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ARTICLE INFO ABSTRACT
Keywords: A Saccharomyces cerevisiae strain CCW12°F was constructed by overexpressing CCW12 in a previously reported
EFhaHOI ) strain WXY70 harboring six xylose utilization genes. CCW12°€ produced an optimal ethanol yield of 98.8%
]&‘gn";;lmom theoretical value within 48 h in a simulated corn stover hydrolysate. CCW12°F was comprehensively evaluated
W for ethanol production in Miscanthus, maize and corncob hydrolysates, among which a 96.1% theoretical value
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was achieved within 12 h in corncob hydrolysates. Under normal growth conditions, CCW12°F did not display

altered cell morphology; however, in the presence of acetate, CCW12°F maintained relatively intact cell structure
and increased cell wall thickness by nearly 50%, while WXY70 had abnormal cell morphology and reduced cell
wall thickness by nearly 50%. Besides, CCW12°F had higher fermentation capacity than that of WXY70 in
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undetoxified and detoxified hydrolysates with both aerobic and anaerobic conditions, demonstrating that CCW12
overexpression alone exhibits improved stress resistance and better fermentation performance.

1. Introduction

Multiple environmental challenges and energy supply shortage are
associated with the tremendous combustion of fossil fuels, calling for the
development of renewable energy resources for future demand. Ligno-
cellulosic ethanol produced from abundant lignocellulosic biomass is a
promising alternative biofuel, with advantages of sustainability, envi-
ronmental friendliness and industrial feasibility (Alam et al., 2019).
Lignocellulosic biomass is perceived as the most abundant, potential and
popular feedstock for biofuel production, including agricultural resi-
dues, municipal wastes, energy crops, forest materials and industrial
wastes (Sankaran et al., 2020; Zabed et al., 2017). Lignocellulose is
converted into ethanol through pretreatment, enzymatic hydrolysis,
microbial fermentation and distillation (Toor et al., 2020). As the first
step in the biochemical conversion in cellulosic ethanol production,
pretreatment is indispensable to break the rigid moieties of hemicellu-
lose and lignin in the biomass and liberate cellulose for subsequent
biocatalytic hydrolysis to fermentable sugars (Yu et al., 2014). Different
pretreatment methods have been applied, including physical methods,
chemical methods, ionic liquid and some newly reported pretreatment
methods (Sankaran et al., 2020; Tian et al., 2018).

Saccharomyces cerevisiae as a eukaryotic model organism has been
extensively engineered to produce various fuels and chemicals via mi-
crobial fermentation. However, xylose cannot be utilized by the wild
type S. cerevisiae (Lee et al., 2021). Therefore, developing yeast strains
capable of high-yield bioethanol production from cellulose hydrolysates
is one of aims in current investigations (Hoang Nguyen Tran et al.,
2020). To date, three biochemical pathways for xylose utilization have
been described, namely the Dahms pathway, the X-1-P pathway and the
XR-XDH-XK oxidoreductase pathway (or the XI-XK isomerase pathway)
(Cao et al., 2014; Li et al., 2019).

In addition to glucose and xylose, several inhibitors, including car-
boxylic acids, furans and phenolic compounds, are generated during the
enzymatic hydrolysis of lignocellulosic biomass that cause adverse ef-
fects on cell growth and sugar utilization (Tesfaw & Assefa, 2014).
Fungal cell walls are highly dynamic structures responsible for osmotic
stability, physical protection, cell shape maintenance and resistance
against various stresses including metabolic inhibitors (Ragni et al.,
2011, 2007). The budding yeast cell wall is composed of the inner p-1,3-
glucan-chitin network maintaining the mechanical strength, and outer
mannoproteins involved in cell-cell recognition and inner layer pro-
tection. The two layers are linked either non-covalently by proteins like
Scw4 and Scwl0, or covalently through GPI-anchors or Pir repetitive
sequences like Cwpl (Ferreira et al., 2006; Klis et al., 2002; Lozanci¢
et al., 2021; Ragni et al., 2011). In addition, the GPI-anchored man-
noprotein Ccw12 is an important structural component of the budding
yeast cell wall (Ragni et al., 2011), where reduced GPI-linked man-
noproteins displays thinner mannoprotein layer and becomes more
permissive than wild-type (Lozancic¢ et al., 2021). Previous studies
indicate that absence of Ccw12 results in altered cell wall structure,
reduced growth, decreased mating efficiency and increased sensitivity to
various cell wall-perturbing agents (Mrsa et al., 1999; Ragni et al.,
2007). Since Ccw12 is rather unique to S. cerevisiae species evolved to
alcoholic fermentation, it is plausible to assume that Ccw12 functions to
stabilize cell wall under specific stress conditions during alcoholic
fermentation.

