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Abstract Robust, high-yielding Saccharomyces cerevi-
siae is highly desirable for cost-effective cellulosic etha-
nol production. In this study, the bifunctional glutathione
(GSH) synthetase genes GCSGS at high copy number was
integrated into ribosomal DNA of S. cerevisiae by Cre—
LoxP system. Threefold higher GSH contents (54.9 pmol/g
dry weight) accumulated in the engineered strain BY-G
compared to the reference strain. Tolerance of BY-G to
H,O0, 3 mM), temperature (40 °C), furfural (10 mM),
hydroxymethylfurfural (HMF, 10 mM) and 0.5 mM Cd*"
increased compared to reference strain. Twofold higher eth-
anol concentration was obtained by BY-G in simultaneous
saccharification and fermentation of corn stover compared
to the reference strain. The results showed that intracellular
GSH content of S. cerevisiae has an influence on robust-
ness. The strategy is used to engineer S. cerevisiae strains
adaptive to a combination of tolerance to inhibitors and
raised temperature that may occur in high solid simulta-
neous saccharification and fermentation of lignocellulosic
feedstocks.
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Introduction

The utilization of biomass for the production of biofuel
has received considerable attention in recent years. In
particular, ethanol produced from agricultural residues
has been suggested to be a promising alternative fuel
[11]. However, an important factor for the cost-effective
production of ethanol from lignocellulosic feedstock is
the high-yield, high-rate fermentation of biomass hydro-
lysates to ethanol. The demands on Saccharomyces cer-
evisiae that perform these reactions are more complicated
than those for conventional ethanol production from sin-
gle hexose or their disaccharides [11]. Plant hydrolysates
contain numerous compounds that reduce ethanol yield
and productivity by affecting the yeast performance dur-
ing the fermentation step [4, 19]. Various detoxification
methods such as water washing, overliming, vaporization,
ion-exchange absorption, and biodetoxification have been
tried. However, these methods resulted in many negative
effects and no detoxified materials were used as the feed-
stock for ethanol production in fermentation practice [4,
10, 18].

One of the barriers for production of biofuels is the
development of robust, high-yielding microbes and pro-
cesses for their production [3]. The yeast S. cerevisiae has
proved to be more robust than bacteria, both with respect
to tolerance to the end product ethanol and to other com-
pounds with inhibitory effects present in hydrolysates [1].
The development of novel yeast strains with increased
inhibitor tolerance is highly desirable. S. cerevisiae yeast
strains with increased tolerance towards hydrolysate-
derived inhibitors have been obtained by genetic engineer-
ing and evolutionary engineering strategies [5, 13, 16]. The
inhibitors impeded several enzymes in glycolysis, decrease
specific ethanol production rate, affect cell growth and
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survival and induce formation of reactive oxygen species
(ROS) in S. cerevisiae with DNA and membrane damage as
a consequence [2, 8—10].

Glutathione (GSH) is the main antioxidant system in liv-
ing cells and it is indispensable for, but not limited to, oxi-
dative stress responses [12, 15]. The robustness of S. cer-
evisiae increased when three homologous genes involved in
glutathione metabolism were overexpressed [2]. However,
the first key enzyme was feedback inhibited by GSH to pre-
vent overaccumulation of the GSH [17]. The bifunctional
glutathione synthetase GCSGS from Streptococcus thermo-
philus is neither redox-regulated nor sensitive to feedback
inhibition by GSH [7]. An extreme accumulation of GSH
in S. cerevisiae cells could be obtained and thereby a robust
S. cerevisiae could be constructed. However, the robustness
of S. cerevisiae constructed by introducing bifunctional
glutathione synthetase genes has not been evaluated. In this
study, the S. cerevisiae was engineered to modulate the lev-
els of intracellular glutathione and the increased robustness
of S. cerevisiae under stressful conditions in industrial fer-
mentations was evaluated.

Materials and methods
Stains and media

Saccharomyces cerevisiae BY4717 and plasmids pBlue-
Script I SK(+), JMB125, and p416-MET25 were pur-
chased from Zhuhai Yingping Biotechnology Co., Ltd
(Zhuhai, Guangdong, China). Plasmid pETG-10A-GCSGS
(containing glutathione synthethase gene (accession num-
ber GQB848551)) was friendly provided by Prof. An Zhi-
gang of Northeast Forestry University, Harbin, China.

YPD (Yeast extract 1 %, Peptone 2 %, Glucose 2 %)
medium was used to cultivate the S. cerevisiae.

