
RESEARCH PAPER

Simultaneous saccharification and fermentation of corncobs with genetically
modified Saccharomyces cerevisiae and characterization of their microstructure
during hydrolysis

Hui-Ting Songa,b,y, Shi-Hui Liua,y, Yuan Gaoa, Yi-Min Yanga, Wen-Jing Xiaoa, Wu-Cheng Xiaa, Zi-Lu Liua, Rong Lia,
Xiang-Dong Maa, and Zheng-Bing Jianga,c

aHubei Collaborative Innovation Center for Green Transformation of Bio-Resources, Hubei University, Wuhan, P. R. China; bHubei Key Laboratory
of Regional Development and Environmental Response, College of Resources and Environmental Science, Hubei University, Wuhan, P. R. China;
cHubei Key Laboratory of Industrial Biotechnology, College of Life Science, Hubei University, Wuhan, P. R. China

ARTICLE HISTORY
Received 1 April 2016
Revised 7 April 2016
Accepted 8 April 2016

ABSTRACT
Cellulose is an abundant natural polysaccharide that is universally distributed. It can be extracted from
corncobs, which are inexpensive, easily accessible, renewable, and environmentally friendly. A common
strategy for effectively utilizing cellulose is efficient heterogeneous expression of cellulase genes in
Saccharomyces cerevisiae. However, the improvement of cellulose utilization is a relevant issue. Based
on our previous findings, we constructed an integrated secretion expression vector, pHBM368-pgk,
containing a constitutive promoter sequence. Three genetically modified S. cerevisiae strains containing
heterologous b-glucosidase, exoglucanase, and endoglucanase genes were constructed. The results of
a 1-L bioreactor fermentation process revealed that the mixed recombinant S. cerevisiae could
efficiently carry out simultaneous saccharification and fermentation (SSF) by using corncobs as the sole
carbon source. The ethanol concentration reached 6.37 g/L after 96 hours of fermentation, which was
about 3 times higher than that produced by genetically modified S. cerevisiae with the inducible
promoter sequence. To investigate the microstructure characteristics of hydrolyzed corncobs during
the fermentation process, corncob residues were detected by using a scanning electron microscope.
This study provides a feasible method to improve the effect of SSF using corncobs as the sole carbon
source.
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Introduction

Cellulose is a major component of the plant cell wall,
accounting for 50% of the structure, and as such car-
ries out several important physiological functions.1

Cellulose has significant potential to produce various
economic products in industrial applications, such as
ethanol and glycerol.2 The main constituent of corn-
cobs is cellulose and approximately 40 million tons of
corncobs produced in China every year.3 Moreover, it
is a potent feedstock for the production of ethanol and
glycerol. Bioethanol is considered a new energy alter-
native to traditional fossil fuels,4 and glycerol has
assumed tremendous importance in the food and
drug industry. As it is an enormous natural biomass,
improvement of cellulose utilization is a relevant issue
to address.

Based on the effectiveness of different sites in cellu-
lose hydrolysis, cellulolytic enzymes can be divided into
3 categories: b-glucosidase (BG), exoglucanase (CBH),
and endoglucanase (EG). Generally, the accepted mech-
anism for cellulose hydrolysis is synergy of the cellulo-
lytic enzymes.5 Several different synergies were
observed in different kinds of cellulolytic enzymes as
well as in the same cellulolytic enzyme, such as synergy
between 2 exoglucanases,6 synergy between 2 endoglu-
canases, and synergy between b-glucosidase, exogluca-
nase, and endoglucanase.7 Regardless of the type of
synergy, the crystalline structure of cellulose can be dis-
rupted by dispersal and defibrillation. Hydrolysis inter-
mediates such as cellobiose and cellotriose easily
decompose into sugar monomers, which are efficient
carbon sources for bacteria and fungi.
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A promoter is an important cis-acting element that
induces the regulation of gene expression. A high-effi-
ciency system chooses the appropriate promoter to
initiate the transcription of downstream genes.8-10 An
inducible promoter can be controlled by inducers, but
this increases the complexity of the process in practice.
Therefore, many researchers have chosen constitutive
promoters for exogenous gene expression.11,12 Heter-
ologous enzymes can be expressed in the preliminary
growth stage by using a constitutive promoter. For the
fermentation process, the use of genetically modified
strains with constitutive promoters simplifies the
process.

