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Wild-type Corynebacterium glutamicum produces a mixture of lactic, succinic, and acetic acids from glucose under oxygen de-
privation. We investigated the effect of CO2 on the production of organic acids in a two-stage process: cells were grown aerobi-
cally in glucose, and subsequently, organic acid production by nongrowing cells was studied under anaerobic conditions. The
presence of CO2 caused up to a 3-fold increase in the succinate yield (1 mol per mol of glucose) and about 2-fold increase in ace-
tate, both at the expense of L-lactate production; moreover, dihydroxyacetone formation was abolished. The redistribution of
carbon fluxes in response to CO2 was estimated by using 13C-labeled glucose and 13C nuclear magnetic resonance (NMR) analy-
sis of the labeling patterns in end products. The flux analysis showed that 97% of succinate was produced via the reductive part
of the tricarboxylic acid cycle, with the low activity of the oxidative branch being sufficient to provide the reducing equivalents
needed for the redox balance. The flux via the pentose phosphate pathway was low (�5%) regardless of the presence or absence
of CO2. Moreover, there was significant channeling of carbon to storage compounds (glycogen and trehalose) and concomitant
catabolism of these reserves. The intracellular and extracellular pools of lactate and succinate were measured by in vivo NMR,
and the stoichiometry (H�:organic acid) of the respective exporters was calculated. This study shows that it is feasible to take
advantage of natural cellular regulation mechanisms to obtain high yields of succinate with C. glutamicum without genetic
manipulation.

Corynebacterium glutamicum is a facultatively anaerobic (1)
Gram-positive bacterium that occupies a prominent position

among industrial microorganisms, primarily due to its outstand-
ing performance in the production of L-amino acids. In fact, over
2 million tons of L-glutamate and L-lysine are produced per year
by C. glutamicum fermentation (2, 3). In addition, it is a GRAS
(generally regarded as safe) organism that is robust (osmotolerant
and phage resistant), extensively studied with respect to metabo-
lism and regulation, and amenable to genetic manipulation, for
which a comprehensive toolbox is available (4). Under aerobic
conditions, C. glutamicum is able to grow relatively fast to high cell
densities in minimal medium. In contrast, in the absence of oxy-
gen and nitrate, cell growth is negligible, while the ability to me-
tabolize sugars is retained (5, 6). Thus, cells of C. glutamicum can
be grown aerobically and subsequently used for fermentation of
desired products under anoxic conditions, as demonstrated for
L-alanine, L-valine, or isobutanol (7–10).

It is well known that C. glutamicum converts glucose into or-
ganic acids, i.e., L-lactic, succinic, and acetic acids, under oxygen
deprivation (5, 6, 11). Lactate and succinate are important bulk
chemicals with increasing industrial demand; hence, it is not sur-
prising that a considerable research effort has been made to opti-
mize their production from renewable feedstocks, such as biomass
(12). Wild-type C. glutamicum is able to produce L-lactate from
glucose with a high yield (1.79 mol per mol glucose) (11); more-
over, it has been successfully engineered for the production of
D-lactate and derived polyesters (13, 14). In contrast, succinate is a
minor product of glucose metabolism by wild-type C. glutamicum
(5, 6, 11). Recent studies have shown that the presence of bicar-
bonate increases succinate production considerably (5, 11), and

this finding prompted a variety of genetic and environmental ma-
nipulations aimed at further production enhancement (15, 16). In
particular, a high yield of succinate (1.67 mol/mol glucose) was
achieved by using formate as an electron and CO2 donor, but there
is still need for improvement with regard to productivity and cost-
effectiveness (15).

Obviously, the maximization of organic acid production im-
plies the reduction of by-products, namely, by metabolic-engi-
neering strategies. As demonstrated for the construction of effec-
tive amino acid producers, the success of engineering approaches
depends on detailed knowledge of cellular metabolism, which
necessarily includes quantitative information on carbon flux dis-
tribution throughout the network of metabolic pathways (17, 18).
Over the last 2 decades, our team has taken advantage of the ana-
lytical power of nuclear magnetic resonance (NMR) and its
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unique noninvasive characteristics to study different aspects of
metabolism directly in living cell suspensions (19–21). We set out
to apply this methodology and to characterize C. glutamicum me-
tabolism in the anaerobic production phase, in the presence and
absence of CO2, to obtain pointers for the design of strains with
maximal succinate production.

Here, we report the use of 13C NMR combined with specifically
13C-labeled glucose to assess the impact of CO2 on the metabolic
flux distribution in wild-type C. glutamicum in the anaerobic pro-
duction phase. Moreover, the intracellular pools of organic acids
were monitored in vivo during the production phase. Our analysis
shows that the flux through the pentose phosphate pathway (PPP)
is small and not significantly altered by the CO2 supply. In addi-
tion, succinate production proceeds largely via the reductive
branch of the tricarboxylic acid (TCA) cycle, but a significant flux
via the oxidative branch provides the reducing equivalents needed
for the redox balance.

