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a b s t r a c t

Cellulosic ethanol has been regarded as excellent additive into petrol fuels for reduced net carbon
release, and yeast fermentation is thus a crucial step for bioethanol production. In this study, three (XYL1/
Candida tropicalis, XYL2/Candida tropicalis, XKS1/Saccharomyces cerevisiae) genes were isolated to
construct four novel vectors using gene fusion and tandem technology. Four constructs were then
transformed into common Saccharomyces cerevisiae strain, leading to varied and limited xylose utiliza-
tion. While two representative constructs were transformed into industrial yeast strain (SF7), the
engineered SF7-Ft3 strain could consume 95% of total xylose for ethanol yield at 2.08 g/L, whereas the
control strain only utilized 13% xylose with ethanol yield at 0.56 g/L. Additional XYL2 overexpression into
the SF7-Ft3 strain led to consistently enhanced xylose utilization by from diverse enzymatic hydrolats of
steam-exploded lignocellulose residues in three major bioenergy crops (wheat, maize, Miscanthus).
These consequently increased bioethanol yields (% dry matter) and concentrations (g/L) by 11%e42%.
Therefore, this study has demonstrated an applicable yeast-engineering approach for efficient xylose
consumption and also provided a powerful strategy for enhancing bioethanol production in bioenergy
crops.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

A great attention has been paid to the use of lignocellulose
biomass for the production of biofuels and chemicals, because it is
of enormous resource and non-conflict with food security [1,2]. In
particular, bioethanol has been considered as the promising second
generation of bioenergy for the partial replacement of fossil fuels
[3]. In principle, lignocellulose process involves in three major
stages: biomass pretreatment for wall polymer destruction,
arch Centre, College of Plant
ity, Wuhan, 430070, China., .
sequential enzymatic saccharification for soluble sugars release and
final yeast fermentation for ethanol production [4e6]. As ligno-
cellulose is of recalcitrant property against enzymatic hydrolysis,
cost-effective and green-like biomass pretreatment is considered
for enhancing sequential enzymatic hydrolysis to release hexoses
and xylose as carbon source for yeast fermentation [7]. However,
because classic yeast strain could not consume xylose for ethanol
fermentation, it becomes essential to select genetic engineered
yeast strains for xylose utilization [8,9].

Lignocellulose recalcitrance is in principle determined by plant
cell wall composition (cellulose, hemicellulose, lignin, pectin), wall
polymer feature and wall interlink network style [10,11]. To reduce
the recalcitrance, physical and chemical pretreatments have been
implemented with various biomass residues [12]. Particularly,
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steam explosion is increasingly applied as a relatively cost-effective
and environment-friendly pretreatment by partially extracting
hemicellulose and reducing cellulose degree of polymerization
[13,14]. Meanwhile, as hemicellulose consists of more than 90%
xylose, attempts have been made to engineer the yeast strains
enabled for co-fermentation of hexoses and xylose [15e17].

Saccharomyces cerevisiae is one of the most effective ethanol-
producing organisms by using hexoses as carbon source [18]. In
terms of the xylose utilization, genetic engineering has been
recently conducted to select the transgenic S. cerevisiae strains
including the introduction of xylose metabolism and xylose
transport [19,20], change of intracellular redox balance and over-
expression of the genes involved in the pentose phosphate path-
ways [21,22]. Characteristically, xylose reductase (XR), xylitol de-
hydrogenase (XDH) and xylulose kinase (XK) aremajor enzymes for
the pentose pyrophosphate pathways, whereas XYL1 and XYL2
respectively encode XR and XDH [23,24]. Hence, xylose is converted
into xylulose via a two-step enzymatic reaction catalyzed by XR and
XDH, and xylulose is then phosphorylated by XK as xylulose-5-
phosphate via the pentose phosphate pathway and glycolysis
[25,26]. However, pentose fermentation suffers from crucial limi-
tations, due to the low expression of these genes and the imbalance
in the redox cofactors [27,28].

Despite that the S. cerevisiae strain could be engineered by
expressing XYL1 and XYL2, it exhibits a slow xylose fermentation
and low ethanol yield, due to xylitol excretion [29]. Xylitol excretion
is distinctive in the coenzyme specificities between XR and XDH
and creates an intracellular redox imbalance [30]. XR has a higher
affinity for NADPH than for NADH, and XDH exclusively uses NADþ,
resulting in the excess in NADH accumulation and a shortage of
NADþ in the XDH reaction [31]. Attempts have beenmade to reduce
the unwanted xylitol excretion by optimizing the XDH/XR activity
ratio in the recombinant strains [32,33]. Modification of the gene-
expression vectors is also attempted to enhance XR activity by
changing the linker and/or the order between XYL1 and XYL2
genes. For instance, it has been reported that specific activities of
two enzymes are dependent on the fusion protein order and the
connecting region composition [34]. In addition, the linker length
of several engineered chimerical proteins is critical for biological
activity, dependent on correct folding in polyfunctional AROM
enzyme [35]. However, much remains unknown about if the linking
style of major enzymes could significantly improve xylose utiliza-
tion for ethanol fermentation in engineered yeast strains.

