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Abstract: Succinic acid was produced by fermentation of
Anaerobiospirillum succiniciproducens using glycerol as
a carbon source. When cells were anaerobically cultured
in a medium containing 6.5 g/L glycerol, a high succinic
acid yield (133%) was obtained while avoiding the for-
mation of by-product acetic acid. The gram ratio of suc-
cinic acid to acetic acid was 25.8:1, which is 6.5 times
higher than that obtained using glucose (ca. 4:1) as a
carbon source. Therefore, succinic acid can be produced
with much less by-product formation by using glycerol
as a carbon source, which will facilitate its purification.
When glucose and glycerol were cofermented with the
increasing ratio of glucose to glycerol, the gram ratio of
succinic acid to acetic acid and succinic acid yield de-
creased, suggesting that glucose enhanced acetic acid
formation irrespective of the presence of glycerol. Glyc-
erol consumption by A. succiniciproducens required un-
identified nutritional components present in yeast ex-
tract. By intermittently feeding yeast extract along with
glycerol, a high succinic acid yield (160%) could be ob-
tained while still avoiding acetic acid formation. This re-
sulted in the highest ratio of succinic acid to acetic acid
(31.7:1). © 2001 John Wiley & Sons, Inc. Biotechnol Bioeng 72:

41–48, 2001.
Keywords: succinic acid; glycerol; glucose; acetic acid;
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INTRODUCTION

Glycerol is an attractive carbon substrate for biological con-
version because it is available from renewable resources in
large amounts and can be utilized by a number of microor-
ganisms (Lin, 1976). Glycerol is produced as a surplus by-
product in the growing oleochemical industries for the pro-
duction of soaps, fatty acids, waxes, and surfactants. There-
fore, several environmentally friendly processes based on

microbial fermentation have been proposed for glycerol uti-
lization. Some useful chemicals have been produced from
glycerol by fermentation:b-hydroxypropionaldehyde (re-
uterin) (EI-Ziney et al., 1998; Talarico et al., 1988), 2,3-
butanediol (Biebl et al., 1998), and 1,3-propandiol (Menzel
et al., 1997).

To date, however, succinic acid production from glycerol
has not been reported. Succinic acid is a dicarboxylic acid
produced as an intermediate of the tricarboxylic acid cycle
and also as one of the fermentation products of anaerobic
metabolism (Gottschalk, 1986). It can be used for the manu-
facture of synthetic resins and biodegradable polymers and
as an intermediate for chemical synthesis (Zeikus, 1980). To
date, succinic acid has been produced commercially by
chemical processes. Recently, however, fermentative pro-
duction of succinic acid from renewable biomass by anaero-
bic bacteria has attracted great interest (Landucci et al.,
1994). An anaerobic bacterium,Anaerobiospirillum suc-
ciniciproducens, has been considered one of the best suc-
cinic acid producers because it can produce a significant
amount of succinic acid from carbohydrates (Datta, 1992;
Davis et al., 1976; Glassner and Datta, 1992; Lee et al.,
1999a, 2000).

Purification processes for succinic acid produced by the
fermentation ofA. succiniciproducens, which consist of de-
salting electrodialysis, water-splitting electrodialysis, and
crystallization, have been described by Glassner et al.
(1995). It is well known that the presence of a by-product
such as acetic acid can negatively affect the purification
process. Lee et al. (1999a) reported that acetic acid was also
produced as a by-product with a gram ratio of succinic acid
to acetic acid of 4:1 in the fermentation ofA. succinicipro-
ducensfrom glucose. Acetic acid formation reduces suc-
cinic acid yield and makes purification of succinic acid
more difficult and costly. Therefore, fermentation processes
for succinic acid production with reduced acetic acid for-
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mation should be developed for better fermentation perfor-
mance and economical purification of succinic acid.

In this article, we report that glycerol, as an alternative
substrate to glucose, provides several advantages for the
production and purification of succinic acid, mainly because
a much higher ratio of succinic acid to acetic acid can be
obtained.

