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ABSTRACT

Succinic acid is valued as a potential starting point for the production of chemicals of the C4 family or in the prepara
tion of biodegradable polymers. For sustainable development in this era of petroleum shortage, production of succinic
acid by microbial fermentation of renewable feedstock has attracted great interest. In this study, pretreatment with sul-
furic acid and biotin supplementation were used to enhance succinic acid production by Actinobacillus succinogenes
130Z from sake lees, a byproduct of Japanese rice wine. Pretreatment with sulfuric acid resulted in little change of glu-
cose, total nitrogen and succinic acid content in the sake lees hydrolysate but had a positive effect on succinic acid fer-
mentation, which caused a 25.0% increase in succinic acid yield in batch fermentation. Biotin supplementation was
used to further enhance the fermentability of sake lees hydrolysate. As aresult, a 30 h batch fermentation of 0.5% sulfu-
ric acid pretreated sake lees hydrolysate with 0.2 mg/L biotin gave a succinic acid yield of 0.59 g/g from 61.6 g/L of
glucose, with a productivity of 1.21 g/(L-h). A 22.9% increase in succinic acid yield and a 101.7% increase in succinic

acid productivity were obtained compared with untreated sake lees hydrolysate.
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1. Introduction

Succinic acid, an intermediate metabolite of the tricar-
boxylic acid (TCA) cycle and one of the fermentation
end-products of anaerobic metabolism, has been used
widely in the agricultural, food and pharmaceutical in-
dustries [1]. Recently, succinic acid has been valued be-
cause it can be used for the production of biodegradable
polymers, such as polybutylene succinate and polyam-
ides, and as an intermediate for synthesis of C4 chemi-
cals, including 1,4-butanediol, tetrahydrofuran, N-methyl
pyrrolidinone, 2-pyrrolidinone and gamma-butyrolactone
[2-4]. Today, succinic acid is mainly produced by a
chemical process from butane through maleic anhydride,
a petroleum-based raw material. For sustainable devel-
opment in this era of petroleum shortages, biological
production of succinic acid from renewable feedstock
and carbon dioxide has attracted great interest.

A wide variety of bacteria have been investigated to
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produce succinic acid, such as Mannheimia succinici-
producens [5,6], Actinobacillus succinogenes [7,8], An-
aerobiospirillum succiniciproducens [9,10], recombinant
Escherichia coli [11,12] and Corynebacterium glutami-
cum [13]. Among the succinic acid-producing strains, A.
succinogenes has been considered to be one of the most
promising microorganisms for industrial succinic acid
production because it can produce alarge amount of suc-
cinic acid, tolerate high concentrations of organic acids
and use a wide range of carbon sources [14]. The fer-
mentation cost of bio-based succinic acid is, however, a
key factor when competing with petroleum-based suc-
cinic acid production. Therefore, the utilization of cheap
carbon sources rather than glucose is important for the
economical production of succinic acid. Recently, many
bioresources have been used for succinic acid production
by A. succinogenes, including whey [15], cane molasses
[16], straw [17], crop stalk wastes [18], and corn cob [19].
However, A. succinogenes is a fastidious organism [20]
and high concentrations of complex growth supplements,
mainly yeast extract, are required to utilize these renew-
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able resources. The cost of such supplements is not fea
sible for economical fermentation of succinic acid.
Therefore, minimizing their use is also important for in-
dustrial succinic acid fermentation.

Sake lees, a byproduct of Japanese rice wine (sake),
can serve as an attractive, low-cost feedstock for pro-
ducing bio-based chemicals because they contain sig-
nificant quantities of carbohydrate, protein, vitamins and
other nutrients [21]. A previous study showed sake lees
hydrolysate could be used not only as a carbon source for
efficient production of succinic acid but also to partialy
replace nitrogen source supplementation [22]. However,
the components in sake lees could influence the metabo-
lism of A. succinogenes 130Z, causing a rather low suc-
cinic acid yield, while a low yeast extract supplementa-
tion also led to arather low succinic acid productivity. In
this study, dilute sulfuric acid pretreatment, combined
with biotin supplementation, was used to enhance suc-
cinic acid production from sake lees hydrolysate by A.
succinogenes 130Z.

2. Materials and Methods
2.1. Chemicals

Y east extract was obtained from Oxoid Ltd (Cambridge,
UK). Other chemicals were of reagent grade and ob-
tained from Wako (Tokyo, Japan). CO, gas was obtained
from Akisan Co. (Akita, Japan).