In the present study, we designed diverse constructs for optimal
expressions of XYL1, XYL2 and XKS1 in common S. cerevisiae and
industrial engineered strains by using gene fusion and tandem
technology, and then compared xylose-fermentation rates and
bioethanol yields. Notably, this study performed steam explosion
pretreatments with three major bioenergy crops (wheat, maize,
Miscanthus) and determined much raised bioethanol production by
combining additional XYL2-overexpressed engineered yeast strain
with different solid/liquid ratio of enzymatic hydrate substrates,
providing an integrated strategy for yeast engineering and ligno-
cellulose processing for bioethanol production.

2. Materials and methods

2.1. Yeast strains and culture media

Candida tropicalis was used for XYL1 and XYL2 gene cloning as
described in Supplementary Table S1, whereas the S. cerevisiae
PY001 (MM476, MATa, pep4e3, leu2, trp1, ura3e52, prb1e1122) was
a parent strain for genetic engineering. The SF7 strain (S. cerevisiae)
was collected from a factory, which is of adaptation to high tem-
perature (37e42 �C) incubation and to high dosages of sugar (500 g/
342
L glucose), salt (50 g/L NaCl) and ethanol (20 g/L) as well. All yeast
strains were cultured in the YP medium (10 g/L yeast extract, 20 g/L
peptone) with different concentrations of glucose and xylose.

2.2. Plasmids construction

XYL1 and XYL2 were isolated from Candida tropicalis (ACCC:
20005) and XKS1 was cloned from S.cerevisiae (MM476). The
plasmids for intracellular constitution were constructed by using
pYPGE15 with PGK promoters and CYC1 terminator as described in
Supplementary Table S2. Diverse fusion proteins (e.g, glycine-
glycine-glycine-glycine-serine as G4S1) were designed, and all
plasmids were constructed by PCR reactions including pYPGE15
(PGKp-XYL1-CYC1t), pYPGE15 (PGKp-XYL2-CYC1t), pYPGE15 (PGKp-
XKS1-CYC1t), pYPGE15 (PGKp-XYL1-CYC1t, PGKp-XYL2-CYC1t, PGKp-
XKS1-CYC1t), pYPGE15 (PGKp-XYL2-CYC1t, PGKp-XYL1-CYC1t, PGKp-
XKS1-CYC1t), pYPGE15 (PGKp-XYL1(G4S1)1XYL2-CYC1t, PGKp-XKS1-
CYC1t) and pYPGE15 (PGKp-XYL1(G4S1)3XYL2- CYC1t, PGKp-XKS1-
CYC1t). The plasmids pAUR101 (PGKp-XYL1(G4S1)3XYL2-CYC1t,
PGKp-XKS1-CYC1t) and pAUR101 (PGKp-XYL2-CYC1t, PGKp-XYL1-
CYC1t, PGKp-XKS1-CYC1t) were constructed from pYPGE15 (PGKp-
XYL1(G4S1)3XYL2- CYC1t, PGKp-XKS1-CYC1t) and pYPGE15 (PGKp-
XYL2-CYC1t, PGKp-XYL1-CYC1t, PGKp-XKS1-CYC1t). The plasmids
pPIC (PGKp-XYL2-CYC1t) was constructed from pYPGE15 (PGKp-
XYL2-CYC1t).

2.3. Yeast transformation

The lithium acetate method was applied for yeast trans-
formation with the plasmids constructed above [36], and all ob-
tained strains were described in Supplementary Table S3.