We hypothesized that overexpression of CCW12 can improve cell
wall stability and resistance to growth inhibitors, thereby enhancing
biofuel production from cellulose hydrolysates, and this study aimed to
test this hypothesis. We also evaluated effects of different methods of
cellulose biomass pretreatment on the fermentation efficiency.

2. Materials and methods
2.1. Engineered yeast strains, plasmids and primers

Yeast strain WXY70 obtained by introducing the XR-XDH-XK
pathway into strain CE7 has been evaluated previously (Zhang et al.,
2019). Plasmid pT1-CCW12 (L1-Ppgg;-CCW12-Tpg-L2) was constructed
by ligating fragment T1 and the CCW12 ORF using Golden gate assembly
method (Zhu et al., 2020). T1 was amplified by primers T1-F and T1-R
using the plasmid pT1-0 (L1-Ppgki-Tpgr-L2) as template (Zhang et al.,
2019), while the CCW12 gene was amplified by primers CCW12-F and
CCW12-R from the S. cerevisiae genome. The linearized L1-Ppgki-
CCW12-TpgrrL2, CAT8up-AbA-L1 and L2-CAT8down were then ampli-
fied using three plasmids pT1-CCW12, pT5-0 and pT3-0 as templates
(Zhang et al., 2019), respectively. The three fragments were co-
transformed to WXY70. The resulting confirmed strain contains the
Ppgr1-CCW12-Tpgr cassette integrated at the CAT8 locus to overexpress
CCW12 driven by a PGK1 promoter, which was referred as CCW12°E,

The strain ccwl2A::AbA was constructed by replacing the chromo-
somal CCW12 ORF in strain WXY70 with an AbA selectable marker
(Hashida-Okado et al., 1998) by a method of one-step gene disruption
(Hegemann et al., 2006). The ccwl2A::AbA cassette was PCR amplified
using primers CCW12A-F and CCW12A-R with plasmid pT5-0 contain-
ing the ABA selectable marker as a template.

2.2. Fermentation in simulated corn stover hydrolysate and pure sugar
media

Yeasts were grown in normal YPD medium shaking at 200 rpm for
24 h and then collected, centrifuged, washed, inoculated at an ODggg
value of 1 into 250-mL shake flasks containing 100 mL of either simu-
lated corn stover hydrolysate (80 g/L glucose, 40 g/L xylose and 3 g/L
acetate) (Zhang et al., 2019) or three different pure sugar media (50 g/L
glucose, 50 g/L xylose or 100 g/L glucose plus 50 g/L xylose).
Fermentation was performed at 30 °C, 150 rpm under anaerobic con-
ditions for the indicated period. Our flask anaerobic fermentation used
three layers of parafilm to reduce air exchange with 150 rpm shaking. To
prevent air exchange, a syringe needle was used for sample retrieving.
Samples were taken every 12 h for HPLC analyses.

2.3. Engymatic hydrolysis of Miscanthus and maize biomasses

The steam explosion pretreatments of dried Miscanthus and maize
were performed, following by grounding the obtained material into
powders sieved through 40 mesh. Samples of 5 g of sieved material were
treated with 5 g of cellulases (CAS No:12-1225, Imperial Jade
Biotechnology., Ltd, China) at 5% (w/v), shaken at 150 rpm, 50 °C, 72 h,
at pH 5.5 (Zahoor et al., 2017). Miscanthus and maize contained 41.90 +
0.94% and 44.69 + 1.00% cellulose, 11.12 + 0.34% and 13.78 + 0.05%
hemicelluloses and 30.53 + 0.75% and 35.30 + 0.72% lignin, respec-
tively. Hemicellulose fractions of the above two biomasses produced
9.52 + 0.11% and 9.59 + 0.07% xylose, respectively.

