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h i g h l i g h t s

� A robust yeast strain was obtained by adaptation to lignocellulosic hydrolysate.
� High ethanol titer and productivity were reached by repeated fed-batch fermentation.
� Ethanol was produc ed efficiently without external nutrient addition or detoxification.
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a b s t r a c t

For economically feasible lignocell ulosic ethanol produc tion, it is crucial to obtain a robust strain and 
develop an efficient fermentatio n process. An earlier-screened yeast strain Pichia guilliermondii was
adapted to corncob residues (CCR) hydrolysate and used for high titer ethanol production without any 
detoxification or external nutrien t supplementa tion. With an optimized fed-batch strategy, the maxi- 
mum ethanol titer and productivity reached 56.3 g/l and 0.47 g l�1 h�1, respectively. To further increase 
the ethanol productivity, the fed-batch process was repeated three times with cell reuse, and the maxi- 
mum ethanol titer and productivity reached 51.2 g/l and 1.11 g l�1 h�1, respectively. The results demon- 
strated that the combination of fed-batch with repeated fermentation was effective in improving the 
fermentation efficiency and achieving high ethanol productivity from CCR. The reported system is consid- 
ered promising for commercial production of bioethanol from biomass hydrolysate in the future.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction 

Due to the limitatio n of fossil fuel reserves and increasing con- 
cerns about carbon dioxide emission, bioethan ol has become an
alternative liquid fuel to gasoline (Geddes et al., 2011 ). For indus- 
trial production of bioethan ol, lignocellulosic materials are the 
most abundan t renewab le feedstock (Almarsdotti r et al., 2012; Baj- 
wa et al., 2009 ). Corncobs are an abundant agricultu ral residue in
China (Qu et al., 2006; Fang et al., 2010 ), and the hemicellulos e
fraction is extracted by dilute-acid pretreatmen t for xylose and 
xylitol production, but its remaining residues are usually burned 
as boiler fuels (Cheng et al., 2011 ). The latter cause environmental 
contaminat ion and a net loss of energy (Cheng et al., 2010 ). In fact,
corncob residues (CCR) are a potential feedstock for cellulosic eth- 
anol production because of their high cellulose content (Qu et al.,

2006). However , a bioethanol process with lower cost and higher 
productivity is urgently required for its industrial production from 
CCR hydrolysate (Liu et al., 2012 ).

During ethanol production using CCR as feedstock, sulfite or al- 
kali pretreatmen t and washing procedures were used to remove 
the lignin fraction (Zhang et al., 2010; Liu et al., 2010; Cheng 
et al., 2011 ), which increased the cost and reduced the efficiency
of the entire process. Also, unlike other biomass feedstocks, most 
lignocellulos ic substrates are nutrient-de ficient (Kadam and New- 
man, 1997 ). Therefore, external nutrient supplem entation is usu- 
ally unavoidabl e during hydrolysate fermentation (Lau et al.,
2008). In laboratory studies, rich media containing up to 6 g/l yeast 
extract and 10 g/l peptone were used to supplement CCR hydroly- 
sates (Cheng et al., 2011; Liu et al., 2012 ). Meanwhile, some com- 
pounds such as furfural, 5-hydroxymet hyl furfural (5-HMF) and 
acetic acid are formed during pretreatmen t, and they may have 
inhibitory effects on the fermentati on by various microorgan isms 
(Bellido et al., 2011; Hawkins and Doran-Pe terson, 2011 ). Detoxifi-
cation is usually necessar y for optimal fermentation of lignocellu- 
losic hydrolysate s (e.g., Zhang et al., 2013 ). Therefore, techniqu es

0960-8524/$ - see front matter � 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.biortech.2013.03.028

⇑ Corresponding authors. Tel.: +86 21 34207254; fax: +86 21 34207028 (X.-X.
Xia), tel.: +86 21 34206968; fax: +86 21 34204831 (J.-J. Zhong).

E-mail addresses: xiaoxiaxia@sjtu.edu.cn (X.-X. Xia), jjzhong@sjtu.edu.cn (J.-J.
Zhong).