2.2. Preparation of Sake Lees Hydrolysate

Sake lees were obtained from Akita Shurui Seizoh Co.,
Ltd. (Akita, Japan). The crude sake lees contained 39.2%
(w/w) water, 12.0% (w/w) protein, 5.0% (w/w) succinic
acid, 14.8% (w/w) glucose, and the residual composition
was starch, fat, ethanol, etc. The conditions used for
preparation of sake lees hydrolysate were the same as
previously reported [22] and proceeded as follows: the
crude sake lees were diluted with distilled water to obtain
a concentration of 25% (w/w, on wet basis). For lique-
faction treatment, sake lees slurry was adjusted to pH 6.0
with 3% (w/v) NaOH, 20 U amylase (Wako, Japan) was
added per gram wet sake lees and the slurry kept at 70°C
for 4 h with a water bath. At the end of liquefaction, the
slurry was adjusted to pH 4.5 with 5% (w/v) HCI and the
temperature was decreased to 58°C. 200 U glucoamylase
(Amano, Japan) was added per gram wet sake lees for
saccharification over 5 h. After centrifugation at 6000
rpm for 15 min, the supernatant was designated as sake
lees hydrolysate (SLH).

2.3. Pretreatment of SLH

Pretreatment of SLH was carried out under akaline,
oxidative and acidic conditions. The akaline condition

Copyright © 2012 SciRes.

was obtained with 0.5% (w/v) Ca(OH),, the oxidative
condition with 0.5% (w/v) H,0O,, and the acidic condi-
tions with 1.0% (w/v) HCI, and 0.5% and 1.0% (w/v)
H,SO,. All pretreatments were carried out at 60°C for 90
min in a water bath. After pretreatment, SLH was centri-
fuged at 20°C and 6000 rpm for 15 min. The supernatants
from pretreatments with Ca(OH), and H,O, were ad-
justed to pH 5.0 with 98% (w/v) H,SO,, while the su-
pernatants from pretreatments with acids were adjusted
to pH 5.0 with Mg(OH),. After pH adjustment, SLHs
from the different pretreatments were used as substrates.
SLH from the pretreatment with 0.5% H,SO, was desig-
nated as PSLH.

2.4. Microorganism and Growth Conditions

A. succinogenes 130Z (ATCC55618) was obtained from
the American Type Culture Collection. Cells were grown
in 100 mL sedled anaerobic bottles containing 50 mL
medium. The medium for inoculum cultures was com-
posed of (per liter): 20 g glucose, 5.0 g yeast extract, 2.5
g corn steep liquid (dry power), 2.0 g NaH,PO,-H,0, 3.0
g K,HPO, and 20 g MgCOs. The medium was heat ster-
ilized at 121°C for 15 min. The anaerobic bottles were
inoculated with 1 mL of a —80°C glycerol stock culture
and incubated at 37°C.

For anaerobic bottle fermentation, exponentially grow-
ing cells were inoculated into 100 mL sealed anaerobic
bottles containing 30 mL of the RM medium, which con-
tained (per liter): 2.5 g yeast extract and a salt mixture
including 3.0 g K,HPO,, 2.0 g NaH,PO4-H,0, 0.2 g
MgCl,-6H,0 and 1.0 g NaCl. The pH of the medium was
maintained by addition of 60 g/L of MgCO;at 6.0. Sepa-
rately autoclaved SLH was added aseptically to the me-
dium to make up the desired glucose concentration and
was designated as the SLH-based medium. The medium
was sparged with aseptic carbon dioxide in the anaerobic
bottle for 1 min after inoculation to creste anaerobic
conditions. Anaerobic bottle fermentation was carried out
in arotary shaker at 37°C and 120 rpm.

Batch fermentation was carried out in a 3 L fermenter
(Mitsubishi, Japan) with an initial broth volume of 1.5 L.
All fermentations were performed at 37°C at an agitation
speed of 200 rpm and a CO, flow rate of 0.5 L/min. The
pH was set at 6.8 and maintained by addition of 2 mol/L
Na,COs. All batch fermentation results were calibrated
for alkali neutralization.

2.5. Analytical Methods

The total nitrogen (TN) content in samples was measured
by the Kjeldahl method (AOAC, 1999) [23], using a
protein analyzer (2300 Kjeltec Analyzer Unit, ACTAC,
Japan). Glucose and organic acids were analyzed by high-
performance liquid chromatography (Class-VP server
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monitor, LC-10AD pump, Shimadzu, Japan). For deter-
mining glucose, a refractive index detector, RID-10A,
and an ion exchange chromatographic column (Shim-
pack SPR-Na 7.8 mm x 250 mm, Shimadzu, Japan) were
used. The mobile phase was water at a flow rate of 0.6
mL/min at 80°C. To determine the organic acids, a UV
detector, SPD-M 10A, and an ion exchange chroma-
tographic column (Shim-pack SPR-H 7.8 mm x 250 mm,
Shimadzu, Japan) were used. The mobile phase was 5
mmol/L perchloric acid at a flow rate of 0.6 mL/min at
50°C.