2.4. The pretreatment and enzymatic hydrolysis of corncob

The raw corncob was pretreated by milling to small particles size
(40-60 meshes) and its composition was analyzed using the protocol
described by the National Renewable Energy Laboratory. The results
revealed that the corresponding composition was 34.2% cellulose,
32.8% hemicellulose, and 19.2% lignin. The corncob 1 kg was subjected
to 10 L of 0.75% sulfuric acid and pretreated at 150 °C for 30 min.
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Table 1

Composition of corn stover biomass before and after pretreatment, after detoxification and after high-solid enzymatic hydrolysis

After high-solid enzymatic hydrolysis

After detoxification (overliming and

adsorption)

After dilute acid pretreatment

Before dilute acid pretreatment (1

kg corn stover)

Dry solid residue (205 g)

Component

Enzymatic hydrolysate (1.4 L)

Hydrolysate (3.6 L)
Component

Dry pretreated solid (590 g)

Component

Hydrolysate (6.3 L)

Percentage in
weight

Component

Percentage in
weight
28%

Concentration (g/

L)

Component

Concentration (g/

L)

Percentage in
weight

Concentration (g/

L)

Component

Glucan
Xylan

165
25

Glucose

5.8
20.1

Glucose

49.2 + 0.8%

Glucan
Xylan

5.9
20.5

31.3+1.1% Glucose

Glucan
Xylan

5.4%
64%

Xylose

Xylose

6.86 + 0.91%
224+1.6

Xylose

19.6 £+ 1.4%

Lignin

4.54

Acetic acid
Furfural
Total

Lignin

4.64
1.37
4.07

Acetic acid
Furfural
Total

21.3 + 0.6%

Lignin

0.76

phenolics

phenolics
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The resulting solid fraction was washed with deionized water until
neutral, and then dried naturally until its weight reached constant
condition. The followed enzymatic hydrolysis was conducted in 0.1 M
citrate buffer (pH 4.8) maintained at 50 °C and 150 rpm for 72 h using a
250-mL shaker flask with screw cap. All the hydrolysis experiments were
performed with cellulase (Cellic CTec2, Novozymes, NA, Franklinton,
USA), 20 FPIU/g glucan with 10% solids loading. At the end of the re-
action, the hydrolysate was separated by centrifugation for the following
experiments. The resulting hemicellulose fraction of corncob produced
20.55 + 0.30 g/L xylose.

2.5. Corn stover pretreatment and hydrolysis

The corn stover used in the fermentation experiments contained
19.6 + 1.4% xylan, 31.2 + 1.1% cellulose and 21.4 + 0.6% lignin. The
pretreatment of corn stover was performed in a stainless-steel reactor
with an impeller-type mixer. 100 g corn stover was soaked with 0.77 L
0.6% H3SO4 and heated to 160 °C at 300 rpm and maintained for 30
min. The reaction mixture was filtered by suction filtration and the solid
fraction was stored at 4 °C for further analysis. For enzymatic hydrolysis
of pretreated corn stover, the pretreated solid was firstly treated with
ammonia until pH 5.0. High-solid enzymatic hydrolysis of the pretreated
solid was performed with total cellulase loading of 20 FPU/g solid at
solid loading of 30% (w/v) with a multi-step feeding at 4, 8 and 12 h,
respectively. The composition of corn stover biomass before and after
pretreatment, after detoxification and after high-solid enzymatic hy-
drolysis is given in Table 1.

2.6. Transmission electron microscopy (TEM)

About 1 mm? of medium containing cells was collected. The acetate
treatment of cells was conducted in the YPD medium with 10 g/L acetate
for seven days. Cells were fixed by PBS containing 2.5% glutaraldehyde
for at least 4 h and 1% osmium acid for 1-1.5 h. After each round of
fixation, cells were rinsed with 0.1 M phosphate for three times, 15 min
each time. The cells were then dehydrated by gradual acetone concen-
trations (50%, 70%, 90%, 100%) for 15 min each, and embedded by
three embedding solutions (absolute acetone: embedding solution = 2:1,
1:2 and absolute embedding solution, respectively) for 0.5 h, 1.5h and 2
h at 37 °C, respectively. Then, the cells were solidified at 37 °C, 45 °C
and 60 °C for 24 h and sectioned by Reichert-Jung ULTRACUT E ul-
tramicrotome (Austria), stained via the method of uranyl acetate-lead
citrate staining (Ellis, 2007), and finally analyzed by JEM 1200EX
TEM at an 80 kV of accelerating voltage. The mean thickness of cell walls
was measured using Image-Pro Plus. For each sample, at least 20 cells
with 20 different locations chosen randomly at the cell wall for each cell
were measured.