2.4. Enzyme activity assay

Cell extracts were prepared for activity assays of the three xylose
metabolic enzymes. One colony was inoculated into 3 mL SC me-
dium at 30 �C on a rotary shaker at 200 rpm for 12 h, and 5 mL of the
culturewas transferred to a 250mL flask containing 50mL SC. After
incubated at 30 �C with shaking at 200 rpm for 24e36 h, all cells
were harvested by centrifugation at 4000g for 5min at 4 �C, washed
with sterile, deionized H2O three times and re-suspended in 5 mL
sterile normal saline for 30 min ice bath. The cells were inoculated
into a set of a 250 mL flask containing 50 mL SC to reach an OD600
with 0.1 and incubated at 30 �C with shaking at 200 rpm for 96 h.
Cells were harvested every 12 h by centrifugation at 4000g for
5 min at 4 �C. After washed with deionized H2O three times, the
cells were re-suspended in 0.1 M sodium phosphate buffer with an
equal volume of glass beads, the diameter of which is 0.5 mm. The
cells were shaken under vortex for 1 min after 1 min ice-bath, and
repeated for 15 times. Then, the lysate was centrifuged at 12000 g
for 10 min at 4 �C, and the supernatant was collected for enzyme
assays in new tube supplemented with equal volume of ice-bath
glycerol.

All enzyme activities were measured using fresh extracts. XYL1
activity measurement was performed spectrophotometrically by
determining the oxidation of NADPH under 340 nm at 30 �C. The
reaction mixture included 100 mM sodium phosphate buffer (pH
7.0), 2 mM xylose and 1.2 mM NADPH [37]. XYL2 activity was
accounted by measuring the oxidation of NADþ under 340 nm at
30 �C in the reaction mixture (100 mM Tris-HCl pH 7.0, 1.0 mM
MgCl2, 5.0 mM NADþ, 50 mM xylitol). XKS1 activity was assayed by
monitoring the oxidation of NADH under 340 nm at 30 �C in the
reaction mixture (50 mM Tris-HCl pH 7.5, 2.0 mM MgCl2, 0.2 mM
NADH, 8.5 mM xylulose, 0.2 mM phosphoenol pyruvate, 10 U py-
ruvate kinase, 10 U lactate dehydrogenase, 2.0 mM adenosine
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triphosphate) [38]. All assays were conducted in independent
triplicate.

2.5. Yeast fermentation

Ethanol fermentations were carried out under an anaerobic
condition as previously described [39]. The pre-cultured yeast cells
(aerobically grown in 100 mL of YPD medium containing 20 g/L of
glucose for 2 days at 30 �C with orbital shaking at 150 rpm) were
harvested by centrifugation at 1000g for 5 min. The yeast cells were
re-suspended in the fermentation media to initiate fermentation
with a starting OD600 of 0.5. The oxygen-limited fermentationwas
performed at 30 �C under shaken at 70 rpm for 96 h for PY001 and
engineered strains. The oxygen-limited fermentation was per-
formed at 37 �C under shaken at 150 rpm for 48 h or longer for SF7
and engineered industrial strains. During the fermentation, the
supernatant was filtered by one-off filter (0.22 mm) for analysis of
substrates and products.

2.6. Steam explosion pretreatment of three bioenergy crop straws

The dried crop straws were cut into the 5e8 cm size, sprayed
with deionized water to the moisture at 50% (w/v) and pretreated
under steam explosion by loading 400 g wet biomass materials into
5 L steam explosion reactor (QBS-200, Hebi Zhengdao Machine
Factory, Hebi, China). The steam explosion conditions were estab-
lished for wheat (2.5 Pa, 180 s), maize (2.0 Pa, 180 s) andMiscanthus
(2.5 Pa,180 s), and the steam exploded (SE) residues were then used
for enzymatic hydrolysis and fermentation as previously described
[40].

2.7. Enzymatic hydrolysis and bioethanol measurement

The SE biomass samples were incubated with mixed-cellulases
(0.04 g/g DW, Imperial Jade Biotechnology Co., Ltd. Ningxia,
China) containing Tween-80 at 0.4 mL/g dry matter. The sealed
samples were shaken under 150 rpm for 48 h at 50 �C at different
solideliquid ratios. After centrifugation at 3000g for 5 min, the
supernatants were collected for yeast fermentation. The fermen-
tation liquid was distilled at 100 �C, and appropriate amount of
purify ethanol sample in 2 mL 5% K2Cr2O7 was heated for 10 min in
a boiling water bath, and the ethanol was accounted as previously
described [40].

2.8. Wall polymer assay

Plant cell wall fractionation was performed to extract soluble
sugars, pectin, hemicellulose and cellulose fractions as previously
described [40,41]. A UV-VIS spectrometer (V-1100D, Shanghai
MAPADA Instruments Co.) was used for hexoses and pentoses as-
says as previously described [42]. For cellulose assay, the sample
was dissolved in 67% H2SO4 and hexoses were calculated by the
anthrone/H2SO4 method. Hemicelluloses were calculated by
determining total hexoses and pentoses of the hemicellulose frac-
tion. The two-step acid hydrolysis method was applied for total
lignin assay according to the Laboratory Analytical Procedure of the
National Renewable Energy Laboratory as described [43]. All ex-
periments were completed in independent triplicate.