Bioresource Technology 136 (2013) 309–315

Contents lists available at SciVerse ScienceDi rect 

Biore source Technology 

journal homepage: www.elsevier .com/locate /bior tech

http://crossmark.dyndns.org/dialog/?doi=10.1016/j.biortech.2013.03.028&domain=pdf
http://dx.doi.org/10.1016/j.biortech.2013.03.028
mailto:xiaoxiaxia@sjtu.edu.cn
mailto:jjzhong@sjtu.edu.cn
http://dx.doi.org/10.1016/j.biortech.2013.03.028
http://www.sciencedirect.com/science/journal/09608524
http://www.elsevier.com/locate/biortech


for efficient ethanol production from non-detoxified CCR hydroly- 
sates without external nutrient addition would have practical sig- 
nificance in reducing the cost and improvin g the economic 
feasibility of the bioprocess.

For lignocellulose- based ethanol production to be economically 
viable on an industrial scale, high ethanol titer (above 40–50 g/l)
and high ethanol productivi ty (over 1 g l�1 h�1) are required (Galbe
et al., 2007 ). Fed-batch fermentati ons were proven effective to
achieve an ethanol titer higher than 50 g/l in CCR fermentation 
(Zhang et al., 2010; Liu et al., 2010 ). However, the fermentation 
processes were of relatively long duration and the ethanol produc- 
tivity was not high enough. To increase the fermentation produc- 
tivity, repeated fermentation with cell recycle may be used to
reduce time and costs required for inoculum preparati on (Matano
et al., 2013; Watanabe et al., 2012; Jin et al., 2012 ). However , there 
have been no reports on repeated fermentation with cell-recycling 
process for ethanol production from corncobs.

In this work, a previously self-screened yeast strain of Pichia
guilliermond ii was adapted to CCR hydrolysate s for better perfor- 
mance in lignocellul osic ethanol production. Inoculum size was 
then optimized and a fed-batch strategy was applied to the hydro- 
lysate fermentation without any detoxification or external nutrient 
supplementati on. Finally, cell recycle combined with fed-batch fer- 
mentation was established to achieve highly efficient ethanol pro- 
duction. The obtained strain and established strategie s in this 
study might be useful for commerc ial bioethan ol production in
the future.

2. Methods 

2.1. Materials 

CCR hydolysates were provided by Futaste Co., Ltd. (Yucheng,
Shandong, China) and stored at room temperature . All chemicals 
used in the experiments were of analytical grade. A commercial en- 
zyme mixture Novozyme NS 22074, provided by Novozyme Co.,
Ltd. (Beijing, China), was used for enzymatic hydrolysis.

2.2. Medium and cultivation 

Yeast strains were maintained on agar plates which contained 
10 g/l yeast extract, 20 g/l peptone, 20 g/l glucose, and 20 g/l agar.
Flask culture was carried out in sterilized YPG medium which con- 
tained 3.0 g/l yeast extract, 5.0 g/l peptone, and 50 g/l glucose at
30 �C and 200 rpm.

Minimum mineral (MM) medium was used for seed culture in
hydrolysate fermentation experime nts, which contains (per liter):
5.0 g (NH4)SO4, 3.5 g KH2PO4, 0.5 g MgSO 4�7H2O, 15.0 mg EDTA,
4.5 mg CaCl 2�2H2O, 4.5 mg ZnSO 4�7H2O, 3.0 mg FeSO 4�7H2O,
1.0 mg H3BO3, 0.4 mg Na2MoO4�2H2O, 0.3 mg CoCl 2�2H2O, 0.3 mg
CuSO4�5H2O, 0.1 mg KI, 50 lg D-biotin, 0.2 mg p-aminobenzoi c
acid, 1.0 mg nicotinic acid, 1.0 mg calcium pantothenate, 1.0 mg
pyridoxine HCl, 1.0 mg thiamine HCl, and 25.0 mg myoinositol.
Twenty gram per liter glucose was supplemented as the carbon 
source. All media were adjusted to pH 5.0 before inoculation.