2.7. The evolutionary engineering of CCW12°F co-fermentation and
simultaneous saccharification (SSCF) of evolved CCW12°E

Wheat straw was pretreated by dry acid (He et al., 2014a, 2014b),
and the inhibitors generated during pretreatment were removed by
aerobically biodetoxification of resulting solids in a 15 L bioreactor (He
et al., 2016). The lignocellulose feedstock solid wheat straw obtained
above was mixed with 15 FPU/g DM of cellulase and was subjected to
saccharification to obtain hydrolysate in a specially designed 5-L
bioreactor with helical ribbon impeller (pH 4.8, 50 °C for 48 h)
(Zhang et al., 2010). The enzymatic hydrolysate was maintained at
98.7% (W/W) throughout the experiment (up to 72 h). The wheat straw
hydrolysate was clarified by centrifugation at 9391 rcf for 10 min.
Subsequently, it was sterilized 20 min at 115 °C, passed through filter
paper, and supplemented with mineral salt and yeast extract as previ-
ously described (Zhang et al., 2019). Then the yeast inoculum and 20 mL
treated wheat straw hydrolysate (10.0%, v/v) were simultaneously
added into shake flask and incubated at 30 °C, 200 rpm for 24 h. Samples
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Fig. 1. a-f. Comparison of CCW12°F and its control strains for fermentation performance in different pure sugar media. (a) Relative expression of CCW12 and six key
genes for ethanol metabolism in CCW12°F over WXY70 (set as 1). All differences are statistically significant (***P < 0.001; **P < 0.01; *P < 0.05). Fermentation
profiles of CCW12°F (b) and its parental strain WXY70 (c) in simulated corn stover hydrolysate within 48 h. (d) The ethanol production by strains SFA1 OF WXY74
and CCW12°E in two pure sugar media (*P < 0.05). (e-f) Fermentation profiles of SFA1°E (e) and CCW12°E (f) in medium containing mixed sugars.

were collected in 24 h intervals and analyzed by HPLC (Zhang et al.,
2010). Yeast evolution lasted four months, resulting in an evolved strain
eCCW12%E,

The transferred yeast inocula were cultured for 24 h at 30 °C, 200
rpm and used for SSCF. Pretreated, bio-detoxified wheat straw material

was added into the above mentioned 5-L bioreactor at a concentration of
30% (w/w). Subsequently, cellulase was added, and the incubation was
carried for 12 h at 50 °C, pH 4.8. Upon subsequent reduction of tem-
perature to 30 °C, the seed culture was inoculated into the bioreactor at
a concentration of 10% (v/v) for SSCF, and the incubation continued for
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Fig. 2. a-f. Fermentation profiles of WXY70 and CCW12°E in different hydrolysates. The fermentation profile of WXY70 (a) and CCW12°E (b) in corn hydrolysate,
Miscanthus hydrolysate (c-d) and corncob hydrolysate (e-f).

84 h. The solution of 5 M NaOH was added to adjust pH to 5.5. Samples flow rate of 0.4 mL/min (Zhang et al., 2019).
were taken periodically and analyzed by HPLC (Zhang et al., 2019).

3. Results and discussion
2.8. Analytical procedures

3.1. Fermentation analysis of CCW12°E in simulated corn stover
The concentrations of sugars and other compounds or metabolites in hydrolysate and different pure sugar media
samples were analyzed by HPLC (Agilent Technologies 1260 Series,
USA) equipped with a HPX-87H column (Bio-Rad, USA) (30 °C) and a We previously reported that an evolved yeast strain CE7 and its
refractive index detector (50 °C). The mobile phase was 5 mM H,SO4 ata derived engineered strain WXY53 by expressing a six-gene cluster
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Fig. 3. a-f. Fermentation profiles of WXY70 and CCW12°F in detoxication corn stover hydrolysates under aerobic conditions (a) and anaerobic conditions (b).
Fermentation profiles of WXY70 and CCW12°E in non-detoxication corn stover hydrolysates under aerobic conditions (c-d) and anaerobic conditions (e-f).