Separating hydrolysis fermentation (SHF) and
simultaneous saccharification and fermentation (SSF)
were applied, by using Saccharomyces cerevisiae, to
produce bioethanol from cellulosic feedstock. In SHF,
cellulose needs to initially be saccharified by cellulase
or another method before producing bioethanol by
yeast fermentation.13 SSF is considered an ideal pro-
cess for bioethanol production in the industry.14,15

Glucose is utilized by yeast as a carbon source in fer-
mentation during cellulose saccharification. The con-
tinuous consumption of glucose, which accumulates
during saccharification, activates cellulase activity.

In our previous study, 3 recombinant S. cerevisiae
cells containing different cellulase genes were con-
structed by using the inducible promoter gal1.16 We
developed a recombinant S. cerevisiae capable of effi-
cient direct ethanol production from cellulose by
genomic integration of the cellulase gene. This strategy
enhanced cellulase activity and the growth rate of the
strains compared to wild type strains. However, the
activity of these cellulases was not optimized for SSF,
and the addition of an inducer was required during

SSF of genetically modified strains with inducible pro-
moters. In this study, genetically modified strains with
the constitutive promoter pgk1 were constructed for
SSF. At the same time, corncob residues were detected
by using a scanning electron microscope (SEM) to
determine the microstructure characteristics of hydro-
lyzed corncob during SSF using corncobs are the sole
carbon source.

Results

Construction of genetically modified yeast

The a-factor signal sequence was amplified by using the
SS-F-NotI and SS-R-SnaBI primers. The b-glucosidase
gene was amplified by using the BG-F-SnaBI and
BG-R-SpeI primers. Both products were digested with
SnaBI and linked by using T4 DNA ligase. The exoglu-
canase and endoglucanase genes were synthetized and
cloned into pPIC9K. The exoglucanase gene was ampli-
fied by using the SS-F-NotI and CBH-R-SpeI primers.
The endoglucanase gene was amplified by using the
SS-F-NotI and EG-R-SpeI primers. Three cellulase genes
with an a-factor signal sequence were ligated into the
pHBM368-pgk expression vector, which was digested
with NotI and XbaI. The cellulase genes bg, cbh, and eg
were cloned into the expression vector pHBM368-pgk
with the ORF of the mature gene cloned in frame and
downstream of the a-factor signal sequence for secreting
recombinant protein into the medium. The a-factor sig-
nal sequence was identified by sequencing. The recom-
binant plasmids harboring bg, cbh, and eg were named
pHBM368-P-SB, pHBM368-P-SC, and pHBM368-P-
SE, respectively (Fig. 1).

The recombinant plasmids were linearized with
Hpa I and transformed into S. cerevisiae INVSc1 by

Figure 1. Recombinant plasmid structures. The Pgk1 promoter, SS (a-factor signal sequence), bg, cbh, and eg cellulase genes were
cloned in frame and downstream of the a-factor signal sequence. CYC1 TT, transcriptional terminator from CYC1gene; rDNA, rDNA frag-
ment from S. cerevisiae for heterogeneous gene integration; Ampr, Ampicillin resistance gene; ColE: E. coli origin of replication; URA3,
selection marker.
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electro transformation. The recombinants were
screened by using YPD plates supplemented with
carboxymethyl cellulose (CMC) as the substrate. The
Congo red dye was used to screen for strains with
cellulase activity. The expression patterns were deter-
mined by a halo around the colony (Fig. 2). A larger
halo around the colony indicated higher cellulase
activity. Based on this classification, transformants
with maximum cellulase activity were selected. Since
carboxymethyl cellulose is not the optimal b-glucosi-
dase substrate, there was no obvious halo around
recombinant S. cerevisiae INVSc-P-SB. By using total
chromosome DNA of the recombinants as the tem-
plate, DNA fragments of the same size as the cellu-
lase genes, bg, cbh, and eg, were obtained by PCR
amplification, and the fragments were verified by
sequencing. These results confirmed that each gene
was integrated into the chromosome of S. cerevisiae
INVSc1. The recombinants were named S. cerevisiae
INVSc-P-SB, S. cerevisiae INVSc-P-SC, and S. cerevi-
siae INVSc-P-SE, respectively.