2.3. Strain adaptation 

An inhibitor tolerant strain of P. guilliermond ii, which was iso- 
lated in our laboratory (Zou et al., 2010 ), was used in the adapta- 
tion experiments. Evolutionary adaptatio n was conducted in CCR 
hydrolysate s without external nutrient addition. Strains were 
transferred in increasing proportion (25–100%, in increments of
25%) of CCR hydrolysates as the procedure described previousl y
with Pichia stipitis (Stoutenburg et al., 2011 ). The inoculum size 

of each transfer to the next hydrolysate medium was 2% (v/v). Col- 
onies that grew faster on plates (25% hydrolysate (v/v) with 20 g/l 
agar) were selected and transferred to a higher concentration 
hydrolysate . Finally, the adapted strain was cultured in 100% CCR 
hydrolysate and stored in 20% glycerol at �80 �C.

2.4. Enzymati c hydrolysis and CCR hydrolysate concentratio n

Before enzymatic hydrolysi s, the CCR hydrolysates were milled 
by grinder to a particle size range of 0.45–0.9 mm (20–40 meshes)
and sterilized at 115 �C for 30 min. Water content of CCR was 
determined by weighing the CCR before and after drying at 65 �C
for sufficient time. Enzymatic hydrolysis was performed in
250 ml baffle flasks with 60 ml sterile citrate buffer (50 mM, pH
5.0). The initial solid loading was set at 18% (18 g dry CCR/ 
100 ml) with cellulase loading of 15 FPU/g. Flasks were incubate d
on a rotary shaker (200 rpm) at 50 �C for 72 h. After enzymatic 
hydrolysi s, the mixtures were filtered and the liquid fraction was 
collected . Hydrolysate s were sterilized at 115 �C for 30 min and 
then used for ethanol fermentati on.

Concentr ated CCR hydrolysate s were prepared by vacuum 
evaporati on. The evaporation was carried out under vacuum at
0.5 bar and 65 �C for about 20 min. After evaporation, the concen- 
trated hydrolysate s were sterilized at 115 �C for 20 min and then 
used for fed-batch fermentation. Before concentration, there were 
74.9 g/l glucose, 8.82 g/l xylose and 1.53 g/l acetic acid in CCR 
hydrolysate s. After evaporation, the concentr ations of glucose, xy- 
lose and acetic acid were increased to 255.2, 28.2 and 4.42 g/l,
respectivel y.

2.5. Batch and repeated-ba tch fermentation 

Seeds were cultured in MM medium for 24 h. Cells harvested by
centrifugati on (8000�g, 10 min) were washed twice with sterile 
deionized water and then transferred to 20 ml CCR hydrolysate s
in 100 ml self-designed fermentation flasks (Zou et al., 2010 ). Fer- 
mentation was conducte d anaerobically at 30 �C with an inoculum 
size of 4 g DCW (dry cell weight)/l. No external nutrients were 
added into the fermentation medium for all experiments . Samples 
for metabolite analysis were taken every 12 h. After centrifugation 
at 10,000 �g and 4 �C for 5 min, the resulting supernat ant was fil-
tered through 0.22 lm filters (Rephile Bioscience and Technolo gy,
Shanghai , China) and stored at �20 �C for the determination of glu- 
cose, xylose, ethanol and acetic acid concentr ations.

Repeated -batch hydrolysate fermentation was also performed 
anaerobical ly at 30 �C with non-enri ched CCR hydrolysate s. The 
inoculum size of the first cycle was set as 30 g/l. After 16–18 h of
batch fermentation described above, cells were harvested by cen- 
trifugatio n at 8000 �g for 10 min. The collected cells were then 
transferred into fresh hydrolysate to start a new cycle of fermenta- 
tion. The process was sequentially repeated five times. Samples 
were taken at regular intervals.

Triplicate experiments were carried out for all experime nts and 
error bars represent the standard deviation from the mean. Statis- 
tical analysis was carried out by students t-test with p < 0.05 con-
sidered as statistical ly significant.

2.6. Fed-batch and repeated fed-batch fermentation 

For fed-batch hydrolysate fermentati on, the inoculum size was 
set as 30 g/l. Initially, 16 ml CCR hydrolysate s were added into 
shake flasks. After 14 h of fermentation, different feeding strategie s
with concentr ated CCR hydrolysates were tested. Samples for 
metaboli te analysis were taken at regular intervals.

Repeated hydrolysate fermentation with fed-batch strategy was 
also performed in shake flasks containing 16 ml hydrolysate with 
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