Construction of GCSGS expression cassette

The ADH1 promoter was amplified from plasmid JIMB125
using ADHI-F [5-GCCTCGAGTAAAACAAGAAGAGG
GTTGAC-3’ (Xho 1)] and ADHI-R (5-CTTGGAGTTGAT
TGTATGC-3’) pairs. The terminator sequences were ampli-
fied from plasmid JIMB125 using CYCI1-F (5’-ATCATGTA
ATTAGTTATGTC-3")and CYCI-R (5-GCGAATTCGCAA
ATTAAAGCCTTCGAGC-3' (EcoR 1)) pairs. The bifunc-
tional glutathione synthase gene GCSGS was amplified
from plasmid pETA-10-GCSGS using primer sets (F: 5'-GC
ATACAATCAACTCCAAGATGACATTAAACCAACTGC
T-3’ and R: 5-CATAACTAATTACATGATTTAAGTTTG
ACCAGCCACTA-3'). The promoter sequences, GCSGS,
and terminator sequences were ligated as one frag-
ments using overlap PCR using primer sets ADHI1-F and
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CYCI-R. The constructs were verified by DNA sequenc-
ing. The GCSGS expression cassette was designated as
ADHI1-GCSGS-CYCl.

Construction of plasmid for recombination

The primers (LoxP-Kan F: 5-GCGAATTCATAACTT
CGTATAATGTATGCTATACGAAGTTATGTTTAGCTTG
CCTCGTCC-3' ((EcoR I)); LoxP-Kan R; 5-GCGGATCC
ATAACTTCGTATAGCATACATTATACGAAGTTATGT
TTTCGACACTGGATGG-3' (BamH 1) containing LoxP
segments and restriction loci of EcoR I and BamH 1 were
used to amplify the KanMX4 gene from yeast genome
DNA. The PCR products LoxP-KanMX-LoxP cassette
was digested by EcoR I and BamH 1 and ligated into
plasmid pBluescript II SK+by T4-DNA ligase, the con-
structed plasmids were designated as pBlue-kanMX4.
Non-transcriptional space 2 (NTS2) was chosen as chro-
mosomal integration sites. The NTS2 region was added as
the homologous arms flanking GCSGS expression cassette.
The DNA segments covering NTS2 5’ end (NTS2-5'F:
5'-CACAAGAGGTAGGTCGAAACAGAACATGAAA
GTTGGTCGGTAGGTGC-3/; NTS2-5'R: 5-TCGAGCA
CCTACCGACCAACTTTCATGTTCTGTTTCGACCT
ACCTCTTGTGGTAC-3') and 3’ end (NTS2-3'F: GGCC
GCCAGAGGTAGTTTCAAGGTGACAGGTTATGAA
GATATGGTGCAAAACCGC-3;NTS2-3'R: 5'-GGTTTTG
CACCATATCTTCATAACCTGTCACCTTGAAACTACC
TCTGGC-3’) were annealed together and the segments
with sticky ends were subcloned into plasmid pBlue-
kanMX4 at the corresponding restriction sites (sites of
Xhol, Kpn 1 for NTS2-5" ends; sites of Not 1, Sac 1I for
NTS2-3' ends). Then the gaps were ligated by T4-DNA
ligase and the combination plasmids were designated as
pBlue-NTS3’-kanMX4-NTS5'.

The plasmid pBlue-NTS3/-kanMX4-NTS5’ and GCSGS
expression cassette ADH1-GCSGS-CYC1 were digested
with EcoR 1 and Xho 1, respectively, and ligated to con-
struct the expressing plasmid pBlue-NTS3’-kanMX4-
NTS5’-GCSGS. The plasmids were transformed into F.
coli DH5a for preservation of the plasmids. The plasmids
were transformed into S. cerevisiae BY4717 by the lithium
acetate method [2]. The transformants were screened on
YPD plates supplemented with G418 (200 ug ml~") and
designated as S. cerevisiae BY4717-GCSGS. The plasmid
p416-MET25 containing Cre gene was further introduced
into S. cerevisiae BY4717-GCSGS cells to knock out the
kanMX4 genes. The GCSGS and KanMX4 genes were
further amplified to determine whether GCSGS gene was
introduced and KanMX4 gene was knocked out. The yeast
transformants without KanMX4 gene were designated as S.
cerevisiae BY-G. The expression of GCSGS was detected
by Western blotting.
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Characterization of engineered S. cerevisiae BY-G