Determination of cellulolytic enzyme activity

The recombinants were cultured in 50 ml YPD
medium for about 20 h at 28�C. The supernatants of
cultures were used for determining cellulase activity
by the DNS method. The concentration of the reduc-
ing sugar was calculated based on OD540, and was
used to calculate cellulolytic enzyme activity. One

enzyme activity unit (U) is the amount of enzyme that
releases 1 mmol of reducing sugar. The enzyme activ-
ity of b-glucosidase, exoglucanase, and endoglucanase
in 1 ml of crude enzyme reached 45.22 U/ml, 72.11
U/ml, and 75.45 U/ml at 50�C, respectively.

Simultaneous saccharification and fermentation
by using the recombinants

Three recombinant yeast strains (S. cerevisiae INVSc-
P-SB, S. cerevisiae INVSc-P-SC, and S. cerevisiae
INVSc-P-SE) and the wild type yeast strain (S. cerevi-
siae INVSc) were activated as fermentation strains.
When the OD600 reached 2.0, the recombinants were
inoculated into 1 L of bioreactor, which included YPC
liquid medium with microcrystalline cellulose powder
as the sole carbon source. A mixed inoculation of
equal parts of the 3 recombinant yeasts was per-
formed. The biomass was determined every 12 h and
repeated 3 times.

The biomass of recombinant yeasts was evaluated
by OD600 determination, and was substantially
higher than that of the wild type yeast, INVSc1
(Fig. 3). The standard deviation was calculated to
reflect the degree of dispersion within the data set.
The wild type control plasmid could only maintain
an OD600 of approximately 0.4, indicating no
growth. The OD600 of the 3 recombinant plasmids,
INVSc-P-SB, INVSc-P-SC, and INVSc-P-SE, reached
above 0.80, 1.20, and 1.40, respectively, indicating

Figure 2. Screening recombinants by using Modified YPD-CMC
Plates. Recombinant S. cerevisiae INVSc-P-SC, recombinant S. cere-
visiae INVSc-P-SE, and wild type S. cerevisiae INVSc. The recombi-
nants were identified by a halo around the colony, which was
detected by Congo red dye.

Figure 3. Biomass curve generated from fermentation with cellu-
lose. The biomass of each fermentation system was determined
by the OD600. The fermentation process lasted for 84 h, and bio-
mass was determined every 12 h. The OD600 of the mixed inocu-
lation group reached 1.44, which suggested that this group
generated the maximum biomass among the yeast groups
tested, thus indicating the best growth. The stationary phase of
the mixed inoculation group was also longer than that of the
other groups.
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better growth than the wild type strain. However,
the OD600 of the mixed inoculation group reached
1.44, demonstrating the best growth. The genetically
modified yeasts were able to use the microcrystalline
cellulose as a carbon source for growth, whereas the
wild type yeast could not. This indicates that bio-
mass production positively correlated with cellulase
activity. Based on the biomass trend, increase in cel-
lulase hydrolysis efficiency by mixed inoculation
provides evidence of cellulase synergy during the
hydrolysis process.

SSF was then conducted in 1 L of bioreactor, and
corncob powders served as the sole carbon source.
Ethanol concentrations fermented with S. cerevisiae
INVSc-P-SC and S. cerevisiae INVSc-P-SE reached
2.35 g/L and 3.26 g/L, respectively. However, almost
no ethanol could be detected from fermentation of S.
cerevisiae INVSc-P-SB. The concentration of ethanol
produced from fermentation with the mixed geneti-
cally modified S. cerevisiae containing the constitutive
promoter was 6.37 g/L after 96 h. This production was
higher than that of the other groups, and was about
3 times higher than the genetically modified S. cerevi-
siae containing the inducible promoter sequence, as
previously reported.16 The results showed that the
synergistic effect of different cellulases was necessary
and sufficient for 1-step bioethanol fermentation by
using corncob as the sole carbon source.

Microstructure of corncobs after fermentation

The microstructure of corncobs was observed after
fermentation by using SEM at 1000X magnification
(Fig. 4). The microstructures of the controls are shown
in Fig. 4A and B, and the microstructures of the mixed
inoculation are shown in Fig. 4G-J.