The cell growth was represented by dry cell weight
(DCW) and was computed from a curve relating optical
density at 660 nm (ODgg) to dry weight. An ODgg0f 1.0
represented 542 mg dry weight per liter when using the
SLH-based medium and 645 mg dry weight per liter
when using the glucose-based medium.

The yield of products, including succinic acid and ace-
tic acid, was defined as the amount of the final organic
acid minus the initial organic acid from 1 g glucose con-
sumption, expressed as g/g. Succinic acid productivity
was calculated as the final succinic acid minus the initial
succinic acid in g/L of broth divided by the fermentation
time (the time at which fermentation was stopped). Glu-
cose consumption rate was defined as the glucose con-
sumed in g/L of broth divided by the fermentation time.

3. Results and Discussion
3.1. Effect of Pretreatment on SLH

The effects of different pretreatment methods on the
main composition of SLH are shown in Figure 1. It can
be seen that after liquefaction and saccharification treat-
ments of sake lees, SLH contained 79.2 g/L glucose, 17.2
g/L succinic acid and 4.0 g/L TN. As shown in Figure 1,
pretreatment with 0.5% Ca(OH), caused a 10.1% de-
crease in glucose concentration, pretreatment with 0.5%
H,0, led to a dight decrease (3.9%) in glucose concen-
tration, while pretreatment with acids had little influence
on glucose concentration. In addition, al of the pretreat-
ment methods led to a similar decrease in TN concentra-
tion, ranging from 11.4 to 15.2%. Fortunately, the suc-
cinic acid concentration in SLH was only dlightly influ-
enced by the pretreatment methods. Therefore, pretreat-
ment under acidic conditions had a rather small affect on
the composition of SLH.

3.2. Succinic Acid Production from SLH with
Different Pretreatments in Anaerobic Bottle
Fermentation

Use of SLH obtained from different pretreatment meth-
ods for succinic acid production was investigated in an-
aerobic bottle fermentation. As shown in Table 1, when
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Figure 1. Effect of different pretreatment methods on the
composition of SLH. The error bars in the figure indicate
the standard deviations among three parallel replicates.

SLH with 0.5% H,0, pretreatment was used, cell growth
and succinic acid production were severely inhibited,
while use of 0.5% Ca(OH), pretreatment had no signifi-
cant influence on succinic acid fermentation. Among the
pretreatment methods, H,SO, had a positive influence on
succinic acid fermentation. Compared with the control,
using SLH with 0.5% H,SO, pretreatment (PSLH) caus-
ed 14.2 and 20.0% increases in glucose consumption rate
and succinic acid yield, respectively. Nevertheless, it is
surprising that SLH with HCl pretreatment showed dis-
tinct differences from SLH with H,SO, pretreatment,
leading to poor cell growth and succinic acid production.
Furthermore, increasing the H,SO, concentration from
0.5% to 1% for SLH pretreatment had no significant in-
fluence on succinic acid fermentation. It has been re-
ported that using sulfuric acid treatment can improve the
fermentability of cane molasses for succinic acid produc-
tion by A. succinogenes [16]. In this study, sulfuric acid
was also successfully used for SLH pretreatment to en-
hance succinic acid production.

3.3. Batch Fermentation with PSLH and SLH

Batch fermentation was carried out to compare succinic
acid fermentation with PSLH and SLH. As shown in
Figure 2, when SLH was used as a substrate, a cell
growth of 4.31 g/L was achieved at 8 h, which then line-
arly decreased to 2.38 g/L by the end of fermentation.
However, when using PSLH as a substrate, cell growth
remained above 4.64 g/L from 8 h to the final stage of
fermentation. Therefore, it appears that the inhibition
effect on cell growth using PSLH was decreased by sul-
furic acid pretreatment. Nevertheless, the glucose con-
sumption rates using SLH and PSLH were similar, which
differed from anaerobic bottle fermentation. This might be
due to the different culture conditions between anaerobic
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Table 1. Succinic acid production using SLH obtained from different pretreatment methods”,