2.9. Monosaccharide determination

Monosaccharide determination was conducted by GC/MS (SHI-
MADZU GCMS-QP2010 Plus) using Restek Rxi-5ms, 30 m� 0.25 mm
ID � 0.25 mm df column as previously described [44]. The mass
spectrometer was operated in the EI mode with ionization energy of
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70 eV. Calibration curves of all analytes routinely yielded correlation
coefficients at 0.999 or better.

2.10. Real-time PCR analysis

The transcription levels of XYL1, XYL2 and XKS1 were accounted
by real-time PCR assay as described [45]. Total RNA was extracted
by Trizol reagent (Tiangen Biotech, Beijing, China) and reverse
transcribed to cDNA using EasyScript One-Step gDNA Removal and
cDNA Synthesis SuperMiX (TransGen Biotech, Beijing, China). qRT-
PCR was conducted using a BioRad IQ5 real-time PCR system. The
PCR thermal cycle conditions included one cycle of 95 �C for 2 min,
followed by 45 cycles of 95 �C for 15 s, 55 �C for 15 s, and 72 �C for
25 s. Gene ACT1 for actin was used as an internal control. The
primers for the RT-PCR are described in Supplementary Table S4. All
assays were performed in independent triplicate.

3. Results and discussion

3.1. Diverse integrations of XYL1, XYL2 and XKS1 genes for high
enzyme activities in yeast strain

In this study, we initially isolated XYL1 (975 bp) and XYL2 (1,095
bp) from Candida tropicalis and XKS1 (1,803 bp) from S. cerevisiae
MM476 (Supplementary Table 1). To express XYL1, XYL2, and XKS1
genes in S. cerevisiaeMM476, diverse plasmids were generated from
seven intermediate constructs (Fig. 1A). In the pYPGE15X-
YL1XYL2XKS1 (Tf3) and pYPGE15XYL2XYL1XKS1 (Tr3) plasmids, XYL1
and XYL2 genes were positioned in a reverse order, whereas XKS1
was placed behind the XYL1 and XYL2 fragments. In the pYPGE15X-
YL1e(G4S1)1eXYL2XKS1 (Fs3) and pYPGE15XYL1e(G4S1)3eXYL2XKS1
(Ft3) plasmids, XYL1 and XYL2were constructed to encode the fusion
proteins with different length linkers. In particular, plasmid pYP-
GE15XYL1e(G4S1)1eXYL2XKS1 encoded an in-frame fusion of XYL1
and XYL2 with five amino acids (G4S1) in the connecting region,
while plasmid pYPGE15XYL1e(G4S1)3eXYL2XKS1 contained a longer
linker of fifteen amino acids (G4S1)3.

The constructed plasmids were transformed into S. cerevisiae
MM476, and the empty vector (pYPGE15) was used as control
(Table S1). The transformants were selected and assayed for protein
expression by SDS-PAGE (Fig. 1B). Each encoded protein (XR, XDH,
and XK) had a strong band that corresponded to the predicted
molecular weight in the strains that expressed the individual XYL1,
XYL2, and XKS1, compared with that of the empty vector strain
(EV). In the strain that co-expressed all three genes (XYL1-
XYL2XKS1), more XR than XDH and XK proteins was detected. By
comparison, the XYL2XYL1XKS1 strain showed a relatively higher
proportion of XDH and lower XR than the XYL1XYL2XKS1 strain.
Similar results were also found between the XYL1XYL2 and
XYL2XYL1 strains (data not shown). Hence, the yeast strain posi-
tioning of XYL1 or XYL2 at the front yielded relatively higher pro-
tein products.

With respect to the yeast strains that express the XYL1eXYL2
fusion genes, we detected their predicted protein bands. The
XYL1e(G4S1)1eXYL2XKS1 strain produced much higher fusion
protein level than the XYL1e(G4S1)3eXYL2XKS1 strain did, and a
similar result was found between the XYL1e(G4S1)1eXYL2 and
XYL1e(G4S1)3eXYL2 strains (data not shown). This result indicated
that the increase in the linker length (amino acid numbers) be-
tween the two genes could reduce the fusion protein expression
level.

