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Abstract

Objective To explore the glycerol utilization path-
way in Corynebacterium glutamicum for succinate
production under O, deprivation.

Result Overexpression of a glycerol facilitator,
glycerol dehydrogenase and dihydroxyacetone kinase
from Escherichia coli K-12 in C. glutamicum led to
recombinant strains NC-3G diverting glycerol utiliza-
tion towards succinate production under O, depriva-
tion. Under these conditions, strain NC-3G efficiently
consumed glycerol and produced succinate without
growth. The recombinant C. glutamicum utilizing
glycerol as the sole carbon source showed higher
intracellular NADH/NAD™ ratio compare with utiliz-
ing glucose. The mass conversion of succinate
increased from 0.64 to 0.95. Using an anaerobic fed-
batch fermentation process, the final strain produced
38.4 g succinate/l with an average yield of 1.02 g/g.
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Conclusions The metabolically-engineered strains
showed an efficient succinate production using glyc-
erol as sole carbon source under O, deprivation.
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Introduction

Succinic acid, is an important platform chemical being
used in the pharmaceutical, agricultural and food indus-
tries (Zeikus et al. 1999). Its production has attracted
considerable interest. Anaerobiospirillum succinicipro-
ducens, Actinobacillus succinogenes and Mannheimia
succiniciproducens can be used to produce succinic acid
by fermentation under anaerobic conditions (Glassner
and Datta 1992; Guettler et al. 1996; Lee et al. 2002).
Glycerol is a main by-product of biodiesel and bioethanol
production (Yazdani and Gonzalez 2007). By utilizing
glycerol for the production of succinate, the economic
efficiency of these biofuel production processes can be
significantly increased.

Bio-based succinate production from glycerol has
been described for a number of natural succinate
producers, such as Basfia succiniciproducens (Schol-
ten and Dagele 2008) and A. succiniciproducens (Lee
et al. 2001), as well as for metabolically-engineered
Escherichia coli strains (Blankschien et al. 2010;
Zhang et al. 2010).
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Metabolic engineering can increase succinate pro-
duction in bacteria. Corynebacterium glutamicum,
which is regarded as safe (GRAS status), has a long
history in the fermentation industry for producing
amino acids and nucleic acids (Verteés et al. 2005). The
genome sequences of several C. glutamicum strains
have been published (Yukawa et al. 2007; Ikeda and
Nakagawa 2003; Kalinowski et al. 2003). C. glutam-
icum performs a mixed acid fermentation with succi-
nate as one of the products besides lactate, and acetate
(Okino et al. 2008). Thus, C. glutamicum is potentially
useful for succinate production based on pentoses
derived from lignocellulose hydrolysates or waste
glycerol accumulated in biodiesel industry.

In this study, engineering a glycerol utilization
pathway in C. glutamicum for succinate production
under O, deprivation, is presented. Firstly, the glycerol
utilization pathway enzymes were overexpressed, then
the NADH/NAD™ ratio in the cells using glycerol as the
sole carbon under O, deprivation was analyzed. Finally,
anaerobic fed-batch fermentations were carried out.

Materials and methods
Bacterial strains, plasmids, and media

All strains and plasmids, their sources and relevant
characteristics, are given in Supplementary Table 1.
The parent strain of C. glutamicum was ATCC 13032.
For genetic manipulations, E. coli JM109 strains were
grown at 37 °C in lysogeny broth. C. glutamicum
strains were routinely cultivated at 30 °C. Plasmid
DNA transfer into C. glutamicum was carried out by
electroporation. If appropriate, the final antibiotic
concentrations were as follows: for E. coli 50 ng
chloramphenicol ml™" and 50 pg kanamycin ml™"; for
C. glutamicum 10 pg chloramphenicol ml™" and 10 pg
kanamycin ml~'. The nutrient-rich medium (A
medium) was used for aerobic growth (Wang et al.
2014a). The mineral salts medium (BT medium) was
used for anaerobic fermentation (Wang et al. 2014b).