MATERIALS AND METHODS
Growth conditions. C. glutamicum strain ATCC 13032 (22) was the only
organism used in this work. Cells were grown aerobically in the CGXII
minimal medium described by Eikmanns et al. (23), modified as follows:
5 g liter�1 (NH4)2SO4, 21 g liter�1 MOPS (3-[N-morpholino] propane-
sulfonic acid), 0.2 mg liter�1 biotin. The medium was supplemented with
4% (wt/vol) glucose. Growth experiments were performed at 30°C with
constant agitation at 140 rpm in 2-liter baffled shake flasks. The medium
was inoculated by addition of a preculture to an initial optical density at
600 nm (OD600) of approximately 0.5; the initial pH value was 7.0. Pre-
cultures were grown for 8 h under the same conditions as the main cul-
tures, except that 250-ml baffled shake flasks were used. In all cases, the
medium volume was 1/10 of the flasks’ total capacity. Growth was mon-
itored by measuring the OD600. A factor of 0.24 � 0.01, determined from
a dry weight (DW) (mg ml�1)-versus-OD600 curve, was used to convert
the OD600 into dry weight (mg biomass ml�1).

Preparation of cell suspensions. Cells were grown as described above
and harvested 16 h after inoculation, at the beginning of the stationary
phase (OD600 � 40 to 45); centrifuged (9,924 � g; 10 min; 4°C); and
washed twice with an appropriate buffer {MES [2-(N-morpholino)eth-
anesulfonic acid] or PIPES [piperazine-N,N=-bis(2-ethanesulfonic acid)];
10 mM at pH 7}. The resulting cell suspension was centrifuged (11,325 �
g; 10 min; 4°C), and the pellet was resuspended to an OD600 of 100 (dense
cell suspension) or 7.5 (diluted cell suspension) in 50 mM buffer (PIPES at
pH 7 or MES at pH 5.7); SAG 5693 antifoam (approximately 15 to 20 �l
per 50 ml of cell suspension; Union Carbide Chemicals and Plastics) and
D2O (6% [vol/vol]) were added to the dense cell suspensions for the in
vivo NMR measurements.

In vivo NMR experiments. In vivo NMR experiments were performed
using the on-line system described by Neves et al. (19), which consists of
an 80-ml bioreactor coupled to the NMR tube with a circulating system
that allows noninvasive studies of metabolism under controlled condi-
tions of pH, gas atmosphere, and temperature. Dense cell suspensions
(OD600 � 100) were placed in the bioreactor and kept at 30°C. The pH was
controlled at 7.0 or 5.7 by the automatic addition of 5 M NaOH. To
achieve anaerobic conditions, argon, carbon dioxide (CO2), or a mixture
of CO2 and nitrogen (20% [vol/vol] CO2), was bubbled through the cell
suspension in the bioreactor and also provided to the headspace of the
NMR tube. Glucose specifically labeled with 13C on C-1 (20 mM) was
added to the cell suspension at time point zero. The time courses of glu-
cose consumption, product formation, and changes in the pools of intra-
cellular organic acids were monitored in vivo. When the substrate was
exhausted, an NMR sample extract was prepared as described previously
(19, 20). In brief, an aliquot of the cell suspension (6 ml) was passed
through a French press: the resulting cell extract was incubated at 82°C (10
min) in a stoppered tube and cooled on ice, and cell debris and denatured

macromolecules were removed by centrifugation (45,696 � g; 10 min at
4°C). The supernatant (NMR sample extract) was used for quantification
of end products and minor metabolites. Samples were stored at �20°C
until further analysis.

Quantification of end products and intracellular organic acids. Lac-
tate was quantified in the NMR sample extract by 1H NMR in an AMX300
(Bruker BioSpin GmbH) spectrometer. Formic acid (sodium salt) was
added to the samples and used as an internal concentration standard. The
concentrations of other metabolites were determined in fully relaxed 13C
spectra of the NMR sample extracts as described by Neves et al. (19). Due
to the fast pulsing conditions used for acquiring in vivo 13C spectra, cor-
rection factors were determined to convert peak intensities into concen-
trations. The correction factors for the resonances due to C-3 of intracel-
lular lactate (0.60 � 0.04) and C-2/C-3 of intracellular succinate (0.60 �
0.02) were determined from the acquisition of fully and partially relaxed
spectra of an NMR extract. The correction factors for C-3 of extracellular
lactate (0.55 � 0.02) and C-2/C-3 of extracellular succinate (0.57 � 0.02)
were determined as described above, except that PIPES buffer (50 mM;
pH 7.0) containing succinate (50 mM) and lactate (60 mM) was used. The
quantitative kinetic data for intracellular metabolites were calculated as
described previously (19–21). Intracellular concentrations were calcu-
lated using a value of 1.4 �l mg (dry weight)�1 for the intracellular volume
of C. glutamicum (24). Although individual experiments are illustrated in
each figure, each experiment was repeated at least twice. The values re-
ported are averages of two experiments, and the uncertainty varied from
�2% to �15% for the metabolite concentration and from �1% to �10%
for the maximal glucose consumption rate (GCR).