Extracts of the S. cerevisiae strains were used for the XR, XDH,
and XK enzyme activity assay in vitro. To measure three XR, XDH
and XK enzyme activities, we selected four yeast strains either by
co-expressing XYL1, XYL2, and XKS1 or by expressing the



Fig. 1. Integration of XYL1, XYL2 and XKS1 with common S. cerevisiae strain (PY001). (A) Schematic diagrams of four vectors for distinct three (XYL1, XYL2 and XKS1) genes con-
struction. (B) SDS-PAGE profiling of XYL1, XYL2 and XKS1 proteins in engineered yeast strains. (C, D, E) Enzyme activity assay in vitro of XYL1, XYL2 and XKS1 in four engineered
yeast strains and control (empty vector/EV).
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XYL1eXYL2 fusion genes with XKS1 as described above (Fig. 1CeE).
During the incubation, the XYL1XYL2XKS1 strain (Tf3) had a much
higher XR activity than the XYL2XYL1XKS1 strain (Tr3) did (Fig.1C).
Similarly, the XYL1e(G4S1)1eXYL2XKS1 strain (Fs3) also showed a
higher XR activity than the XYL1e(G4S1)3eXYL2XKS1 strain (Ft3).
In comparison, the XDH activities were much higher in the four
strains than the XR activities (Fig. 1B). Furthermore, either Tr3 or
Fs3 strain retained a relatively higher XDH activity than the other
two strains (Tf3, Ft3; Fig. 1E), which confirmed that positioning the
gene front or reducing the fusion gene linker length could increase
the protein levels and enzyme activities. However, the XDH/XR
activity ratio values in both theTr3 and Ft3 strains were much
higher than those of the Fs3 and Tf3 strains. In addition, all the four
strains had a higher XDH/XR activity ratio, compared with the
control strain (EV); the Tf3 and Fs3 strains displayed an almost
similar ratio during the incubation time. Hence, the data suggested
an approach for balancing the XR and XDH enzyme activities to
reduce the xylitol formation during the xylose fermentation in
yeast. With regard to the XK enzyme activity, all four yeast strains
showed much higher activities than those of the control strain
(Fig. 1E). However, during the incubation, the maximum XK activ-
ities in the Tf3 and Tr3 strains were higher than those of the Fs3 and
Ft3 strains. Hence, the selected four yeast strains were of largely
varied enzymes (XR, XDH, XK) activities.
Fig. 2. Time course analyses of xylose and hexose consumption for bioethanol production in
(B) Glucose consumed by yeast strains. (C) Bioethanol released by yeast strains by co-consum
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3.2. Varied xylose co-fermentation rates for bioethanol production
in engineered yeast strains

To compare the xylose co-fermentation rates among the yeast
strains generated above, this study performed yeast fermentation
in the medium that contains 60 g/L xylose and 25 g/L glucose under
oxygen-limited condition at 30 �C (Fig. 2). During the fermentation,
the glucose could be completely used after 36 h in all four engi-
neered yeast strains and the control (EV), whereas the xylose was
initially consumed in three strains (Tr3, Fs3, Ft3), other than in Tf3
and EV strains (Figs. 2AeB). After 96 h fermentation, those three
strains consistently consumed more xylose than that of the EV, but
the Tf3 did not show much different xylose consumption capacity.
Furthermore, this study determined that all four engineered strains
could produce higher bioethanol yields (g/L) than that of the EV, in
particular on the Tf3 and Ft3 strains after 96 h fermentation
(Fig. 2C). Hence, despite that the xylose consumptionwas limited in
the engineered strains, the results suggested that integration of
XYL1, XYL2 and XKS1 genes could lead to enhanced ethanol
fermentation in the yeast strains examined.
four engineered yeast strains and control (EV). (A) Xylose unconsumed by yeast strains.
ption of 25 g/L glucose and 60 g/L xylose at 30 �C under oxygen-limited fermentation.



Fig. 3. Characterization of xylose consumption for bioethanol production in engineered industrial S. cerevisiae strains (SF7-Ft3; SF7-Tr3). (A) Time course observation of yeast cell
growth with the culture media containing 20 g/L xylose only in two engineered industrial strains and EV. (B, C) Xylose consumption rate (of total) and bioethanol concentration (g/L)
by two engineered industrial strains and EV with the synthetic medium containing 45 g/L xylose as sole carbon source after 48 h fermentation. **As significant difference by t-test
between engineered strains and EV at p < 0.01 level (n ¼ 3).