Genetic methods
Oligonucleotides used are given in Supplementary
Table 2. Plasmid pkl8mobsacB-Apqo::P,,-glpF

replacing the chromosomal pgo gene with the glpF
gene from C. glutamicum under the control of the tac
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promoter from plasmid pXMJ19. First, the regions up
and downstream regions (approx. 0.6 kb each) of the
Apgqo deletion region were amplified with the oligonu-
clecotide pairs pqoF1/pqoR1, pqoF2/pqoR2, respec-
tively. The two PCR products served as the templates
for an overlap extension PCR with oligonucleotide
pair pqoF1/pqoR2. The PCR product of about 1.2 kb,
which carried Xbal cloning sites at the fusion site, was
digested with EcoRI and HindIIl and cloned into
pK18mobsacB cut with the same enzymes. The
resulting plasmid was named pKl18mobsacB-Apgo.
Plasmid pXMJ19-gipF was constructed for cloning
P,..-glpF fragment. The glpF gene was amplified
using the oligonucleotide pair glpF1/glpF2 and chro-
mosomal DNA of E. coli K-12. The PCR product of
0.8 kb was digested with Psfl/BamHI and cloned into
pXMJ19 cut with the same enzymes. The DNA
fragment covering P,.-glpF was constructed by
amplifying the gene from plasmid pXMIJ19-gipF,
using the oligonucleotide pair tac-glpF1/tac-glpRI.
The resulting PCR product of 0.9 kb was digested with
Xbal and cloned into pK18mobsacB-Apgo::Xbal cut
with the same enzymes.

Plasmid pXMJ19-gldA was constructed for over-
expressing the gldA gene. The gldA gene was ampli-
fied using the oligonucleotide pair gldA1/gldA2 and
chromosomal DNA of E. coli K-12. The PCR product
of 1.1 kb was digested with Xbal/Kpnl and cloned into
pXMIJ19 cut with the same enzymes.

Plasmid pEC-dhaKLM was constructed for over-
expressing the dhaKLM gene. The dhaKLM gene was
amplified using the oligonucleotide pair dhaKLM1/
dhaKLM 2 and chromosomal DNA of E. coli K-12.
The PCR product of 3.4 kb was digested with EcoRl/
Xbal and cloned into pEC-XK99E cut with the same
enzymes.

Resultant plasmids were introduced into each cell
by electroporation. C. glutamicum NC-2 was trans-
formed by electroporation with plasmids pK18mob-
sacB-Apqo::P,,.-glpF. The transfer of the resulting
deletion plasmids into C. glutamicum and selection for
the first and second recombination events were
performed as described previously (Wang et al.
2014b). The results strain named NC-3.

Enzyme assay

The activities of glycerol dehydrogenase and dihy-
droxyacetone kinase were measured according to
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Shams and Gonzalez. (2008). The activity of glycerol
dehydrogenase was measured in a reaction mixture
(1 ml) containing 2 mM MgCl,, 500 mM NADH,
100 mM hydroxyacetone, 30 pl crude cell extract, and
100 mM of the appropriate buffer according to the pH
of the assay. The activity of dihydroxyacetone kinase
was recorded as the amount of NADH oxidized per
unit of time in a coupled reaction with excess glycerol-
3-phosphate dehydrogenase, where the reaction was
started by adding 4 mM DHA (Molin et al. 2003). One
unit of the overall glycerol dehydrogenase and dihy-
droxyacetone kinase activity was defined as the
amount of enzyme required to produce 1 pmol
NAD™ per min from the NADH. (IU, the amount of
enzyme required to convert 1 pmol product per min
from the substrate, 1 [U = 1 pumol/min.)

Culture conditions for cell growth and succinate
production

For aerobic growth, 5 ml of an overnight culture was
inoculated into 50 ml medium A containing 30 g
glucose/l and grown at 30 °C for 18 h.