MATERIALS AND METHODS

Organism and Growth Conditions

Anaerobiospirillum succiniciproducens(ATCC 29305) was
obtained from the American Type Culture Collection
(Rockville, MD). Cells were grown in sealed anaerobic
bottles containing 100 ml minimal salts medium1 (AnS1)
containing 5 g/L glucose, 2.5 g/L yeast extract and 5 g/L
polypeptone with CO2 as the gas phase. The AnS1 medium
contained per liter: 3 g K2HPO4, 1 g NaCl, 1 g (NH4)2SO4,
0.2 g CaCl2 ? 2H2O, 0.2 g MgCl2 ? 6H2O, and 1 g Na2CO3.
The medium was heat sterilized (15 min at 121°C) in an
aerobic bottle with nitrogen headspace. To the sterile me-
dium, concentrated H2SO4 was added to adjust the pH to
6.5. The nitrogen headspace was replaced by CO2 and
Na2S ? 9H2O (final concentration 1 mg/L) was added to
ensure strict anaerobic conditions. After 15 min the reduced
medium was inoculated with 2.5 mL glycerol stock culture
and incubated at 39°C for 15–16 h.

Batch cultures were carried out at 39°C in a jar fermenter
(2.5 L, Korea Fermenter Company, Incheon, Korea) con-
taining 1 L of minimal salts medium2 (AnS2) containing
3.5–10 g glycerol, 5 g yeast extract, and 10 g polypeptone.
In case of cofermentation, the AnS2 medium containing
glycerol, yeast extract, and polypeptone was supplemented
with glucose, as indicated in Results. The AnS2 medium
contained per liter: 3 g K2HPO4, 2 g NaCl, 5 g (NH4)2SO4,
0.2 g CaCl2 ? 2H2O, 0.4 g MgCl2 ? 6H2O, 5 mg
FeSO4 ? 7H2O, and 3 g Na2CO3. The pH was controlled at
6.5 using 1.5 M Na2CO3. Foam was controlled by adding
Antifoam 289 (Sigma Chemical Co., St. Louis, MO). CO2

sparging rate and agitation speed were controlled at 0.25
vvm and 200 rpm, respectively. Fed-batch cultures were
carried out by intermittently adding an appropriate amount
of feeding solution containing 700 g/L glycerol and/or 800
g/L yeast extract, as indicated in Results. Other fermenta-
tion conditions were the same as described for batch cul-
tures.

To study the effect of complex nitrogen sources on glyc-
erol fermentation, flask cultures were carried out in AnS2
medium containing 5 g/L glycerol at 39°C in anaerobic
chamber (Forma Scientific, USA). Varying concentrations
of yeast extract and polypeptone were supplemented as de-
scribed in Results.

Preparation of Cell Extracts

Cells from the exponential phase of growth were harvested
by centrifugation at 12,000g and 4°C for 20 min under N2
atmosphere. After centrifugation, the supernatant was de-
canted while flushing with N2 and the cell pellet was
washed once with oxygen-free distilled water containing 2
mM dithiothreitol (DTT). Cell suspensions were sonicated
by using an ultrasonic homogenizer (Cole-Parmer Instru-
ment Co., Vernon Hill, IL) in conical tubes on ice with
continuous flushing of N2. The disrupted cells were imme-
diately centrifuged at 20,000g at 4°C for 30 min. The su-
pernatant was stored under N2 in rubber vials at –75°C until
required. Total protein concentration in cell-free extracts
was measured by the Bradford method (1976) using bovine
serum albumin as a standard.

Enzyme Assays

Enzyme activities were measured spectrophotometrically
under anoxic conditions as described previously (Samuelov
et al., 1991). All components of the reaction mixture except
for the cell extract and the substrate were added by a mi-
croliter syringe to serum vials sealed with a soft rubber
stopper. The vials were made anoxic by flushing with N2 for
5 min before use. Cell extract and anoxic substrate solutions
were added to the anoxic vials using a microliter syringe to
give a final liquid volume of 1 ml. The reactions were
started by the addition of the substrate at 37°C. Enzyme
activities were measured by standard spectrophotometric
methods (Segel, 1976) as described below and corrected for
endogenous activity. Enzyme activities were determined by
averaging three separate measurements. The millimolar ex-
tinction coefficient for NADPH at 340 nm is 6.23
cm−1mM−1 (Dawson et al., 1986). One unit (U) of enzyme
activity represents the amount of enzyme catalyzing the
conversion of 1 nmol of substrate per minute into specific
products.