Analysis of metabolic fluxes in the anaerobic phase (nongrowing
cells). Diluted cell suspensions (OD600 � 7.5) prepared as described
above were used to estimate the fluxes through the metabolic pathways
operating under oxygen deprivation. The cell suspensions were kept at
30°C under a controlled pH of 7.0, and anaerobic conditions were ensured
by bubbling argon or CO2 through the suspension. Glucose (50 mM)
specifically labeled with 13C on C-1 or C-2, simultaneously labeled on C-1
and C-2, or uniformly labeled was added to the cell suspension at time
point zero. Samples (1 ml) were withdrawn at time point zero and peri-
odically for 32 h and centrifuged (10,000 � g; 2 min at 4°C), and the
supernatant solutions were saved at �20°C until further analysis. 13C-
labeled end products were quantified in the supernatants by 13C NMR
using tetramethylurea (99%) contained in a capillary as the concentration
standard or by 1H NMR using sodium formate as an internal standard.
The total quantities of end products were determined from averages of 6
independent experiments and have a typical standard deviation of 3%.

13C-glucose isotopomers were selected specifically to resolve the con-
tributions of different pathways (25, 26). The labeling pattern of end
products was analyzed, and a scheme including central metabolic path-
ways was constructed. This comprised glycolysis, the PPP, a reductive
TCA cycle down to succinate and an oxidative TCA cycle also ending at
succinate, lactate and acetate production from pyruvate (PYR), PYR/
phosphoenolpyruvate (PEP) carboxylation, and oxaloacetate/malate con-
version to pyruvate. The efflux of carbon at the level of glucose-6-phos-
phate toward carbon reserves (glycogen, trehalose, etc.) and the respective
mobilization to glycolysis were also considered. PEP/PYR carboxylation
reactions are lumped together, since the labeling patterns of PEP and
pyruvate are indistinguishable; similarly, a single flux was considered for
the decarboxylation reactions from oxaloacetate or malate. The two pos-
sible acetate-forming pathways from pyruvate are combined into a single
pathway. All reactions in the reductive TCA cycle were considered revers-
ible. The contribution of the glyoxylate shunt was neglected (see Discus-
sion).

Deconvolution of overlapping intra- and extracellular organic acid
resonances. Partial overlap of the intra- and extracellular organic acid
resonances due to internal and external lactate hampered direct integra-
tion. Therefore, deconvolution of the relevant spectral region was per-
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formed by fitting the sum of Lorentzian and Gaussian functions using
Matlab V7.1 (Math Works, Natick, MA, USA).

Determination of n, the number of protons exported concomitantly
with each molecule of organic acid. The total amounts of internal and
external organic acids were fitted to exponential curves, which were used
to calculate the n value, the number of protons exported concomitantly
with each molecule of organic acid, numerically, as described by Carvalho
et al. (21). The intracellular pH was determined by 31P NMR, and the
relative concentrations of the ionized forms were obtained using a pKa1

value of 4.2 and a pKa2 value of 5.6 for succinic acid.
NMR spectroscopy. All 13C spectra were acquired at 125.77 MHz on a

Bruker Avance II 500-MHz spectrometer (Bruker BioSpin GmbH) at
30°C. In vivo experiments were run using a quadruple-nucleus probe
head, as described previously (19). 13C NMR spectra of supernatants de-
rived from diluted cell suspensions (OD600 � 7.5) were recorded using a
13C-selective probe head, 32,000 data points, a 68° flip angle, and a repe-
tition delay of 90.5 s. Tetramethylurea contained in a capillary was used as
a concentration standard and also as a reference for chemical shifts (� �
38.7 ppm).

Quantification of end products by HPLC. End products in superna-
tants derived from diluted cell suspensions or NMR sample extracts
(dense cell suspensions) were also quantified by high-performance liquid
chromatography (HPLC), using an apparatus equipped with a refractive
index detector (Shodex RI-101; Showa Denko K. K., Japan) and an HPX-

87H anion-exchange column (Bio-Rad Laboratories Inc., Hercules, CA,
USA) at 60°C, with 5 mM H2SO4 as the elution fluid and a flow rate of 0.5
ml min�1.

Chemicals. [1-13C]glucose, [2-13C]glucose, [1,2-13C]glucose, and
[U-13C]glucose were obtained from Cambridge Isotope Laboratories, Inc.
The SAG 5693 antifoam agent was from Union Carbide Chemicals and
Plastics. Formic acid (sodium salt) and tetramethylurea were purchased
from Merck Sharp & Dohme and Sigma-Aldrich, respectively. All other
chemicals were reagent grade (Sigma-Aldrich and Merck Sharp & Do-
hme).