For organic acid production in serum bottle, the
cells grown in aerobic-phase cultures were harvested
by centrifugation at 4 °C (3000x g, 10 min). The cell
pellets were subsequently washed twice with mineral
salts medium. Following the second wash, the cells
were resuspended in 25 ml BT medium containing
40 g carbon source/l (glycerol or glucose) and
300 mM NaHCO;. Organic acid production was
started by adding glucose in a rotary shaker
(150 rpm) at 30 °C.

Fed-batch fermentation was carried out as follows.
The strains were precultured in 500 ml shake-flasks
containing 100 ml A medium supplemented with 20 g
glucose 17! on a rotary shaker at 30 °C and 200 rpm. A
10 % (v/v) inoculum was used to inoculate a 51
bioreactor with 3 1 medium A supplemented with 30 g
glucose/l. The culture was incubated on an agitation
speed of 400 rpm for 12 h at 30 °C. The pH was
automatically controlled at 7 by addition of 20 %
NH,4OH. After 12 h of aerobic culture, the cells were
then harvested and inoculated into BT medium
supplemented with 50 g glycerol/l and 300 mM
NaHCO;. O, was removed by introducing CO, into
bioreactor for 5 min. O, deprivation conditions were
maintained by preventing aeration and gentle agitation
in the hermetically sealed bioreactor. The speed of

agitation was 150 rpm, and the cultures were incu-
bated at 30 °C. The pH was kept at pH 7.5 by
automated addition of 20 % NH4OH.

NADH/NAD™ assays

The intracellular concentrations of NADH and NAD™
were measured using the NAD'/NADH assay kit
(AmpliteTM Colorimetric NAD/NADH Assay Kit,
AAT Bioquest, USA).

Analytical methods

Cell growth was monitored from the ODg, value and
converted into the dry cell weight (DCW) using
DCW(g/l) = 0.4 x ODggg. The mass yield of suc-
cinic acid was defined as the amount of succinic acid
from 1 g carbon source (glucose or glycerol) con-
sumed and expressed in g/g.

Culture samples were centrifuged (18,000xg,
4 °C,1 min) and the supernatants were analyzed for
glucose and glycerol by HPLC using an Aminex HPX-
87H column (Bio-Rad) operating at 45 °C with 5 mM
H,S0O, as the mobile phase at 0.6 ml/min and detec-
tion with an RI detector.

Acetate, succinate, and pyruvate were quantified by
HPLC equipped with a UV detector and conductivity
meter and Grace Prevai'™ column operating at
215 nm with 25 mM KH,PO, (pH 2.5) as mobile
phase at 1 ml/min.

Results and discussion

Utilization of glycerol for anaerobic succinate
production by C. glutamicum NC-3G