Glucose: PEP phosphotransferase (EC 2.7.1.) activity
was assayed by monitoring the reduction of NADP at 340
nm. The assay mixture contained 0.1 M Tris-HCl (pH 8.4),
10 mM MgCl2, 10 mM PEP, 1 mM DTT, 1 mM NADP, 15
mM glucose, 3 U glucose-6-phosphate dehydrogenase, and
cell extract.

Analytical Methods

The concentrations of glucose, glycerol, succinic acid, and
acetic acid were measured by high-performance liquid chro-
matography (Hitachi L-3300 RI monitor, L-4200 UV-VIS
detector, D2500 chromato-integrator, Tokyo, Japan)
equipped with an ion exchange column (Aminex HPX-87H,
300 mm × 7.8 mm, Hercules, CA) using 0.012 N H2SO4 as
a mobile phase. Cell growth was monitored by measuring
the absorbance at 660 nm (OD660) using a spectrophotom-
eter (Ultrospec3000, Pharmacia Biotech, Sweden). Dry cell
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weight was calculated from a curve relating the absorbance
at 660 nm to dry weight. Succinic acid yield was defined as
the amount of succinic acid produced from 1 g glycerol (or
equivalent), expressed as a percentage.

Chemicals

All chemicals used were of reagent grade and were obtained
from either Junsei Chemical Co. (Tokyo, Japan) or Sigma
Chemical Co. Enzymes and coenzymes were purchased
from Sigma and Roche Molecular Biochemicals (Mann-
heim, Germany). Gas was scrubbed free of oxygen by pass-
ing through a gas purifier (P.J. Cobert, St. Louis, MO).

RESULTS

Fermentation of Glycerol

A. succiniciproducenswas cultured using 6.5 g/L glycerol
as a carbon source under anaerobic condition. Cells grew to
an OD660 of 0.8 at 24 h, and thereafter cell concentration
decreased gradually (Fig. 1). At the end of fermentation, 2.8
g/L glycerol was left unutilized. Cell mass yield on glycerol
was an OD660 of 0.21/g-glycerol (70 mg DCW/g-glycerol),
which is lower than that obtained using glucose as a carbon
source [OD660of 0.31/g-glucose (100 mg DCW/g-glucose)]
(Lee et al., 1999a). The concentration and yield of succinic
acid obtained at the end of the fermentation were 4.9 g/L
and 133%, respectively. Interestingly, the formation of by-
product acetic acid was avoided by using glycerol as a car-

bon source. As a result, the gram ratio of succinic acid to
acetic acid increased to 25.8:1.

Cofermentation of Glycerol and Glucose

To study the effect of glucose on glycerol consumption and
possibly to enhance the volumetric productivity of succinic
acid, cofermentations of glucose and glycerol were carried
out with varying ratios of glucose to glycerol. When 4.3 g/L
glucose and 3.6 g/L glycerol were used as cosubstrates, both
glucose and glycerol were completely consumed at the end
of fermentation. The maximum OD660 reached in 7.5 h was
2.4 (0.8 g DCW/L) (Fig. 2a), which was higher than that
obtained using glycerol alone. The concentration and yield
of succinic acid obtained at the end of the fermentation were
8.2 g/L and 104%, respectively. However, the ratio of suc-
cinic acid to acetic acid was 9.0:1, which was lower than
that obtained using glycerol alone. When 7.3 g/L glucose
and 3.6 g/L glycerol were used, both glucose and glycerol
were completely utilized and the maximum OD660 of 2.9
(0.95 g DCW/L) was obtained (Fig. 2b). The concentration
and yield of succinic acid obtained at the end of the fer-
mentation were 10.6 g/L and 97%, respectively. The ratio of
succinic acid to acetic acid was 6.5:1. However, when 4.2
g/L glucose and 8.4 g/L glycerol were used, only glucose
was completely utilized. Glycerol was incompletely con-
sumed, as in the fermentation of glycerol (initial concentra-
tion of 6.5 g/L) alone (Fig. 1). Therefore, it seems that the
current medium formulation only supports consumption of a
limited amount of glycerol (see below). The concentration
and yield of succinic acid obtained at the end of fermenta-
tion were 10.6 g/L and 108%, respectively (Fig. 2c). The
ratio of succinic acid to acetic acid (11.0:1) was in between
those obtained by the other combinations of glucose and
glycerol and that obtained using glycerol alone.