RESULTS
Effect of CO2 on succinate production. In vivo 13C NMR was used
to characterize the metabolism of glucose in C. glutamicum ATCC
13032 at an OD600 of 100 and pH 7 under anaerobic conditions in
(i) the absence of CO2, (ii) 20% (vol/vol) CO2, and (iii) pure CO2

(Fig. 1). In the absence of CO2, C. glutamicum produced lactate,
succinate, and acetate from glucose, with lactate accounting for
1.22 mol per mol of glucose consumed (i.e., 61%) (Fig. 1A and
Table 1). Replacement of argon by 20% (vol/vol) CO2 (Fig. 1B) led
to a decrease in lactate by about one-third (from 24.5 � 3.1 mM to
14.6 � 0.2 mM), while succinate production doubled (from 5.9 �
0.2 to 11.8 � 1.0 mM) (Fig. 1; see Table S1 in the supplemental

FIG 1 Time courses of glucose consumption and product accumulation during the metabolism of 20 mM [1-13C]glucose in nongrowing cell suspensions of C.
glutamicum (OD600 � 100). The experiments were monitored by in vivo 13C NMR and carried out at 30°C, with pH controlled at 7.0 and bubbling no CO2 (A),
20% CO2 (B), or 100% CO2 (C). Glucose consumption rates were 34.5 (A), 22.5 (B), and 21.2 (C) nmol min�1 mg (DW)�1. Diamonds, glucose; circles, succinate;
squares, lactate; triangles, acetate. Each panel represents a single experiment from a set of at least two similar replicates.

TABLE 1 Effect of CO2 availability on anaerobic metabolism of glucose by C. glutamicum ATCC 13032a

OD600 pH % CO2

Yield (mol mol Glc�1)b

GCR (nmol min�1

mg [DW]�1) 13C balancec (%)
Total C
balanced (%)Lactate Succinate Acetate

100 7.0 0 1.22 � 0.16 0.29 � 0.01 0.13 � 0.02 34.5 � 0.7 90.1 � 6.5 141.1 � 1.9
20 0.73 � 0.01 0.59 � 0.05 0.19 � 0.01 22.5 � 2.1 83.8 � 0.4 163.2 � 20.6
100 0.42 � 0.01 0.87 � 0.02 0.28 � 0.01 21.2 � 0.1 87.5 � 1.2 173.2 � 12.9

5.7 0 1.19 � 0.06 0.15 � 0.01 0.06 � 0.01 19.7 � 0.4 86.5 � 0.9 110.3 � 11.3
100 0.83 � 0.04 0.41 � 0.01 0.13 � 0.01 18.4 � 0.2 77.2 � 3.4 110.6 � 3.0

7.5 7.0 0 1.24 � 0.06 0.03 � 0.01 0.03 � 0.01 25.0 � 3.6 89.0 � 2.8 103.2 � 4.0
100 0.56 � 0.12 0.91 � 0.11 0.26 � 0.02 21.3 � 1.4 79.7 � 5.2 90.8 � 5.8

a The initial concentrations of glucose were 20 and 50 mM for the experiments with dense and diluted cell suspensions, respectively. In dense cell suspensions (OD600 � 100), end
products and glucose were determined online by in vivo NMR, while in diluted cell suspensions (OD600 � 7.5), they were measured by NMR and HPLC offline in the sample
supernatants. The pH of the cell suspension was maintained at 7.0 or 5.7.
b Product yields were calculated assuming that [1-13C]glucose was processed via the EMP pathway and that it produces a labeled and an unlabeled pyruvate molecule as follows:
lactate yield � [3-13C]lactate � 2/[1-13C]glucose; acetate yield � [2-13C]acetate � 2/[1-13C]glucose; succinate yield � ([2,3-13C]succinate � 2 	 [1,4-13C]succinate)/[1-
13C]glucose.
c The 13C balance is the percentage of carbon in metabolized [13C]glucose that is recovered in the fermentation products.
d The total carbon balances were calculated by summing the end product concentrations.
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material). This trend was even more pronounced when the pure
CO2 was bubbled through the cell suspension (Fig. 1C and Table
1; see Table S1 in the supplemental material): lactate accounted
for 21% of the glucose consumed (0.42 � 0.01 mol per mol),
corresponding to a ca. 3 times lower yield than in the absence of
CO2. Under pure CO2, succinate was the major end product,
reaching a maximal concentration of 17.5 � 0.3 mM. CO2 also
had a positive effect on the acetate yield, which increased approx-
imately 2-fold in the presence of 100% CO2 compared to no added
CO2 (Table 1). Other minor products, including L-glutamate, L-
alanine, 
-ketoglutarate, trehalose, and glycogen, were detected
under all conditions examined. A negative correlation was ob-
served between the CO2 supply and the GCR, which dropped from
34.5 � 0.7 nmol min�1 mg (DW)�1 to 22.5 � 2.1 and 21.2 � 0.1
nmol min�1 mg (DW)�1 when 20% (vol/vol) CO2 or 100% CO2

was used, respectively (Table 1).
Carbon flux analysis in nongrowing cells based on 13C NMR.

The fundamental, as well as biotechnological, interest of finding
that the succinate yield was strongly increased by CO2 motivated
us to characterize the redistribution of carbon fluxes induced by
CO2 in nongrowing cells (production stage). To this end, we relied
on isotopomeric 13C NMR analysis of end products from the an-
aerobic metabolism of glucose specifically labeled in suitable po-
sitions. The set of experiments was performed with diluted cell
suspensions (OD600, 7.5, compared to 100 used for in vivo NMR).
The use of diluted cell suspensions was dictated by the need to
reduce the contribution of unlabeled end products attributed to
the concomitant metabolism of internal reserves, which would
complicate the analysis of labeling patterns in end products. In-
deed, in dense cell suspensions, the total amount of carbon recov-
ered in end products was up to 70% greater than that expected
from the supplied glucose (Table 1). Curiously, in the absence of
CO2, the succinate yield was around 10 times higher in the exper-
iments with dense cell suspensions than in those with diluted cell
suspensions. We speculate that this difference is related to a higher
concentration of endogenous bicarbonate in thick suspensions,
since CO2 removal is less efficient.