C. glutamicum does not utilize glycerol as a carbon
source. Unlike in E. coli, which can grow on glycerol
as a sole carbon source, no glycerol metabolic
pathway is present in any of C. glutamicum sequenced
to date. To give these strains the ability to use glycerol
as carbon source under O, deprivation, we explored a
anaerobic glycerol utilization pathway for succinate
production (Fig. 1). The E. coli glpF gene coding a
glycerol facilitator was integrated into C. glutamicum
NC-2 chromosome, resulting in strain NC-2G. The
E. coli gldA and dhaKLM genes were isolated by PCR
and precisely subcloned under the control of the strong
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constitutive promoter (fac or trc) that is present in
vector pXMJ19 and pEC-xk99E respectively. The
resulting strain named NC-3G. The specific activity of
GLDH was 1.3 U/mg and the specific activity of DAK
was 2.1 U/mg, indicating their functional expression.
Using NC-3G cells incubated under O, deprivation
conditions, we evaluated the productivity of organic
acids from glycerol by comparing the production of
organic acid achieved from glucose. In both cases,
predominantly succinate and acetate were produced,
with trace amounts of pyruvate (Table 1). The
consumption rate of glycerol (1.2 g/l.h) was approx.
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Fig. 1 Engineered pathway for anaerobic glycerol utilization to
succinate. glpF glycerol facilitator, gldA glycerol dehydroge-
nase, dhaKLM dihydroxyacetone kinase, glpK glycerol kinase,
tpiA triosephosphate isomerase, /dhA lactate dehydrogenase,
pta-ackA phosphate acetyltransferase-acetate kinase, DHAP
dihydroxyacetone 3-phosphate, DHA dihydroxyacetone, PEP
phosphoenolpyruvate, G3P glycerol 3-phosphate, GA3P glyc-
eraldehyde 3-phosphate, PYR pyruvate, LA lactate, Ace acetate,
OAA oxaloacetate, MAL malate, FUM fumarate, SUC succinate.
Dotted lines represent enzymes and reactions so far not found in
C. glutamicum
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half that of glucose (2.2 g/l.h). Moreover, the produc-
tion rates of succinic acid were comparable in both
cases, reaching approx. 1.1 g/L.h, whereas the produc-
tion rate of acetate from glucose (4.2 g/l) was higher
than that from glycerol (3.1 g/l). The yield of succinic
acid was higher from glycerol (1.02 g/g) than from
glucose (0.8 g/g). These results suggest that the
utilization of glycerol favours succinate production
and lowers acetate production.

Effect of NaHCO; addition on glycerol utilization
during succinate production

In the absence of NaHCOj, the glycerol consumption
rate was 0.31 & 0.02 g/L.h and the yield of succinate
was 0.91 & 0.02 g/g. 200 mM NaHCOj; was added to
the medium and led to a 3.5-fold increase in succinate
production. These results may be attributable to
anaplerotic enzymes, which include phospho-
enolpyruvate carboxylase (PEPC) and/or pyruvate
carboxylase (PC), fixing CO, to produce C4 dicar-
boxylic acids from phosphoenolpyruvate (PEP) or
pyruvate (Fig. 1). Glycerol consumption and succi-
nate production rates were also increased 3.2-fold and
3.5-fold, respectively, in the presence of bicarbonate
(Table 2). Glycerol is metabolized to PEP or pyruvate
via the glycerol utilization pathway along with NADH
generation by the activity of GLDH and GAPDH. To
our knowledge, GAPDH is inhibited by the accumu-
lation of intracellular NADH (Inui et al. 2004).
Similarly, accumulation of intracellular NADH also
inhibited GLDH led to glycerol utilization decreased.
Bicarbonate may mediate activation of NAD ™" regen-
eration in vivo. Thus, addition of bicarbonate led to the
conversion of PEP/pyruvate to OAA accompanied by
CO, fixation mediated by either PEPC or PC.

Effects of glycerol metabolism on intracellular
NADH/NAD™ ratio under O, deprivation

The yield of succinate increased when the glycerol
utilization pathway was activated under O, depriva-
tion (Table 1). To analyze the mechanism of glycerol
metabolism on succinate production, the ratio of
NADH/NAD™ was measured (Table 1). With glycerol
as substrate, the NADH/NAD™ ratio was 0.95 com-
pared to 0.64 when glucose was used under O,
deprivation. Thus more NADH is produced from
glycerol metabolism than from glucose. One mol
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Table 1 Relevant parameters for anaerobic succinate production from glucose or glycerol in serum bottle

Carbon source Fermentation product (g/l) Yield (g/g) NADH/NAD*
Succinate Acetate Pyruvate Lactate

Glucose 225+ 15 42405 25+£08 ND 0.80 &+ 0.02 0.64 = 0.03

Glycerol 192 £ 1.7 31+04 1.2 £ 06 ND 1.02 £+ 0.05 0.95 + 0.02

Values were given as the averages and standard deviations of three independent cultures. The concentration of organic acids was

determined after 18 h

The NADH/NAD™ were determined by the strains cultivating under anaerobic conditions. The analysis was performed with strain