The GSH yield of engineered S. cerevisiae BY-G in 100 ml
YPD media were determined after 12, 24, 36, 48, 60,
72 h growth. The reference strain S. cerevisiae BY4717
was used as control. The effects of H,0, (3 mM), growth
temperatures (30, 35, 40, and 45 °C), furfural (0, 5, 10,
20 mM), HMF (0, 5, 10, 20 mM), and Cd** (0, 0.1, 0.5,
1.0 mM) were used to determine growth of S. cerevisiae
BY-G and compared with biomass formation of the refer-
ence strain S. cerevisiae BY4717 under the same condi-
tions. The biomass (cell concentration) was determined
from absorbance measurements at 600 nm on samples
diluted to give an optical density (OD) below 0.7 (Spectro-
photometer WFZ UV-2000, Unico, Shanghai, China). The
ODy,, was measured at 12, 24, 36, 48, 60, 72, 84, and 96 h
after inoculation to determine the duration of the lag phase
and the specific growth rate for each condition.

Simultaneous saccharification and fermentation (SSF)

Corn stover was harvested in fall of 2012 from the Henan
Province, China. The materials were milled by a beater pul-
verizer and screened through mesh (1 x 1 cm). Milled corn
stover (500 g) was presoaked with diluted sulfuric acid solu-
tion (5.0 % sulfuric acid) with the solid to liquid ratio of 2:1
(wt/wt), the materials were further autoclaved at 121 °C for
10 min. The SSF was carried out at 150 g pretreated mate-
rials at 30 % (wt/wt) water insoluble solids content. In the
prehydrolysis stage, Accellerase 1000 (Genencor Interna-
tional, Rochester, USA) was inoculated into the reactor at
the dosage of 15.0 units of filter paper cellulase (FPU)/g dry
matter (DM) within 12 h at 50 °C. The slurry was supple-
mented with yeast extract (1 %) and peptone (2 %). When
the temperature decreased below 37 °C, the S. cerevisiae
BY-G and BY4741 seeds were inoculated into the fermen-
tation medium at the ratio of 10 % (v/v), respectively. The
cultivation was performed at 35 °C and pH 5.0. The fer-
mentation continued for 48 h, and samples were withdrawn
regularly throughout the fermentation.

Analytical methods

Yeast biomass was measured as the ODg, after cultivation
for the appropriate time. The intracellular GSH of S. cer-
evisiae BY-G were determined by the 5, 5'-dithiobis-(2-ni-
trobenzoic acid) (DTNB) method [14] with reduced GSH
as a standard. The samples were centrifuged at 14,000g for
2 min and filtered through 0.2 puM filter before analysis.
The glucose, ethanol, furfural and 5-hydroxymethylfurfural
(HMF) were analyzed using HPLC (LC-20AD, refractive
index detector RID-10A, Shimadzu, Japan) with Bio-Rad
Aminex HPX-87H column (Bio-Rad, Hercules, USA) at

the column temperature of 65 °C. The mobile phase was
5 mM H,SO, at the rate of 0.6 ml/min.

Results
Construction of engineered S. cerevisiae BY-G

The ADHI1 promoter (1,500 bp) and Cycl terminator
(300 bp) were amplified from plasmid JMB125. The GCSGS
gene (2,300 bp) was amplified from pETG-10A-GCSGS.
The ADH1-GCSGS-CYCI expression cassette (4.1 kb) was
ligated by overlap-PCR and the sequence was determined by
sequencing. The kanMX4 gene (1,500 bp) were introduced
into vector pBlueScript II SK(+4) by restriction enzyme
EcoR 1 and BamH 1. The ADH1-GCSGS-CYCI expression
cassette was introduced into vector pBlue-NTS3’-kanMX4-
NTS5’ by EcoR 1 and Xho 1. The yeast transformants were
screened from colonies on YEPD with 200 wg ml~! G418.
When the plasmid p416-MET25 with Cre gene was intro-
duced into S. cerevisiae BY4717-GCSGS, the GCSGS of
2300 bp was amplified from yeast BY-G and the kanMX4
was not amplified from BY-G. The antibiotic-resistant
gene kanMX4 was knocked out from engineered strains
BY-G. Total proteins analysis by SDS-PAGE and West-
ern blotting indicated that the glutathione synthetase of
89 KD was expressed in S. cerevisiae BY-G. The intracel-
lular GSH content in BY-G is higher than that in reference
strain BY4741 after incubation of 24 h. The intracellular
GSH increased quickly prior to 48 h. The highest GSH con-
tent of 54.9 pwmol/g dry weight (DW) was reached at 60 h.
Under the same conditions, the intracellular GSH content
of BY4741 is 11.7 wmol/g DW (Fig. 1). A threefold higher
GSH contents was obtained by introducing bifunctional glu-
tathione synthetase gene GCSGS into S. cerevisiae 4741.