B. He, B. Hao, H. Yu et al. Renewable Energy 186 (2022) 341e349
3.3. Enhanced xylose consumption for bioethanol production in
engineered industry yeast strains

To further examine the integration of XYL1, XYL2 and XKS1 genes
for xylose consumption and bioethanol production, this study
transformed two representative constructs (Ft3, Tr3) into the in-
dustry yeast stain (SF7) that is of high ethanol fermentation ca-
pacity [46]. While incubated with the culture media containing
20 g/L xylose as a sole carbon source, two engineered industrial
trains (SF7-Ft3, SF7-Tr3) exhibited a much faster growth with
significantly higher OD/600 nm values than those of the control/
empty vector (SF7-EV; Fig. 3A). Particularly, the SF7-Ft3 stain could
even show much higher OD value than that of the SF7-Tr3. Mean-
while, this study detected that the SF7-Tr3 and SF7-Ft3 strains were
of much raised xylose consumption rates, whichwere 2- and 7 folds
higher than those of the SF7-EV, respectively (Fig. 3B). Notably, the
SF7-Ft3 showed a xylose consumption of 95%. As a consequence,
the SF7-Tr3 and SF7-Ft3 strains could respectively produce bio-
ethanol yields of 1.13 g/L and 2.08 g/L, whereas the SF7-EV strain
had the ethanol yield of 0.56 g/L (Fig. 3C). The results hence indi-
cated that the integration of XYL1, XYL2 and XKS1 genes could lead
to much enhanced xylose consumption for higher bioethanol pro-
duction in the engineered industrial strains, even though hexose is
absent during ethanol fermentation. It has also suggested that the
overproduction of XYL2 in the SF7-Ft3 and SF7-Tr3 strains should
be a major factor on xylose consumption capacity for bioethanol
productivity, which is consistent with the previous assumption
[47].
3.4. Additional XYL2 overexpression for further increased xylose
utilization of the enzymatic hydrates of steam-exploded residues in
three major bioenergy crops

As XYL2 could play a major role in xylose consumption for
bioethanol production [34], this study further generated the SF7-
Ft3-X2 strain that additionally over-expressed XYL2 gene in the
SF7-Ft3 strain (Fig. 4). Compared to the SF7-Tr3 and SF7-Ft3 strains,
the SF7-Ft3-X2 strain was of much higher XYL2 transcription level
up to 3e4 folds (Fig. 4A), leading to a consistently enhanced yeast
cell growth while incubated with xylose as carbon source only
(Fig. 4B).

To examine specific xylose utilization capacity of the engineered
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yeast strains, this study applied the soluble sugars released from
enzymatic hydrolyses of the steam-exploded lignocellulose resi-
dues of three major bioenergy crops (wheat, maize, Miscanthus)
consisting of reduced hemicellulose and relatively increased cel-
lulose and lignin (Table 1). Using total soluble sugars containing
diverse xylose (covering 94%e97% of total) levels (Supplementary
Table S5) from the enzymatic hydrolyses of lignocellulose sub-
strates at different solid-liquid ratios (1:5; 1:10; 1:20), we exam-
ined that the SF7-Ft3-X2 strain had much more pentose utilization
than those of the control, being up to 4-fold in the solid-liquid (1:5)
substrate of Miscanthus (Table 2). Notably, the SF7-Ft3-X2 strain
remained significantly more pentose utilization than the SF7-Ft3
strains at the most hydrates examined, indicating that additional
overexpression of XYL2 could enhance yeast cell growth and xylose
consumption capacity.
3.5. Consistently enhanced bioethanol yields and concentrations by
integrative-engineered yeast strain for diverse hydrate substrates of
three bioenergy crops

Because the SF7-Ft3-X2 strain is of high xylose consumption ca-
pacity for the enzymatic hydrates of steam-exploded lignocellulose
residues in three major bioenergy crops as described above, this
study determined their bioethanol production such as bioethanol
yield (% dry matter) and concentration (g/L; Fig. 5). Although bio-
ethanol production was largely varied among different solid/liquid
rates of enzymatic hydrates, the SF7-Ft3-X2 strain produced much
higher bioethanol yields or concentrations than those of the control
(SF7-EV) in all samples examined, with raised bioethanol yields and
concentrations by 11%e42% (Fig. 5A-F). Further compared to the SF7-
Ft3 strain, the SF7-Ft3-X2 strain remained significantly increased
bioethanol production in total eight samples, except for the wheat
hydrate sample of solid/liquid at 1:20.

With respect to the SF7-Ft3-X2 strain that is of high bioethanol
productivity, we examined hexoses consumption rates of all nine
enzymatic hydrates samples in three bioenergy crops (Table 3). As a
comparison, a similar hexoses utilization rate was found among
three yeast strains in all wheat steam-exploded substrates, whereas
the SF7-Ft3-X2 strain showed slightly higher hexoses consumption
than those of the SF7-Ft3 and SF7-EV strains in all maize and two
Miscanthus samples, being different from the above findings that
the SF7-Ft3-X2 was of consistently higher xylose consumption in



Fig. 4. Identification of additional overexpression of XYL2 gene in engineered industrial SF7-Ft3-X2 strain. (A) XYL2 transcription levels in three engineered industrial strains and
controls (SF7-EV, SF7); gene ACT1 used as an internal control; bars indicated as the relative gene expression levels. (B) Time course observation of yeast cell growth of two
engineered industrial strains and control with the culture media containing 20 g/L xylose and 20 g/L glucose as carbon sources.