NC-3G
ND Not detected

Table 2 Effect of NaHCO; during succinate production from glycerol by C. glutamicum NC-3G

Addition Consumption or production rate (g/l.h) Yield (g/g)
Glycerol Succinate Acetate Lactate

None 0.31 £ 0.02 0.28 £ 0.03 0.04 £ 0.01 ND 091 £ 0.02

NaHCO;3 1.02 £ 0.04 1.00 £ 0.02 0.16 £ 0.04 ND 1.01 £ 0.03

25 g/l glycerol was added as carbon source under O, deprivation

Values were given as the averages and standard deviations of three independent cultures. The concentration of organic acids was

determined after 18 h
ND Not detected

NADH is formed per glycerol converted to DHA. A
higher ratio of NADH/NAD™ is beneficial for the
generation of succinic acid because NADH must be
consumed for NAD" regeneration to maintain the
NADH/NAD™ ratio at a suitable level. These results
indicated that NAD"-dependent glycerol dehydroge-
nase supplies additional NADH in C. glutamicum NC-
3G by utilizing glycerol under O, deprivation. For this
reason, more succinic acid was produced to consume
the NADH and maintain the NADH/NAD™ ratio in a
balanced state.

Fed-batch fermentation for succinate production

In order to evaluate the suitability of strain NC-3G as a
host for the production of succinate, fed-batch fer-
mentations were carried out. Since the growth of C.
glutamicum was arrested and the resting cells retained
the capability to metabolize carbon source (Litsanov
et al. 2012; Okino et al. 2008), a high titer could be
achieved by high cell-density fermentation. Thus, we
performed a dual-phase fermentation: an aerobic
growth phase in a 51 bioreactor with 3 I medium
followed by an anaerobic succinate production phase

in a 1.5 1 bioreactor. The anaerobic fermentation was
carried out with initially 35.2 g dry cell/l. As described
in Fig. 2, 37.6 g glycerol/l was consumed within 48 h
and succinate increased continuously and reached
38.4 g/l with an average yield of 1.02 g/g. This
represents 80 % of the maximum theoretical yield
for glycerol under O, deprivation. Related strains have
produced 0.7 g succinate per g glucose = 72 % of the
maximum theoretical yield (1.1 g succinate per g
glucose). The succinate production rate (0.8 g/L.h) of
NC-3G using glycerol was half that when using
glucose (1.7 g/L.Lh) (Fig. 2). In addition to succinate,
the cells excreted 2.4 g pyruvate/l, 3.9 g acetate/l as
by-products. The glycerol consumption rate and the
succinate productivity were decreased after the second
feeding. This could be attributed to cell autolysis or
osmotic stress (Litsanov et al. 2012).

In a similar study, Litsanov et al. (2013) constructed
a C. glutamicum strain, BL-1/pVWEx1-glpFKD, also
containing a glycerol utilization pathway for aerobic
succinate production. The strain formed 9.3 g succi-
nate/l from 34.5 g glycerol/l, representing 42 % of the
maximal theoretical yield under aerobic conditions.
Our strain NC-3G was more robust in producing
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Fig. 2 Fed-batch fermentation for succinate production by NC-
3G from glycerol (a) or glucose (b)

succinate with a higher succinate productivity and titer
under O, deprivation.

In conclusion, we describe for the first time the
efficient use of glycerol as substrate for succinate
production with metabolically-engineered C. glutam-
icum under O, deprivation. The process shows two
unique features: (i) the highest known volumetric
productivity of all currently described microbial
strains for anaerobic succinate production from glyc-
erol and (ii) the first time constructing anaerobic
glycerol utilization pathway in C. glutamicum. Taken
together, glycerol supply extra reducing equivalents
can favorably be converted to reduced product,
thereby further increasing the value of the process.
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