Considering the fate of 13C label derived from the several glu-
cose isotopomers led to the conclusion that [2-13C]glucose should
provide optimal information on the activity of anaerobic path-
ways. Other isotopomers of glucose ([1-13C]glucose, [1,2-13C]g-
lucose, and [U-13C]glucose) gave additional information. By us-
ing [1-13C]glucose and [U-13C]glucose, we were able to track
back-flux from the TCA cycle (oxaloacetate/malate) to 3-carbon
units (PEP/PYR), and [1,2-13C]glucose confirmed the PPP activ-
ity provided by the analysis of [2-13C]glucose metabolism; all ex-
periments were used to estimate the extent of metabolization of
internal reserves. Because we were unable to analyze metabolites
other than end products, namely, lactate, acetate, succinate, dihy-
droxyacetone (DHA), and glycerol, the model is necessarily highly
simplified. Nonetheless, using the model, we were able to estimate
and compare the activities of main pathways in response to CO2,
including the split PPP/glycolysis and the proportions of the re-
ductive and oxidative branches in the TCA cycle.

NMR analysis of end products derived from metabolism of
[2-13C]glucose (Fig. 2; see Table S2 in the supplemental material)
provided a straightforward and accurate way to determine divi-
sion between the Embden-Meyerhof-Parnas (EMP) pathway and
the PPP using the 13C enrichments in C-2 and C-3 of lactate or
DHA (25). Our data showed that the majority of glucose was me-

tabolized via the EMP pathway in the absence of CO2, while the
activity of the PPP accounted for about 2% of the carbon taken up
in glucose (Fig. 3A). The PPP flux was 5% in the presence of pure
CO2 (Fig. 3B). Without added CO2, we observed a high level of
production of DHA (21% of the total glucose carbon), while ad-
dition of CO2 abolished DHA formation. Moreover, the presence
of CO2 had a strong impact on the distribution of fluxes at the
pyruvate node, i.e., lactate production was reduced (from 65 to
25% of carbon input) while the remaining fluxes toward pyruvate
dehydrogenase and PEP/PYR carboxylation reactions were clearly
enhanced (about 6- and 16-fold, respectively).

Cells produced a small amount of [1,2-13C]lactate (about 1%
of total lactate) from the metabolism of [2-13C]glucose, regardless of
the CO2 content of the atmosphere (Fig. 2D). The appearance of
labeling on contiguous carbon atoms can originate from the re-
versible reactions catalyzed by transketolase and transaldolase in
the PPP (25) or from the decarboxylation of 4-carbon dicarboxy-
lic acids (oxaloacetate/malate), which are labeled in adjacent car-
bons (back-flux from oxaloacetate/malate to PEP/PYR). To clarify
the origin of [1,2-13C]lactate (derived from [2-13C]glucose), we
performed experiments with the supply of [1-13C]glucose and
[1,2-13C]glucose; small amounts (about 0.5 mM) of [1-13C]lactate
and [1,2,3-13C]lactate were detected, respectively (data not
shown). This labeling pattern can be explained by a small percent-
age of fructose 6-phosphate produced through EMP that is di-
rected to the reactions catalyzed by transketolase and transaldo-
lase in the PPP. To confirm or rule out the occurrence of back-flux
from oxaloacetate/malate to PEP/PYR, the alternative path that
would produce the same labeling, we looked for [2-13C]lactate in
the end products derived from [1-13C]glucose and also for [2,3-
13C]lactate derived from the metabolism of [U-13C]glucose, fol-
lowing an approach eloquently described by McKinlay and Vieille
in 2008 (27). The analysis showed only vestigial amounts of [2-
13C]lactate or [2,3-13C]lactate (data not shown), meaning that the
back-flux to pyruvate under a 100% CO2 atmosphere is insignifi-
cant.

In the absence of added CO2, the production of succinate was
too low to estimate fluxes within the TCA cycle. However, the
increase in succinate production induced by CO2 enabled the
characterization of the TCA cycle reactions in more detail. Ap-
proximately 97% (18.84 out of 19.58 mM) of the labeled succinate
pool was enriched in either of the inner carbons (C-2 or C-3) (see
Table S2 in the supplemental material), reflecting the prominent
contribution of the reductive branch of the TCA cycle. The low
proportion of succinate labeled on either C-1 or C-4 (3%) indi-
cated a small but statistically significant contribution of the oxi-
dative branch of the TCA cycle (see Discussion).