Pretreatment DCW(g/L) ConsuTge;cli_ ;_:]Iucose Glucose( ;/o(rlzs'lr?ption rate Ini(tgi;/:\IL)SA Fi n?IgIIS_? (S/ﬁ) S?g)//g)ald
Control® 5.41 % 0.45" 528+0.1 1.27+0.00 142+00 329%+12 73+x11 0.35+0.02
0.5% Ca(OH), 5.50+ 0.53 529+1.0 1.26+0.02 143+02 329+02 9903 035x0.01
0.5% H,0, 0.28+0.11 81+16 0.19+0.04 122+10 100%x12 1.7+01 0.00°
0.5% H,SO, 6.63+0.32 61.0+22 1.45+0.05 143+02 398%x05 78+01 042+0.02
1% H,SO, 6.32+0.43 61.8+0.7 1.47+£0.02 129+08 37809 83+04 040x0.00
1% HCl 2.01+0.27 26.8+0.7 0.64 + 0.02 153+03 146+09 43+09 0.00

Cells were grown in anaerobic bottles with the RM medium, at a glucose concentration of 67.0 g/l in SLH for 42 h culture. SA, succinic acid ; AA, acetic acid.
PS|_H with no pretreatment. “When the final SA was lower than the initial SA, SA yield was defined as 0. “Each value is an average of three parallel replicates

and is represented as mean + standard deviation.
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Figure 2. Batch fermentation from SLH (a) and PSLH (b) in the RM medium for 48 h culture (m, succinic acid; o, acetic acid;
A, glucose; O, dry cell weight). Values reported are averages from duplicate experiments.

bottle fermentation and batch fermentation. We suggest
that one of reasons for this might be the difference in pH
adjustment, where Na,CO; was used in batch fermenta-
tion and MgCQO; in anaerobic bottle fermentation. It has
been reported that sodium ion concentration markedly
affects cell growth and succinic acid production by A.
succinogenes, while magnesium ions barely have any
effect [24].

Pretreatment of molasses with sulfuric acid was con-
cluded to remove some metal ions [25]. However, many
bioactive components were also present in sake lees be-
sides metal ions. Previous studies have shown that some
of the peptides in sake lees can inhibit tyrosinase activity
and inhibit the catalytic activity of the angiotensin
I-converting enzyme [26,27]. As shown in Figure 2,
some components in sake lees can also influence the me-
tabolism of A. succinogenes, which may cause the utili-
zation of succinic acid as a substrate at the beginning of
fermentation. The lowest succinic acid concentrations for
SLH and PSLH fermentation were both obtained at 6 h.

Copyright © 2012 SciRes.

Furthermore, when SLH was used as a substrate, 10.6
g/L glucose and 7.5 g/L succinic acid were consumed
within 6 h, whereas 9.3 g/L glucose and 5.2 g/L succinic
acid were consumed with PLSH. It seems that the loss of
glucose and succinic acid at the beginning of fermenta
tion was decreased by sulfuric acid pretreatment. Thus,
the mechanism of SLH pretreatment with sulfuric acid
may be related to an influence on bioactive components
in SLH.

As a result, when PSLH was used as a substrate in
batch fermentation, a succinic acid yield of 0.60 g/g was
achieved with consumption of 60.3 g/L glucose, which was
25.0% higher than with SLH. In addition, the accumula-
tion of the main byproduct, acetic acid, was not influ-
enced by the sulfuric acid pretreatment, showing a simi-
lar acetic acid yield of 0.14 g/g between PSLH and SLH.

3.4. Succinic Acid Production from PSLH with
Biotin Supplementation

Production yield and productivity are two important pro-
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cess parameters that determine the economical viability
of a bioprocess [14]. Although sulfuric acid pretreatment
could improve succinic acid yield, glucose consumption
rate is also important for industrial succinic acid fermen-
tation and is directly related to succinic acid productivity.
A previous study showed that biotin could enhance glu-
cose consumption by A. succiniciproducens in a glu-
cose-based medium [28] and improve the fermentability
of spent yeast cell hydrolysate for succinic acid produc-
tion by A. succinogenes [29]. To evaluate the effects of
biotin on succinic acid production from PSLH by A. suc-
cinogenes, anaerobic bottle fermentation of PSLH sup-
plemented with 0 - 1.0 mg/L biotin was carried out (Fig-
ure 3). It can be seen that when PSLH was supplemented
with 0.2 mg/L biotin during a 24 h culture, the succinic
acid concentration increased 25.0%, cell growth in-
creased 34.4%, and glucose consumption was enhanced
28.6%. Further increasing biotin concentration from 0.2
to 1.0 mg/L had no significant influence on succinic acid
fermentation from PSLH. Therefore, supplementation
with 0.2 mg/L of biotin could be used to improve glucose
consumption by A. succinogenes in the SLH-based me-
dium.

