL-3/pANG6, and
BOL-3/pAN6-gap) showed a significant increase in the succinate
yield in the presence of formate (1.3 to 1.4 mol/mol) compared to
that in its absence (1.0 to 1.1 mol/mol). In contrast, strain BOL-2
was unable to utilize formate and showed no yield differences on
glucose/formate mixtures compared to that with glucose as the
sole carbon source. The presence of 220 mM formate reduced the
glucose uptake rate and, consequently, also the succinate produc-
tion rates. As this effect was also observed for strain BOL-2, the
inhibition apparently was caused by the mere presence of formate
and not by its metabolism. An inhibitory effect of formate on the
anaerobic metabolism of resting cells was also described for etha-
nologenic E. coli LYO1 (60). Ethanol production in phosphate-
buffered saline at pH 6.8 and supplemented with 217 mM (10
g/liter) formate, conditions very similar to those used in our work,
was decreased by 25% compared to that of a reference culture
without formate. A possible explanation for the inhibitory effect is
that formic acid (pK,, 3.77), but not its anion, can diffuse across
the cytoplasmic membrane and thereby dissipates ion gradients
and, dependent on the pH gradient, increases the internal anion
concentration (42, 60).

In the presence of formate, strain BOL-3 and its derivatives
formed fewer oxidized by-products, such as acetate and a-keto-
glutarate, and more reduced by-products, such as malate and fu-
marate, in the supernatant. This was a hint for an increased avail-
ability of NADH, which redirected metabolism toward the
synthesis of more reduced products. Moreover, it also suggested
that the reduction of fumarate to succinate by succinate dehydro-
genase (SDH) (Fig. 1) might become a rate-limiting step under
these conditions. Thus, an increase of SDH activity could be a
starting point for further strain improvement.

The succinate production process of strains BOL-3 and BOL-
3/pANG6 on the substrate mixture of glucose plus formate was
interrupted by a several-hours-long dormancy phase. This effect
was prevented by overexpression of the gapA gene. This supported
the assumption that the dormancy phase was caused by an inhi-
bition of GAPDH activity by high NADH levels, as reported for C.
glutamicum strain R (25, 39). However, whereas gapA overexpres-
sion stimulated glucose consumption by an anaerobic L-alanine
producer based on strain R (25), a quite contrary effect was ob-
served for the BOL-3 strain, for which overexpression of gapA
reduced the glucose consumption rate. The reason for this differ-
ence is not yet clear, but the reduced glucose consumption might
improve the balance between NADH generation and reoxidation.

Fed-batch fermentations with strain BOL-3/pANG6-gap deliv-
ered the highest reported succinate yield from glucose that was
achieved with metabolically engineered C. glutamicum strains,
namely, 1.67 mol/mol glucose, which represented 84% of the the-
oretically possible yield under the conditions used. Of course, it
has to be taken into account that part of the carbon stems from
carbon dioxide, as maximally 1.5 mol succinate can be formed
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from 1 mol glucose. The high succinate yield was accompanied by
very low by-product formation. In sum, only 417 mM C was
found in by-products compared to 4,536 mM C in succinate
(1,134 mM). Compared to the batch fermentation, the succinate
yield of the fed-batch process was increased about 18%. This
might be due to the stepwise decrease of the glucose uptake rate
compared to the formate uptake rate, allowing an improved bal-
ance of the NADH-forming and NADH-consuming reactions.
The reduction of the glucose uptake rate was possibly due to in-
creasing formate concentrations, as indicated by the third formate
pulse, after which glucose utilization stopped for 4 h but then
continued, and by the fourth pulse, after which the formate con-
centration exceeded 500 mM, and a complete inhibition of glu-
cose metabolism was observed. This behavior suggests that the
negative influence of formate was concentration dependent and
that in an industrial process, the formate concentration should be
kept below 300 mM.

The efficiency of the fed-batch process was also documented by
the redox balance, which was close to 96%, i.e., only 4% of the
NADH required for reduction of oxaloacetate to succinate could
not be ascribed to the known metabolic pathways (Fig. 1). It
showed that the entire amount of NADH produced by formate
oxidation was used for succinate production. Furthermore, part
of the CO, formed by formate oxidation was incorporated into
succinate. However, further experiments are required to deter-
mine how efficient the replacement of NaHCO; by CO, derived
from formate oxidation could become. Altogether, the results
confirmed that both products of formate oxidation were utilized
in the described process.