Effect of Intermittently Fed Glucose on the
Fermentation of Glycerol

As shown in Fig. 2c, the termination of glycerol consump-
tion occurred 3 h after glucose was depleted. Therefore, we
examined if the depletion of glucose affected glycerol uti-
lization. After the depletion of glucose in the medium dur-
ing glycerol fermentation, glucose was intermittently added
(Fig. 3). The maximum cell concentration reached at the end
of fermentation was an OD660 of 4.6 (1.5 g DCW/L). Com-
pared with that obtained using glycerol alone, cell concen-
tration was relatively high. The concentration and yield of
succinic acid obtained at the end of the fermentation were
29.6 g/L and 92%, respectively. However, intermittent ad-
dition of glucose did not improve glycerol consumption and
reduced the ratio of succinic acid to acetic acid to 4.9:1.
These results indicated that the more glucose was used, the
more acetic acid was produced independent of glycerol con-
sumption. Therefore, the enzyme activity for glucose trans-
port was measured. The specific activity of glucose: PEP-

Figure 1. Batch fermentation of glycerol. Cells were grown anaerobi-
cally in a jar fermenter containing glycerol as a carbon source. Symbols are
cell concentration (d), glycerol (j), succinic acid (s), and acetic acid
(L).
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phosphotransferase was 84.4 ± 10 nmol/min/mg-protein.
These results suggest that the competition for PEP between
glucose transport system and succinic acid formation can be
one of the major factors affecting the ratio of succinic acid
to acetic acid (also, see below).

Effect of Yeast Extract and Polypeptone on Cell
Growth and Glycerol Consumption

Some nutritional components present in complex nitrogen
sources can be essential for the growth of cells. Therefore,

the effects of varying the concentrations of yeast extract and
polypeptone on cell growth and succinic acid production
were investigated (Table I). When more yeast extract was
supplemented, both cell growth and succinic acid produc-
tion were enhanced. On the other hand, the addition of
polypeptone alone did not support cell growth and succinic
acid production when glycerol was used as a carbon source.
Only when yeast extract was also supplemented did poly-
peptone exert positive effects on cell growth and succinic
acid production. In our previous study (Lee et al., 1999b),

Figure 2. Cofermentation of glycerol and glucose with varying ratios of glycerol to glucose. Cells were grown anaerobically in a jar fermenter containing
(a) 4.3 g/L glucose and 3.6 g/L glycerol, (b) 7.3 g/L glucose and 3.6 g/L glycerol, and (c) 4.2 g/L glucose and 8.4 g/L glycerol. Symbols are cell
concentration (d), glycerol (j), glucose (.), succinic acid (s), and acetic acid (L).
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polypeptone could enhance cell growth and succinic acid
production as much as yeast extract when glucose was used
as a carbon source. Therefore, it seems that unknown nu-
tritional components present in yeast extract are important
for glycerol utilization inA. succiniciproducens.

To verify the positive effect of yeast extract on glycerol

fermentation, yeast extract was intermittently added to cul-
ture medium during glycerol fermentation. When 8 g/L
glycerol was used with 10 g/L yeast extract, residual glyc-
erol concentration steadily decreased to 2.7 g/L, and did not
decrease further (Fig. 4). During this period, cell concen-
tration decreased from an OD660 of 0.85 to 0.60. However,
the addition of extra yeast extract resumed glycerol con-
sumption and cell growth. This suggests that the incomplete
glycerol consumption was mainly due to the depletion of
unknown components present in yeast extract. To further
confirm the yeast extract-dependent consumption of glyc-
erol, glycerol was added and yeast extract was intermittently
added. The added glycerol was consumed further depending
on the supplementation of yeast extract. The concentration
and yield of succinic acid obtained at the end of the fer-
mentation were 19.0 g/L and 160%, respectively. Although
the total of 12 g/L glycerol was consumed at the end of
fermentation, the formation of acetic acid could still be
avoided at a concentration below 0.6 g/L. This resulted in
the highest ratio of succinic acid to acetic acid (31.7:1).