The proportions of succinate produced via the oxidative versus
the reductive TCA cycle determined the amount of CO2 released
(1%; 3 mol per mol of succinate via oxidative TCA) and the
amount incorporated through PEP/PYR carboxylation reactions
(ca. 17%; 1 mol per mol of total succinate). Decarboxylation of
pyruvate into acetate or acetyl-coenzyme A (CoA) and of 6-phos-
phogluconate (in the PPP) added to the loss of carbon through
CO2 (about 7% in total) (Fig. 3B). In experiments where pure CO2

was provided, it is reasonable to assume that all of the incorpo-
rated CO2 was unlabeled, whereas about one-third of the CO2 lost
in decarboxylation reactions was labeled on average across the
various experiments. The gain (carboxylation reactions) and loss
(decarboxylation reactions) of carbon were accounted for in both
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the 13C and total carbon balances. The remaining loss of 13C of
about 10 to 20% was attributed to channeling of [13C]glucose to
reserve materials (glycogen, trehalose, etc.). The flux toward gly-
cogen and trehalose was confirmed by in vivo NMR experiments
that showed increasing resonances of glycogen and trehalose from
the metabolism of C-1-labeled glucose (see Fig. S1 in the supple-
mental material). The difference between total C and 13C balances,
after accounting for incorporation of unlabeled CO2, was attrib-
uted to catabolism of unlabeled intracellular reserves that had
accumulated during growth (ca. 4% without CO2 and 13% with
100% CO2) (Fig. 3A and B). Therefore, there is carbon exchange
with internal reserves and a net channeling of supplied glucose to
the formation of storage compounds. The equations used to ob-
tain the fluxes shown in Fig. 3 are listed in Fig. S2 in the supple-
mental material.

Intracellular pools of lactate and succinate, as determined by
in vivo 13C NMR. Production of organic acids by fermentation at
low pH is highly desirable to facilitate downstream processing and
to minimize waste products (28). Moreover, high intracellular
pools of succinic and lactic acids may inhibit protein activity (21,
29). Therefore, we examined the effect of CO2 on succinate pro-
duction at a lower pH. Furthermore, at acidic pH, it is possible to
monitor intracellular pools of organic acids noninvasively by 13C
NMR (21). The species of weak organic acids in solution are in fast
exchange on the NMR time scale, thus giving rise to a single res-
onance whose chemical shift is determined by the proportion of
the protonated and nonprotonated species, i.e., by pH. When the
pH values of the intracellular and extracellular compartments are
sufficiently different, the internal and external pools originate dis-
tinct resonances in the NMR spectrum. Here, the pH of the exter-

FIG 2 Relevant sections of 13C NMR spectra of end products derived from the anaerobic metabolism of [2-13C]glucose by diluted cell suspensions (OD600 � 7.5)
of C. glutamicum in the absence of CO2 (A) or the presence of 100% CO2 (B, C, and D). Panels C and D are expansions of the resonance patterns due to
[2,3-13C]succinate and [2-13C]lactate, respectively, in spectrum B. Lac, lactate; Suc, succinate; Ac, acetate. A representative experiment is depicted from a set of
three replicates.
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nal solution was set at 5.7 based on the pH dependence of the
chemical shift of succinate (C-2/C-3 resonance) and considering
the neutrophilic character of C. glutamicum. A typical sequence of
13C NMR spectra obtained during the metabolism of [1-13C]glu-
cose (Fig. 4) shows intense resonances due to extracellular succi-
nate (�, 33.4 ppm) and lactate (�, 20.6 ppm). More importantly,
two small resonances appear at 33.7 ppm and 20.7 ppm, which
arise from these organic acids inside the cell (internal pH, approx-
imately 6.3, as determined by 31P NMR [data not shown]). The
kinetics of glucose consumption and the buildup of intra- and
extracellular pools under anaerobic conditions (with and without
CO2) are shown in Fig. 5. A shift in the external pH from 7.0 to 5.7
did not alter the nature of end products but led to a clear change in
their proportions (Table 1). As for pH 7.0, CO2 had a positive
effect on succinate production (8.3 � 0.2 mM compared to 3.1 �
0.3 mM without CO2), but lactate was the major end product at
the lower pH regardless of the presence of pure CO2 in the atmo-
sphere. At pH 5.7, the GCR was impaired, and this negative effect
was more pronounced in the absence of CO2 (Table 1). Intracel-
lular succinate and lactate pools increased steadily during glucose
metabolism, reaching their maximal concentrations at the onset
of glucose exhaustion. In the absence of CO2, succinate and lactate
reached intracellular levels of 17.2 � 0.9 mM and 196.1 � 28.4
mM, respectively (Fig. 5A). Under CO2, the intracellular lactate
pool decreased to 123.3 � 18.4 mM, while the intracellular succi-
nate concentration increased to 57.1 � 1.7 mM. Except for small
resonances assigned to fructose-1,6-bisphosphate, intermediate
metabolite pools were below the detection limit of these experi-
ments (around 3 mM).

DISCUSSION

In this study, we investigated the effect of CO2 on anaerobic or-
ganic acid formation by wild-type C. glutamicum and found that

the succinate yield increased 3-fold to 1 mol succinate per mol
glucose in the presence of CO2. This experimental yield is signifi-
cantly higher than those reported in the literature for wild-type C.
glutamicum, which do not exceed 0.44 mol succinate per mol glu-
cose (11, 30). Moreover, it is significant even compared with en-
gineered C. glutamicum strains that show succinate yields between
1.02 and 1.67 mol/mol glucose (15, 16, 31, 32).