Tolerance of BY-G to stress conditions

The biomass of BY-G is similar to that of BY4741 in
YEPD medium without H,O,. The growth of BY4741 was
repressed by 3 mM H,0,, however, the engineered BY-G
showed more tolerance to 3 mM H,0,. The growth rate and
biomass of BY4741 is similar in YEPD with and without
H,0, (Fig. 2). At an incubation temperature below 35 °C,
there was no influence on the growth of BY4741 and
BY-G. At a temperature of 40 °C, the growth of BY4741
was retarded, however, BY-G was more tolerant and could
grow at 40 °C. The growth rate of BY-G at 40 °C up to
12 h is similar to that of BY4741 at 35 °C (Fig. 3). Fur-
fural inhibited the growth of BY-G and BY4741 at a con-
centration of 5 mM. When the furfural concentration was
increased to 10 mM, the growth rates and biomass of
BY-G is similar to those of BY4741 at the concentration of
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Fig. 1 GSH contents of the engineered strain BY-G and the reference
strain BY4741 at different incubation times

—=—BY4741 (H,0,)
—o—BY-G (H,0,)
10 - _a—B4741 (without H,0,)
- —A—BY-G (without H,0,)
8k
7]
8 sl
£
2
m
4+
2 L
O 1 1 1 1 1 1 1 1 1 1 1 1 1
0 12 24 36 48 60 72 84
Time (h)

Fig. 2 Effects of 3 mM H,0, on the growth of the engineered strain
BY-G and the reference strain BY4741

5 mM. At 20 mM of furfural, the growth rate and biomass
of BY-G was similar to those of BY4741 at 10 mM furfural
(Fig. 4). Similar growth parameters were observed at 10
and 20 mM HMF (Fig. 5) The tolerance of reference strain
BY4741 to furfural and HMF was increased from 5 to
10 mM by introducing bifunctional glutathione synthetase
genes. Similarly, the tolerance of the reference strain to Cd
was increased from 0.1 to 0.5 mM when higher intracellu-
lar glutathione was synthesized (Fig. 6).

Evaluation of engineered strains in simultaneous
saccharification and fermentation

The initial concentration of glucose, furfural, and HMF
was 48.8 g/L, 8.3, and 9.5 mM, respectively, in the liquid
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Fig. 3 Effects of different temperature (30, 35, 40, 45 °C) on the
growth of the engineered strain BY-G and the reference strain
BY4741
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Fig. 4 Effects of furfural (5, 10, 20 mM) on the growth of the engi-
neered strain BY-G and the reference strain BY4741

fraction of pretreated corn stover. The time course for accu-
mulation of ethanol during the SSF is shown in Fig. 7.
Engineered strains BY-G and reference strain BY4741
started to consume glucose and produce ethanol after 1 h
of incubation. All glucose were not metabolized at 18 h
for the reference strain BY4741, whereas, the engineered
strain BY-G sustained to metabolize quickly glucose to
produce ethanol at 18 h. The ethanol production rate of
strain BY-G reached 0.89 g/L/h at 12 h and decreased to
0.73 g/L/h at 24 h. After 30 h, the ethanol concentration of
20.6 g/L. was reached. The ethanol yield is 0.44 g/g glu-
cose. At 30 h, the remaining glucose concentration was
2.4 and 25.2 g/L for engineered strain BY-G and reference
strain BY4741, respectively. The remaining furfural and
HMF concentration for engineered strain BY-G decreased
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Fig. 5 Effects of HMF (5, 10, 20 mM) on the growth of the engi-
neered strain BY-G and the reference strain BY4741
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Fig. 6 Effects of Cd** (0.1, 0.5, 1.0 mM) on the growth of the engi-
neered strain BY-G and the reference strain BY4741

to 0.1 and 0.7 g/L, respectively. The remaining furfural
and HMF concentration for reference strain BY4741 is 0.6
and 0.9 g/L, respectively. The results indicate that the engi-
neered strain BY-G could detoxify furfural and HMF and
efficiently metabolized glucose from nondetoxified hydro-
lysates of corn stovers in simultaneous saccharification and
fermentation process.