DISCUSSION

When glycerol was used as a carbon source in the fermen-
tation ofA. succiniciproducens, succinic acid was produced
with a high yield. Also, the formation of by-product acetic
acid was avoided, which resulted in the increased ratio of
succinic acid to acetic acid up to 31.7:1. This ratio is 7.9
times higher than that obtained by batch fermentation of
glucose (ca. 4:1) (Lee et al., 1999a). Reducing acetic acid
formation during fermentation is important for the produc-
tion and purification of succinic acid. The formation of
acetic acid as a by-product in the fermentation ofA. suc-

Table I. Effect of yeast extract and/or polypeptone on cell growth and fermentation of glycerola.

Yeast extract
(5)b

Yeast extract
(10)

Yeast extract
(15)

Yeast extract
(20)

Polypeptone
(15)

Yeast extract
/polypeptone

(5/10)

Yeast extract
/polypeptone

(10/5)

Maximum
cell
concentration
(OD660) 0.29 0.41 0.59 0.86 0.13c 0.36 0.61
Succinic acid
concentration
(g/L) 0.75 2.3 2.9 3.54 0.2 1.1 2.8
Succinic acid
yield (%)
(g-succinic
acid/g-
glycerol) 157 170 164 167 151 160 165
Succinic
acid/acetic
acid (g/g) 24.7:1 26.1:1 26.4:1 25.6:1 25.3:1 25.4:1 28.0:1

aAll data were analyzed after 18 h cultivation in flasks.
bg/L.
cThis is the same as the OD660 right after the inoculation.

Figure 3. Effect of intermittently fed glucose on the fermentation of
glycerol. Cells were grown anaerobically in a jar fermenter containing 4.0
g/L glucose and 8.5 g/L glycerol. After the depletion of glucose in medium,
glucose was intermittently added, as indicated by the peaks. Symbols are
cell concentration (d), glycerol (j), glucose (.), succinic acid (s), and
acetic acid (L).
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ciniciproducensnot only reduces succinic acid production
but also increases purification cost. The formation of acetic
acid competes with the desirable succinic acid formation for
the given carbon flux, thereby reducing succinic acid yield.

As mentioned above, when glucose was used as a carbon
source the succinic acid yield was reduced to 85–91% due
to the formation of acetic acid. The purification process for
succinic acid involves desalting electrodialysis, water-
splitting electrodialysis, and crystallization (Glassner et al.,
1995). When desalting and water-splitting electrodialysis
are performed for the broth containing succinate and acetate
salts, power consumption increases due to the presence of
high acetate salts. Therefore, the reduced formation of ace-
tic acid makes recovery of succinic acid easier and eco-
nomical.

The effects of glucose on the fermentation of glycerol are
summarized in Table II. With the increasing ratio of glucose
to glycerol, the gram ratio of succinic acid to acetic acid
decreased from 11.0:1 to 6.5:1, suggesting that glucose en-
hanced acetic acid formation irrespective of the presence of
glycerol. Also, succinic acid yield decreased according to
the increased formation of acetic acid. Samuelov et al.
(1991) proposed metabolic pathways for the formation of
acids inA. succiniciproducens: phosphoenolpyruvate (PEP)
can be distributed into several different pathways for the
formation of succinic acid, acetic acid, and lactic acid, de-
pending on the culture condition. When acetic acid is pro-
duced, one mole of ATP is additionally produced. Since
acetic acid production was avoided when glycerol was used,
ATP production also seemed to be reduced. This seems to
be why cell mass yield on glucose was higher than that on
glycerol. The reason why more acetic acid was produced
when glucose was used as a carbon source seems to be due
to the different transport systems for glucose and glycerol.
As shown in Fig. 5, ifA. succiniciproducensuses PEP-

Figure 4. Effect of intermittently fed yeast extract on the fermentation of
glycerol. Cells were grown anaerobically in a jar fermenter containing 8
g/L glycerol and 10 g/L yeast extract. When the glycerol consumption
stopped, 20 ml of 700 g/L yeast extract (YE) was intermittently added, as
indicated by arrows. After 65 h fermentation, additional glycerol was also
supplemented. Symbols are cell concentration (d), glycerol (j), succinic
acid (s), and acetic acid (L).