Table 1
Cell wall composition (% dry matter) of steam-exploded residues in bioenergy crops.

Samples Cell wall composition (% dry matter)

Cellulose Hemicellulose Lignin

Wheat 33.66 ± 0.99a 10.74 ± 0.38 40.16 ± 0.71
Maize 44.69 ± 1.00 13.78 ± 0.05 35.30 ± 0.72
Miscanthus 41.90 ± 0.94 11.12 ± 0.34 30.53 ± 0.75

a Data as mean ± SD (n ¼ 3).
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all nine hydrates samples examined (Table 2). Hence, the results
suggested that the increased bioethanol productivity should be
mainly due tomore xylose consumption by the SF7-Ft3-X2 strain in
total eight enzymatic hydrates samples of three bioenergy crops
examined. Exceptionally, the SF7-Ft3-X2 strain exhibited much
Table 2
Pentose consumption (% dry weight) by engineered yeast strains for yeast fermentation un
bioenergy crops.

Yeast strain Solid-liquid ratio Solid-liquid ratio

1:5 1:10

Pentose concentration (%
dry matter)

Pentose utilization (%
of total)

Pentose concentra
dry matter)

Wheat
Non-

fermentation
11.48 ± 0.07a 12.13 ± 0.11

SF7-EV 9.07 ± 0.16 20.92 ± 1.16a 8.85 ± 0.13
SF7-Ft3 7.47 ± 0.09 34.87 ± 0.63b 8.28 ± 0.20
SF7-Ft3-X2 7.28 ± 0.21 36.57 ± 1.47b 8.06 ± 0.11

Maize
Non-

fermentation
8.82 ± 0.09 9.31 ± 0.06

SF7-EV 6.17 ± 0.33 29.96 ± 3.06a 5.94 ± 0.10
SF7-Ft3 5.93 ± 0.14 32.78 ± 1.31a 5.76 ± 0.06
SF7-Ft3-X2 5.16 ± 0.06 41.51 ± 0.57b 5.29 ± 0.15

Miscanthus
Non-

fermentation
6.56 ± 0.19 7.41 ± 0.17

SF7-EV 5.95 ± 0.17 9.23 ± 2.10a 5.59 ± 0.06
SF7-Ft3 5.13 ± 0.19 21.79 ± 2.40b 5.41 ± 0.11
SF7-Ft3-X2 4.13 ± 0.26 37.02 ± 3.21c 4.73 ± 0.18

a Data as mean ± SD (n ¼ 3).
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higher consumption capacities of both xylose and hexoses than
those of the SF7-EV strain in the Miscanthus hydrate sample of
solid/liquid at 1:5 (Table 3), leading to the most raised bioethanol
yield and concentration among total nine hydrate samples of three
bioenergy crops (Fig. 5C& F). However, it remains to testwhat is the
optimal hydrate for a complete xylose and hexose consumption by
the SF7-Ft3-X2 strain in the future studies. On the other hand, the
bioethanol yields and concentrations achieved by the SF7-Ft3-X2
strain were relatively lower than those of the previously-reported
[48], which should be mainly due to an incomplete enzymatic hy-
drolysis and relatively high lignin composition of the steam-
exploded residues in three bioenergy crops. Hence, it will be
interesting to explore the optimal biomass process technology for
maximum bioethanol production by the SF7-Ft3-X2 strain in bio-
energy crops.
der different solid-liquid ratios of steamed-explored lignocellulose residues of three

Solid-liquid ratio

1:20

tion (% Pentose utilization (%
of total)

Pentose concentration (%
dry matter)

Pentose utilization (%
of total)