Batch fermentation from PSLH supplemented with 0.2
mg/L of biotin was subsequently carried out in the RM
medium, and succinic acid production from glucose sup-
plemented with 10 g/L of YE and a salt mixture were
also carried out for comparison (Figure 4). As shown in
Figures 2(b) and 4(a) and Table 2, the cell growth for
PSLH supplemented with 0.2 mg/L biotin was dight en-
hanced, the glucose consumption rate increased by 64.0%
and succinic acid productivity was enhanced by 61.3%,
compared with PSLH aone. However, biotin supple-
mentation had no significant influence on succinic acid
yield. These results are in agreement with those of a pre-
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vious study that addition of 50 mg/L biotin during suc-
cinic acid fermentation by A. succiniciproducens caused
a 16% increase in glucose utilization and succinic acid
productivity but had little influence on the succinic acid
yield [28]. Thus, the function of biotin in succinic acid
fermentation by A. succiniciproducens and A. succino-
genes is apparently similar. The function of biotin in cell
metabolism is involved in fatty acid synthesis, amino
acid catabolism, gluconeogenesis, and is also related to
gene expression [30]. Unfortunately, we cannot further
elucidate the role of biotin in succinic acid fermentation
in this study.

When PSLH supplemented with 0.2 mg/L of biotin
was used in batch fermentation during a 30 h culture, a suc-
cinic acid concentration of 52.3 g/L resulted from 61.6 g/L
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Figure 3. Effect of biotin supplementation on succinic acid
production from PSLH. Cells were grown in anaerobic bot-
tles with EHSL-based medium at a glucose concentration of
67.0 g/l for a 24 h culture. The error bars in the figure indi-
cate the standard deviations among three parallel repli-
cates.
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Figure 4. Batch fermentation from PSLH supplemented with 0.2 mg/L biotin for a 30 h culture in the RM medium (a), and
glucose with 10 g/L YE and a salt mixture for a 24 h culture (b) (m, succinic acid; o, acetic acid; A, glucose; <, dry cell
weight). Values reported are averages from duplicate experiments.
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Table 2. Comparisons of succinic acid fermentation from PSLH, SLH and glucose in a 3 L fermentor®.

Substrate Nitrogen source

Time Consumed glucose Glucose consumptionrate Initial SA Fina SA SAvyield AAvyield SA productivity

(h (g/lL) (g/(L-h) (g/lL) (g/lL) (9/9) (9/9) (g/(L-h)
SLH  25gLYE 48 60.7 126 150 440 048 014 0.60
PSLH  25gL YE 48 60.3 125 136 498 060 014 075
PSLH o5 ?r%/: Eisgﬂ 30 616 205 160 523 059 013 121
Glucose 10glL YE 24 65.7 274 41 075 018 205

Aalues reported are averages from duplicate experiments. SA, succinic acid; AA, acetic acid.

of glucose, with ayield of 0.59 g/g and a productivity of
1.21 g/(L-h). These were a 22.9% increase in succinic
acid yield and a 101.7% increase in succinic acid produc-
tivity compared with SLH. Neglecting succinic acid pre-
sent at the outset of fermentation (contained in SLH), the
succinic acid yield and productivity using PSLH with 0.2
mg/L of biotin supplementation was 0.85 g/g and 1.74
g/(L-h). Therefore, there was a 13.3% increase in suc-
cinic acid yield and a 15.1% decrease in succinic acid
productivity compared with glucose containing 10 g/L
YE and sdts as the culture medium (Figure 4(b) and Ta-
ble 2). Therefore, the results obtained by using PSLH
with biotin supplementation and 2.5 g/L YE were com-
parable with using glucose and 10 g/L YE.

4. Conclusion

A method for enhancing succinic acid production from
sake lees hydrolysate was developed in this study. Pre-
treatment of sake lees hydrolysate with sulfuric acid was
an effective method for enhancing succinic acid yield,
while biotin supplementation could further increase suc-
cinic acid productivity. Thus, combined pretreatment
with sulfuric acid and biotin supplementation gave a suc-
cinic acid concentration of 52.3 g/L, with consumption of
61.6 g/L glucose in PSLH during a 30 h batch fermenta-
tion. The results suggest that dilute sulfuric acid pre-
treatment combined with biotin supplementation can
improve the fermentability of sake lees hydrolysate, as an
aternative substrate for the efficient production of suc-
cinic acid by A. succinogenes.
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