Discussion

In this study, 3 genetically modified S. cerevisiae con-
taining the pgk1 constitutive promoter were con-
structed. The enzyme activity of b-glucosidase,
exoglucanase, and endoglucanase were 45.22 U/ml,
72.11 U/ml, and 75.45 U/ml, respectively. As previous
reported,16 the enzyme activity of the recombinants
containing the b-glucosidase, exoglucanase, and endo-
glucanase genes with the inducible promoter gal1
were 3.89 U/ml, 3.96 U/ml, and 3.01 U/ml respec-
tively. This suggests that a strong constitutive pro-
moter is more suitable for the expression of cellulase
genes than an inducible promoter.

By using microcrystalline cellulose as the sole car-
bon source, the maximum biomass of the mixed inoc-
ulation was higher than that of all the single
inoculations tested, and its stationary phase lasted lon-
ger. In the SSF using corncob powders as the sole car-
bon source, the mixed genetically modified S.
cerevisiae demonstrated the highest ethanol yield
(6.37 g/L). This demonstrated that the synergism of
b-glucosidase, exoglucanase, and endoglucanase is
very important for cellulose hydrolysis and SSF. The
genetically modified S. cerevisiae containing the con-
stitutive promoter are more convenient and efficient
for converting cellulose to bioethanol in industrial
application than containing the inducible promoter.

The microstructures of corncobs during SSF were
evaluated. The original corncob structure resembles
long bundle nets (Fig. 4A and B). However, after pre-
liminary hydrolysis, the structure was severed length-
wise and changed to resemble short bundle nets
(Fig. 4C). Moreover, structures with cracks in the
profile (Fig. 4D and E) and structures with both
lengthwise and profile cracks were observed (Fig. 4F).

Figure 4. Microstructure of corncobs after fermentation (A and B). Representative microstructures of hydrolyzed corncobs. (C-F) The
microstructures of partially hydrolyzed corncobs. (G-J) The microstructures of corncobs during deep hydrolysis.
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After further hydrolysis, structures demonstrating
lengthwise cracks were transformed into irregular
granules (Fig. 4G and H), whereas those with cracks
in the profile unfolded like a cloth (Fig. 4I and J).
Understanding the changes in the structure of corn-
cobs when they are used as the sole carbon source
during SSF may prove to be very useful.

In this study, 3 genetically modified S. cerevisiae
containing the pgk1 constitutive promoter were con-
structed, and SSF was performed by using corncobs as
the sole carbon source. This method was convenient
and efficient, and is overall a feasible method to
improve cellulose hydrolysis and bioethanol fermenta-
tion using natural cellulose as the carbon source.

Materials and methods

Strains, plasmids and media

Table 1 and Table 2 summarize the genetic properties
of the strains and plasmids used in this study. Briefly,
Escherichia coli strain XL10-Gold served as the host
for recombinant DNA manipulations, and cellulolytic
enzymes were expressed in the auxotroph S. cerevisiae
INVSc1. Recombinant S. cerevisiae INVSc-P-SB,
INVSc-P-SC, INVSc-P-SE were constructed as
described below. The primers for the a-factor signal
sequence and the 3 cellulolytic enzyme genes are
shown in Table 3.

E. coli was grown in LB medium (1% tryptone, 0.5%
yeast extract, 1% NaCl, pH 7.0). S. cerevisiae INVSc1
was used as the host for expression of exogenous cellu-
lolytic enzyme genes. The yeast cells were grown in
YPD medium (1% yeast extract, 2% peptone, 2% glu-
cose) at 28�C. The transformants were screened in SC
medium (0.67% YNB, 1% (NH4)2SO4, 2% Glucose)
with 0.01% His, Leu, and Trp at 28�C. Recombinant
proteins with cellulase activity were screened in CMC-
YPD medium (1% yeast extract, 2% peptone, 1% glu-
cose, 1% carboxymethyl cellulose) at 28�C. They were
fermented in YPM medium (1% yeast extract, 2% pep-
tone, 2% microcrystalline cellulose) and YPC medium

(1% yeast extract, 2% peptone, 2% corncobs). The mod-
ified integrated secretion expression vector pHBM368
was conserved in our laboratory.