A compilation of some of the most efficient microbial strains
for anaerobic succinate production from glucose is shown in Ta-
ble 4. This summary shows that the new process for anaerobic
succinate production from glucose/formate mixtures with the C.
glutamicum BOL-3/pANG6-gap strain does not only compete fa-
vorably with the producer strain based on C. glutamicum R re-
garding yield, product titer, volumetric productivity, and by-
product formation, it also exceeds the maximal parameters of the
most important natural succinate producers A. succinogenes
ATCC 55618 FZ 53 and A. succiniciproducens as well as those of the
metabolically engineered strains M. succiniciproducens LPK7, E.
coliKJ134, and E. coli SBS550MG/pHL314. The compared param-
eters for the C. glutamicum BOL-3/pAN6-gap strain are based
only on the production phase of the process, but even if the sub-
strate and the time invested in the generation of the biomass are
taken into account (values displayed in parentheses), the process
results are still very competitive. The succinate yield for the newly
developed process was calculated based on the utilized glucose.
Consumption of formate and/or bicarbonate as a CO, donor was
not taken into account, similar to the processes of the previous
studies shown in Table 4. Of course, formate and bicarbonate have
to be considered cost factors in an industrial implementation. As
formate serves as a donor not only of reducing equivalents but also
of carbon dioxide, its use allows both an increased succinate yield
and a reduced bicarbonate demand and thus offers advantages
compared to processes using bicarbonate only.

A general benefit of the new process in comparison to many
previously described ones is the use of simplified production me-
dium (saline solution), which enables lower production and pu-
rification costs. A further decrease of the purification cost could be
achieved with a production process performed at lower pH. Pro-
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TABLE 4 Data of some of the most efficient processes described for anaerobic succinate production from glucose”

Total By-product yield
Succinate succinate  Volumetric ~ Total by-product (mol C
yield produced productivity concn (mM by-product/
Succinate producer (mol/mol)  (mM) (mMh™!) [mM carbon]) mol C glucose) Process description Reference
C. glutamicum 1.67 (1.36"%) 1,134 21 (169 107 (417) 0.10 Two stages—aerobic growth in minimal ~ This study
BOL-3/pANG6-gap medium, anaerobic fed-batch
production in saline solution
C. glutamicum R 1.40 (0.85") 1,240 27 (219 270 (540) 0.10 Two stages—aerobic growth in complex 38
AldhA-pCRA717 medium, anaerobic fed-batch
production in minimal medium
E. coli SBS550MG/ 1.60 (1.60) 350 4 (39 ~50 (50) 0.04 Two stages—aerobic growth in complex 45
pHL314 medium, anaerobic fed-batch
production in complex medium
E. coli KJ134 1.53 606 6 72 (192) 0.08 One stage—anaerobic batch processin 24
minimal medium
A. succiniciproducens  1.37 180 9 109 (205) 0.26 One stage—anaerobic batch processin 13
ATCC 53488 complex medium on large scale (80
liters)
A. succinogenes 1.26 897 12 368 (773) 0.18 One stage—anaerobic batch processin 14
ATCC 55618 FZ complex medium
53
M. succiniciproducens 1.16 444 15 241 (800) 0.35 One stage—anaerobic fed-batch process 31
LPK7 in complex medium

@ For two-stage processes, approximate values calculated for the entire process are displayed in parentheses.
b Succinate yield calculated for glucose consumed initially for biomass production and subsequently for succinate production. The factor f(11.52 mmol glucose per g cdw),
representing the amount of glucose consumed per gram of biomass formed, was calculated from previous growth studies with wild-type C. glutamicum ATCC 13032 in a bioreactor

(32).

¢ Total volumetric productivity calculated for the overall process time (69 h) = biomass cultivation time (16 h) + production time (53 h).
4 Total volumetric productivity calculated for the overall process time (59 h) = biomass cultivation time (13 h) + production time (46 h).
¢ Total volumetric productivity calculated for the overall process time (113 h) = biomass cultivation time (17 h) + production time (96 h).

cesses in the pH range of 5.8 to 6.5 were already described for some
of the listed species, e.g., A. succinogenes (14) and A. succinicipro-
ducens (13), but never tested for anaerobic substrate conversion
with C. glutamicum, thus presenting an interesting opportunity
for process optimization.

Another means for improvement of the system presented
here for anaerobic succinate production is further strain opti-
mization. The recent identification of the succinate exporter
SucE in C. glutamicum (10, 18) offers the interesting opportu-
nity to test the effect of increased sucE expression on the suc-
cinate production of the reported strains. As the reaction cat-
alyzed by GAPDH was shown to be critical, its optimization
may improve the substrate consumption rates and thus further
optimize the current producers. Additional improvements of
the entire process, e.g., by (i) optimized cultivation conditions
for biomass production, (ii) production in cultivation medium
without biomass transfer, (iii) maintenance of optimal sub-
strate concentrations, especially of formate because of its tox-
icity at high concentrations (62), (iv) in situ product recovery
(63), and (v) continued strain improvement may further in-
crease the overall efficiency of the process.
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