The increase in the succinate yield prompted us to characterize
the underlying redistribution of carbon fluxes. Analysis of enrich-
ment on C-2 and C-3 of lactate derived from [2-13C]glucose
showed a low proportion of flux through the PPP in relation to
glycolysis, and this split ratio was only slightly increased in the
presence of CO2. To our knowledge, this is the first estimation of
the contribution of the PPP in C. glutamicum under oxygen de-
pletion conditions. The low contribution of the PPP flux corrob-
orates the view that in C. glutamicum the activity of this pathway is
controlled by the demand for NADPH (33), which is naturally low
in nongrowing cells, producing mainly organic acids. Accord-
ingly, during the valine production phase of a recombinant L-va-
line-producing strain of C. glutamicum (nongrowing cells with
oxygen supplied), the carbon flux was fully directed to the PPP to
match the high demand for NADPH associated with the synthesis
of this amino acid (2 mol NADPH per valine produced) (18).

In the absence of added CO2, besides lactate, cells produced
considerable amounts of DHA, which indicates the presence of a
metabolic bottleneck at the level of glyceraldehyde-3-phosphate
dehydrogenase, most likely due to enzyme inhibition by a high
NADH/NAD	 ratio (34). Significantly, this redox imbalance was
abolished under succinate-producing conditions, since the reduc-
tive part of the TCA cycle provides a sink for reducing equivalents,
and hence, DHA was not produced.

Succinate production occurred mainly via PEP/PYR carboxy-

FIG 3 Scheme representing the reactions in the metabolic model used to estimate the flux distribution in nongrowing cells of C. glutamicum (OD600 � 7.5) with
no supply of CO2 (A) and with 100% CO2 (B) at pH 7.0. To extract the minimal set of reactions operating under these conditions, we analyzed the 13C labeling
in end products from anaerobic metabolism of [1-13C]glucose, [2-13C]glucose, [1,2-13C]glucose, and [U-13C]glucose. Fluxes are shown as percentages in relation
to the number of carbon atoms taken up as glucose. The lines with arrows represent fluxes in the central metabolism: PPP (green), EMP (black), reductive TCA
(red), oxidative TCA (blue), and oxaloacetate/malate decarboxylation into PEP/PYR (gray). More precise values for fluxes are shown in Table S3 in the
supplemental material.
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lation and the reductive TCA cycle. However, the detection of 13C
labeling on the outer carbons of succinate (Fig. 2; see Table S2 in
the supplemental material) denotes the operation of the oxidative
path and/or the glyoxylate shunt. These two pathways lead to
identical labeling patterns on succinate, so their individual contri-
butions cannot be resolved. We assumed that the flux through the
glyoxylate shunt is negligible under the experimental conditions
used in this study, based on the following information: the activity
of isocitrate lyase is absent in C. glutamicum during anaerobic
glucose metabolism (11), and succinate is an effective inhibitor of
isocitrate lyase (inhibition constant, 1.48 mM) (29). Therefore, it
seems reasonable to neglect the glyoxylate shunt contribution in
our metabolic model, which was designed for cells producing high
levels of succinate, under anaerobic nongrowing conditions.

Activity of the full oxidative branch of the TCA cycle makes
sense in view of the overall redox balance. For calculation of the
redox balance, all three reduced cofactors (NADH, NADPH, and
MQH2) were considered equivalent electron-reducing units (35,
36). It is rewarding to find that the small flux through the oxidative
TCA cycle (2 C atoms succinate for each 100 C atoms glucose
taken up), estimated from the 13C enrichment on C-1/C-4 of suc-
cinate, provides the balance of the reducing power needed for
succinate production. Indeed, the calculation of the overall redox
balance would be exactly 100% with a flux of 3.5 (instead of 2)
carbons through the oxidative TCA cycle, which is a difference
within the uncertainty of the data. However, a large deficit in

reducing capacity (up to 20%) would occur if the glyoxylate shunt
was active and the oxidative branch inoperative. Low contribu-
tions of the oxidative branch to anaerobic succinate production
have also been reported in Escherichia coli and in Basfia succino-
producens and appear to be required for optimal production in
nongrowing cells (37, 38). The operation of the oxidative branch
of the TCA cycle implies a cost in terms of CO2 loss; thus, Zhu et al.
(32) constructed a C. glutamicum strain with overexpression of
the genes involved in the glyoxylate shunt, but this strategy alone
was not satisfactory, as the yield was essentially unchanged (1.21 to
1.23 mol/mol glucose).