Vector construction

DNA was purified and manipulated as previously
described.17 We searched for the following gene
sequences in the NCBI database (www.ncbi.nlm.nih.
gov), and synthesized the genes accordingly (Generay
Biotech Co., Ltd, Shanghai): constitutive promoter
pgk1 sequence (GeneBank: FJ415226), b-glucosidase
gene (GeneBank: EU169241), exoglucanase gene from
Chaetomium thermophilum (GeneBank: AY861348),
and endoglucanase gene (GeneBank: EU169241). Fur-
thermore, the restriction enzyme sites NdeI and NotI
were synthesized in the 50- and 30-terminals of the
pgk1 promoter sequence. The expression vector
pHBM368-pgk was constructed by linking the pgk1
promoter to pHBM368 which was digested by NdeI
and Not I. The recombinant plasmid was named
pHBM368-pgk. The a-factor signal sequence was
cloned from pPIC9K, and linked with 3 cellulase genes
in vitro. The restriction enzyme sites NotI and SpeI in
the 50- and 30-terminals of the sequences were used for
linking. Three expression vectors were constructed by
linking with pHBM368-pgk digested by using NotI
and XbaI.

Yeast transformation

S. cerevisiae INVSc1 was transformed with linearized
plasmids by electroporation.18 The electroporator was

Table 1. Characteristics of the bacterial and yeast strains used in
this study.

Strains Relevant features

S. cerevisiae INVSc his¡leu¡trp¡ura¡

S. cerevisiae INVSc-P-SB his¡leu¡trp¡, integration of b-glucosidase gene
S. cerevisiae INVSc-P-SC his¡leu¡trp¡, integration of exoglucanase gene
S. cerevisiae INVSc-P-SE his¡leu¡trp¡,integration of endoglucanase gene

Table 2. Characteristics of plasmids used in this study.

Plasmids Relevant features

pHBM368 Ampr, Kanr, URA3, Pgal1
pPIC9K Ampr, Kanr, HIS4
pHBM368-pgk Ampr, URA3, Ppgk1
pHBM368-P-SB Ampr, URA3, integration of b-glucosidase gene
pHBM368-P-SC Ampr, URA3, integration of exoglucanase gene
pHBM368-P-SE Ampr, URA3, integration of endoglucanase gene

Table 3. List of primers used for amplification in this study.

Primer name Primer sequence

SS-F-NotI 50ATTGCGGCCGCATGAGATTTCCTTCA 30
SS-R-SnaBI 50AAATACGTAGTAAGCTTCAGCCTCTCTT 30
BG-F-SnaBI 50TATTACGTATCTATTGACTTTGCAAAAGAA 30
BG-R-SpeI 50AAAACTAGTCTAAAAGCCTTCAAT 30
CBH-R-SpeI 50ATAACTAGTTCAGAACGGAGGGT 30
EG-R-SpeI 50TTTACTAGTTTAGGAGCTAGATTGT 30
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set to 1800 V for a 2-mm cuvette in order to achieve
maximum transformation efficiency. For each trans-
formation, 10 ml linearized plasmid DNA and 130 ml
competent cells were mixed. Sorbitol was added to ali-
quots of this mixture, which were then plated onto SC
screen medium and incubated at 28�C.

Enzymatic analysis

The concentration of the reducing sugar was assayed
by using the 3.5-dinitrosalicylic acid (DNS) method,19

and cellulolytic enzyme activity was calculated based
on the reducing sugar concentration.

Simultaneous saccharification and fermentation

Microcrystalline cellulose or corncobs were used as the
sole carbon source for fermentation in order to con-
firm whether they could serve as the carbon source for
culturing recombinant S. cerevisiae in medium. The
recombinant and control proteins were cultured in
50 ml YPD medium for 16 hours at 28�C at 200 rpm.
The yeast cells were used as the inoculation seed when
the OD600 reached 2.0. Fermentation was performed
at 28�C in a 1 L bioreactor. The inoculation amount
was 10–15% (v/v). Ethanol concentration was ana-
lyzed by gas chromatography (Agilent 7890A GC sys-
tem, USA) with a flame ionization detector.
Isopropanol served as an internal standard.20

Microstructure of corncobs after fermentation

The corncobs were collected using a 500-mesh filter
cloth after YPC fermentation and washed with sterile
water. The microstructure of corncobs was observed
by using a SEM system (JSM6510LV, JEOL, Japan) at
1000X magnification.
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