Discussion

Pretreatment is a requisite step in cellulosic ethanol produc-
tion, however, various lignocellulose derived toxins includ-
ing furan derivatives are generated during pretreatment pro-
cessing. Various detoxification methods may result in high

30

—=—BY-G
—e— BY4741

Concentration of ethanol (g / L)

0 1 1 1 1
0 12 24 36 48

Times (h)

Fig. 7 Ethanol yields produced by the engineered strain BY-G and
the reference strain BY4741 during simultaneous saccharification and
fermentation (SSF) of corn stovers at 35 °C with 30 % substrate con-
centration after acid and heat pretreatment

energy cost, massive freshwater usage and wastewater gen-
eration, loss of the fine lignocellulose particles and fermen-
tative sugars, and incomplete removal of inhibitors [18]. S.
cerevisiae has proved to be more robust than bacteria both
with respect to the tolerance to ethanol and toxins present
in hydrolysates [1], the development of novel yeast strains
with increased inhibitor tolerance is highly desirable [4].

The ability of yeasts to adapt to and transform furfural
and HMF offers the potential for in situ detoxification and
development of highly tolerant strains for ethanol production
[8]. The detoxification of furfural and HMF by S. cerevisiae
involves genes mediated NAD(P)H-dependent aldehyde
reduction [9]. Glutathione is the main antioxidant system in
living cells. The S. cerevisiae strains engineered for higher
intracellular glutathione levels have superior robustness
under process-like conditions in a simultaneous sacchari-
fication and fermentation process [2]. However, the yeast
glutathione synthetase gene GSHI is inhibited by excess
glutathione, the GSH1 cloned into the integrative plasmid
Ylplac211 could not accumulate excess glutathione. The
intracellular GSH contents of the engineered strains was
below 12.2 pmol/g DW, 40 % of concentration increased
compared to reference strain [2]. In this study, the bifunc-
tional glutathione synthetase gene GCSGS derived from
Streptococcus thermophilus was integrated at a high copy
number into the ribosomal DNA of S. cerevisiae. In the final
step, the antibiotic-resistant gene kanMX4 was removed
using the Cre-LoxP system. The bifunctional enzyme is nei-
ther redox-regulated nor sensitive to feedback inhibition by
GSH [7]. A strain with a high yield of GSH (54.9 pmol/g
DW) was constructed. Compared with expression of the
GSHI gene by plasmid Ylplac211 in S. cerevisiae, the engi-
neered strain in this study can accumulate higher contents of
GSH and showed more tolerance to inhibitors in simultane-
ous saccharification and fermentation process (SSF).
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The tolerance of the engineered strain to 3 mM H,0,,
40 °C,10 mM furfural, HMF and 0.5 mM Cd** is much
better compared to the reference strain as a result of intro-
ducing the bifunctional glutathione synthetase genes. The
current compromise between the optimal fermentation (30—
35 °C) and saccharification temperatures (55 °C) signifi-
cantly limits the rate of enzymatic hydrolysis. Use of more
thermotolerant strains would enable a reduction of opera-
tional costs working at higher temperatures, which is valid
especially in tropical countries [16]. Yeasts with higher
thermotolerance are needed in a simultaneous saccharifica-
tion and fermentation process. An engineered strain with
increased thermotolerance and tolerance to HMF and fur-
fural would result in a more efficient production of etha-
nol via simultaneous saccharification and fermentation as
well as reduced cooling and detoxification costs. Further-
more, high yield of GSH can be extracted from yeast bio-
mass after the ethanol fermentation process finished. GSH
is widely used as a pharmaceutical compound and has the
potential to be used in food additives and in the cosmetic
industries [6]. Low-price GSH can be obtained from the
ethanol fermentation, so the economic profit of ethanol fer-
mentation could be improved.

Conclusions

In this study, the robustness of S. cerevisiae BY-G was
engineered by integrating bifunctional glutathione syn-
thetase genes (GCSGS) into ribosomal DNA of S. cerevi-
siae by the Cre-LoxP systems. The tolerance of BY-G to
H,0,, high temperature (40 °C), furfural, HMF and Cd*+
improved compared to the reference strain. The engineered
strain could accumulate threefold higher GSH contents and
twofold higher ethanol concentration. The strategy could
be used to construct S. cerevisiae strains for simultaneous
saccharification and fermentation of cellulosic mass to pro-
duce ethanol.
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