The experiments with [1-13C]glucose and [U-13C]glucose
showed that back-flux from oxaloacetate/malate to PEP/PYR is
insignificant under a 100% CO2 atmosphere. This was unex-
pected, given that the PEP/PYR/oxaloacetate node shows great
flexibility in C. glutamicum cells, at least in the presence of oxygen
(18, 39). There are three possible routes through which oxaloace-
tate/malate can be decarboxylated into PEP/PYR: (i) oxaloacetate
decarboxylase, which is inhibited by succinate (40); (ii) PEP car-
boxykinase, which is downregulated under oxygen deprivation
(41); and (iii) the malic enzyme, which is overexpressed under
oxygen deprivation (41). Therefore, it appears that the malic en-
zyme has very low activity in the decarboxylating direction, prob-
ably because of a low requirement for NADPH. Actually, having
the malic enzyme acting in the malate-forming direction, as pre-
viously suggested (42), would provide a sink for NADPH pro-

FIG 4 Sequences of 13C NMR spectra acquired during glucose metabolism by dense cell suspensions (OD600 � 100) of C. glutamicum at pH 5.7 under a 100%
CO2 atmosphere. The resonances due to intra- and extracellular succinate and lactate are depicted. Sucin, intracellular succinate; Sucout, extracellular succinate;
Lacin, intracellular lactate; Lacout, extracellular lactate. A single experiment is depicted from two independent replicates with high reproducibility.
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duced in the PPP, a useful feature, since the bacterium lacks
NADPH-NAD	 transhydrogenase activity (43, 44).

The difference between the recovery of 13C and that of total
carbon (Table 1) deserves further discussion. In addition to the
obvious dilution of label resulting from 12C incorporation from
CO2 in PEP/PYR carboxylation reactions, one should consider the
contribution of unlabeled internal reserves. C. glutamicum can
store glycogen and maltodextrins during growth (45), as well as
trehalose (46), and the catabolism of these components concom-
itantly with the metabolism of added labeled glucose leads to 13C
dilution, as demonstrated by the presence of unlabeled end prod-
ucts when uniformly labeled glucose was provided. This phenom-
enon has been observed in bacteria and yeast, which showed fast
mobilization of carbohydrate storage pools (47, 48). Moreover,
the reverse flux from labeled glucose to reserves was apparent
from the buildup of labeled glycogen and trehalose (see Fig. S1 in
the supplemental material). Therefore, our model takes into ac-
count that both the utilization of internal reserves and storage of
labeled glucose occur in the presence and absence of CO2. Accord-
ing to this model, 12% and 19% of labeled glucose was stored, and
unlabeled reserves (4% and 13% of C atoms taken up as glucose)
were channeled to catabolism.

Lowering the pH from neutral to 5.7 had a strong negative
effect on the GCR. Furthermore, the decrease in metabolic effi-
ciency was accompanied by a decline in the succinate yield. As the

cells were grown under identical conditions, transcriptional or
proteomic effects are unlikely to occur, and the metabolic effects
are ascribed to an immediate impact of pH on the efficiency of
glucose transporters and/or cytoplasmic enzymes. The lack of ef-
fect at the transcriptional level has been demonstrated in Lactococ-
cus lactis under similar experimental conditions (21). Despite the
poor performance of C. glutamicum at acidic pH, we decided to
measure the intracellular pools of organic acids, seeking informa-
tion on eventual constraints at the level of organic acid export
systems. The average number, n, of protons exported with the
lactate or succinate anions was determined directly from the ki-
netics of accumulation of intra- and extracellular organic acids
(21). During glucose consumption in a CO2 atmosphere, n was
maintained close to 1.4 in the case of lactate and varied only
slightly (between 2.7 and 2.3) in the case of succinate, indicating
lack of inhibition of exporters by the acid intracellular pools,
which are actually much lower than those observed in L. lactis (up
to 0.7 M lactate). Both for lactate and succinate, the intracellular/
extracellular pool ratio rose rapidly to about 10 during glucose
utilization (Fig. 5). Succinate exporters have been identified in
several C. glutamicum strains, but their detailed characterization is
lacking (49, 50). We speculate that, although cultivated at neutral
pH, the organism is well adjusted to sustain the observed produc-
tion fluxes at pH 5.7; moreover, the ability to maintain a high

FIG 5 (A and B) Time courses for consumption of glucose (20 mM) and buildup of intra- and extracellular pools of lactate and succinate determined from the
sequences of spectra shown in Fig. 4 in the absence of CO2 (A) and in the presence of 100% CO2 (B). Diamonds, glucose; solid squares, extracellular lactate; open
squares, intracellular lactate; solid circles, extracellular succinate; open circles, intracellular succinate. (C and D) Plots of the intracellular succinate/extracellular
succinate ratio (C) and the intracellular lactate/extracellular lactate ratio (D). Each panel represents a single experiment from a set of at least two similar replicates.
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concentration gradient across the cell membrane creates a favor-
able contribution to the energetics of the efflux processes.

In conclusion, this study demonstrates that the supply of CO2

to wild-type C. glutamicum caused an important redistribution of
the central metabolic fluxes, resulting in up to 3-fold improve-
ment in the succinate yield without involvement of genetic ma-
nipulation. Succinate was produced largely via the reductive part
of the TCA cycle, but there was also a significant flux through the
oxidative part to meet the redox balance. Under production con-
ditions (no growth and lack of oxygen), the split ratio between the
PPP and glycolysis was low (around 5%) and independent of CO2

availability, indicating that the flux via the PPP is primarily con-
trolled by NADPH demand. The metabolism of glucose-grown
cells of C. glutamicum seemed well tuned to produce succinate at a
high yield with straightforward manipulation of environmental
conditions and taking advantage of cellular regulation mecha-
nisms. However, further effort should be directed to improving
the rate of glucose consumption.
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