12.14 ± 0.06

27.04 ± 0.86a 8.81 ± 0.23 27.50 ± 1.55a

31.72 ± 1.37b 8.02 ± 0.22 33.96 ± 1.51b

33.51 ± 0.72b 7.77 ± 0.30 36.00 ± 1.98b

9.59 ± 0.07

36.15 ± 0.85a 6.45 ± 0.23 32.66 ± 2.00a

38.07 ± 0.54a 5.64 ± 0.24 41.18 ± 2.09b

43.16 ± 1.33b 5.23 ± 0.13 45.39 ± 1.09b

8.96 ± 0.11

24.65 ± 0.71a 6.15 ± 0.13 31.35 ± 1.21a

27.06 ± 1.26a 5.72 ± 0.06 36.16 ± 0.59b

36.23 ± 1.99b 4.65 ± 0.19 48.09 ± 1.70c



Fig. 5. Comparison of bioethanol production between two engineered industrial yeast strains and control using total soluble sugars released by enzymatic hydrolyses of steam-
exploded lignocellulose residues of different solid-liquid ratios (1:5; 1:10, 1:20) in three bioenergy crops (wheat, maize and Miscanthus). (A, B, C) Bioethanol yields (% dry mat-
ter) by yeast fermentation for 48 h. (D, E, F) Bioethanol concentrations (g/L) by yeast fermentation for 48 h. Letter a,b,c as multiple t-test at p < 0.05 level (n ¼ 3) among two
engineered yeast strains and control (EV) strain; @As raised bioethanol yield or concentration by engineered strain against the control (EV) strain.
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4. Conclusions

By designing fusion and tandem technology, this study gener-
ated four novel constructs to express three genes (XYL1, XYL2, XKS1)
in common Saccharomyces cerevisiae and industrial engineered
strain (SF7), which are effective for xylose consumption and bio-
ethanol conversion. The engineered SF7-Ft3 strain could consume
95% xylose for significantly raised ethanol yield up to 3.7 folds,
compared to its control stain. Notably, the optimal SF7-Ft3-X2
strain could balance XDH/XR activity ratio to further enhance
xylose utilization from the enzymatic hydrates of steam-exploded
lignocellulose residues in three major bioenergy crops (wheat,
maize, Miscanthus), which respectively led to the bioethanol yield
and concentration increased up to 22%, 17% and 42%. Hence, this
study has provided a useful strategy for bioethanol production by
combining engineered yeast strain with green-like biomass pro-
cessing in bioenergy crops.
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Table 3
Hexose consumption (% dry weight) by engineered yeast strains for yeast fermentation under different solid-liquid ratios of steamed-explored lignocellulose residues of three
bioenergy crops.

Yeast strain Solid-liquid ratio Solid-liquid ratio Solid-liquid ratio

1:5 1:10 1:20

Hexose concentration (%
dry matter)

Hexose utilization (%
of total)

Hexose concentration (%
dry matter)

Hexose utilization (%
of total)

Hexose concentration (%
dry matter)

Hexose utilization (%
of total)

Wheat
Non-

fermentation
14.38 ± 0.20a 16.21 ± 0.27 17.76 ± 0.14

SF7-EV 2.28 ± 0.10 84.18 ± 0.55a 2.61 ± 0.10 83.88 ± 0.51a 2.58 ± 0.11 85.50 ± 0.49a

SF7-Ft3 2.36 ± 0.10 83.60 ± 0.56a 2.66 ± 0.08 83.59 ± 0.39a 2.63 ± 0.05 85.21 ± 0.21a

SF7-Ft3-X2 2.20 ± 0.06 84.72 ± 0.35a 2.63 ± 0.06 83.75 ± 0.30a 2.52 ± 0.10 85.83 ± 0.46a

Maize
Non-

fermentation
16.86 ± 0.03 18.78 ± 0.09 19.17 ± 0.18

SF7-EV 3.67 ± 0.27 78.20 ± 1.31a 2.69 ± 0.09 85.68 ± 0.39a 2.51 ± 0.13 86.90 ± 0.54ab

SF7-Ft3 3.46 ± 0.16 79.43 ± 0.77a 2.65 ± 0.04 85.88 ± 0.18a 2.66 ± 0.10 86.10 ± 0.43a

SF7-Ft3-X2 2.95 ± 0.06 82.50 ± 0.28b 2.40 ± 0.06 87.21 ± 0.28b 2.33 ± 0.08 87.84 ± 0.32b

Miscanthus
Non-

fermentation
14.13 ± 0.31 18.26 ± 0.07 23.26 ± 0.47

SF7-EV 8.30 ± 0.11 41.26 ± 0.62a 4.24 ± 0.13 76.81 ± 0.60a 4.40 ± 0.15 81.09 ± 0.54a

SF7-Ft3 7.07 ± 0.17 49.99 ± 1.01b 4.18 ± 0.22 77.14 ± 0.98a 3.77 ± 0.11 83.81 ± 0.39b

SF7-Ft3-X2 3.83 ± 0.24 72.89 ± 1.41c 3.69 ± 0.18 79.79 ± 0.82b 3.76 ± 0.13 83.85 ± 0.45b

Letter a,b,c as multiple t-test at p < 0.05 level (n ¼ 3) among two engineered yeast strains and control (EV) strain.
a Data as mean ± SD (n ¼ 3).
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