Figure 5. Proposed central metabolic pathway ofA. succiniciproducensfor the utilization of glycerol and glucose. Some of the catabolic pathways were
proposed by Samuelov et al. (1991). In PEP-phosphotransferase transport system (PTS), El, nonspecific protein of the PTS, HPr, nonspecific phosphoryl
carrier protein of the PTS. The enzymes in catabolic pathway are: 1) PEP-carboxykinase, 2) malate dehydrogenase, 3) fumarase, 4) fumarate reductase,
5) pyruvate kinase, 6) pyruvate-ferredoxin oxidoreductase, 7) phosphotransacetylase, 8) acetate kinase, 9) aldehyde dehydrogenase, 10) alcoholdehydro-
genase, and 11) lactate dehydrogenase.
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dependent phosphotransferase system for glucose, PEP
will be converted to pyruvate, which will be further me-
tabolized to generate acetic acid, lactic acid, and ethanol,
depending on the culture condition. Therefore, when glu-
cose is transported and metabolized inA. succinicipro-
ducens,acetic acid formation will be enhanced, which
results in the decrease of the ratio of succinic acid to acetic
acid. To verify this assumption, glucose:PEP-phosphotrans-
ferase activity was measured using cell extracts anaerobi-
cally made from exponential phase.A. succiniciproducens
was found to possess glucose:PEP phosphotransferase
activity for the uptake of glucose. Glucose:PEP phos-
photransferase seems to play a major role inA. succinici-
producensfrom the acid products distribution obtained from
this study and our previous studies (Lee et al., 1999a,b). If
glucose is mainly transported by PEP-dependent phos-
photransferase system, one mole of pyruvate will be formed
for every mole of glucose transported. Pyruvate will be
further converted to various acids, as depicted in Fig. 5. For
many bacteria, glycerol is known to be transported by fa-
cilitated diffusion. If glycerol is transported by facilitated
diffusion also inA. succiniciproducens,PEP is not con-
sumed for the glycerol transport and, subsequently, acetic
acid formation is reduced. This seems to be why a higher
ratio of succinic acid to acetic acid can be obtained when
glycerol is used as a carbon source. Therefore, the reduced
formation of pyruvate can also be achieved by using sub-
strates which are transported by ATP-driven, high-affinity
permeases.

Glycerol was completely utilized when the initial con-
centration was below 3.5 g/L. However, it was incompletely
consumed at higher concentration (Fig. 1). A similar phe-
nomenon was observed during the fermentation of glycerol
for the production of 1,3-propanediol (Barbirato et al.,
1996). In that study, 3-hydroxypropionaldehyde, an inter-
mediate metabolite of glycerol fermentation to 1,3-
propanediol, was found to have an inhibitory effect when
accumulated in cells, resulting in the pretermination of glyc-
erol consumption. However, the compound 3-hydroxypro-
pionaldehyde cannot be attributed to the incomplete con-
sumption of glycerol in our study because 1,3-propanediol

was not detected during glycerol fermentation byA. suc-
ciniciproducens. To see if the incomplete glycerol con-
sumption was due to the accumulation of succinic acid and
acetic acid produced during the fermentation, cells were
cultured in medium containing 6 g/L glycerol, 5 g/L suc-
cinic acid, 0.2 g/L acetic acid. Cells consumed glycerol in
the presence of succinic acid and acetic acid (data not
shown), which suggested that the incomplete glycerol uti-
lization was not due to the accumulation of the acids pro-
duced. As described above, the incomplete consumption of
glycerol inA. succiniciproducenswas due to the deficiency
of unknown nutritional components present in yeast extract.
The consumption of glycerol was strongly dependent on the
amount of yeast extract added to culture medium (Table I).
We are currently carrying out experiments to identify these
unknown components.

In conclusion, this study shows that when glycerol is used
as a carbon source for succinic acid production byA. suc-
ciniciproducens,the formation of by-product acetic acid is
avoided and a higher succinic acid yield can be obtained.
The former is particularly beneficial for the purification of
succinic acid.
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