gradually increased ethanol production during a period of 12 to 48 h
(Zhang et al., 2019). A transcriptomic analysis of the above strains
revealed positive correlations between CCWI12 expression and the
ethanol production. Ccw12 plays an important role in maintaining yeast
cell wall stability, as deletion of CCW12 causes cell wall damage and
reduces cell growth (Ragni et al., 2007). We hypothesized that over-
expression of CCWI12 in an already well-performed yeast strain can

further improve fermentation in industrial settings. Strain WXY70 con-
tains two copies of the above six-gene cluster with well-established
fermentation performance (Zhang et al., 2019). Interestingly, the rela-
tive transcript level of CCW12 in WXY70 is lower than in CE7, making it
an ideal candidate to evaluate effects of CCWI2 overexpression on
improving fermentation particularly under stress conditions. Hence, we
constructed a strain CCW12°E by expressing CCW12 in WXY70 and
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tested its fermentation performance in simulated corn stover hydroly-
sate and various pure sugar media (Fig. 1). The CCW12 transcript level
in CCW12°F was found to be 2.3-fold relative to its parental strain
WXY70 (Fig. 1a).

In simulated corn stover hydrolysate, CCW12°F showed more xylose
consumption (34.16 g/L) than WXY70 (31.82 g/L) within 48 h. The
ethanol yield of strains WXY70 and CCW12°F were 0.466 and 0.503 g/g
total sugars, approximately 91% and 99% of the theoretical value (0.51
g/g total sugars), respectively (Fig. 1b-c). Consistently, deletion of
CCW12 in WXY70 decreased the yield of ethanol to 0.43 g/g total car-
bohydrates, demonstrating positive contribution of CCW12 to ethanol
production. In comparison, Shin et al. recently reported a superior
xylose-fermenting S. cerevisiae strain SR8 with an ethanol yield of 0.36
g/g total mixed sugars (Shin et al., 2019). Another engineered strain
S$S120 expressing mutated LpXI produced nearly 53.3 g/L ethanol in 72
h with an approximate yield of 0.44 g/g mixed sugars (Seike et al.,
2019). Thus we selected above two engineered strains with similar
xylose utilization pathways or fermentation sugar concentrations rela-
tive to our strain CCW12°E,

To address the underlying mechanism by which CCWI2 over-
expression improve fermentation in simulated corn stover hydrolysate,
we measured relative expression of genes involved in fermentation and
found that the expression of six key genes for the ethanol metabolism,
including the xylose transporter MGT05196, the xylitol dehydrogenase
XYL2 and the pyruvate kinase PYK1, which enhances transporter and
utilization efficiency of xylose and promotes carbon flux towards
ethanol formation, were increased moderately in CCW12°F over WXY70
(Fig. 1a). Compared with WXY70, CCW12°F reduced by-product glyc-
erol from 3.95 g/L to 3.2 g/L and increased early-phase ethanol yield
(Fig. 1b-c). Based on the above analyses, we speculated that CCW12 is
involved in cell wall stabilization, resulting in reduced cell damage
caused by inhibitors and leading to increased cell adaptability to the
fermentation environment.

We also evaluated CCW12°F fermentation in three pure sugar media
(Fig. 1d-). Isogenic strains SFA1°F and WXY74 have been previously
reported for the superior ethanol production (Zhu et al., 2020) and were
used in this study for comparison. In medium containing 50 g/L xylose
and 50 g/L glucose, the ethanol yields within 72 h for strain CCW12°F
were 73.0% and 59.3% of the theoretical one, respectively, higher than
strains SFA1°F and WXY74 (Fig. 1d). CCW12°F produced lower ethanol
production under mixed equal sugars (50 g/L xylose) compared with the
simulated corn stover hydrolysate containing 40 g/L xylose, suggesting
that high xylose concentration could impose more metabolic stress on
yeast metabolism. The ethanol yields of strains SFA1°F and CCW12°F
reached 78.0% and 79.5%, respectively, of the theoretical value within
72 h consuming mixed sugars of 100 g/L glucose and 50 g/L xylose.
Xylose utilization in CCW12°F was 94.4% compared to 91.0% in SFA1°F
(Fig. le-f). The data obtained above collectively testify the excellent
fermentation capability of CCW12°E,

3.2. Fermentation analysis of CCW12°E in different lignocellulosic
hydrolysates

Miscanthus, maize and corncobs are abundant lignocellulosic mate-
rials applied to ethanol production (Fan et al., 2013). In order to eval-
uate the fermentation activity of CCW12°F in industrial hydrolysates,
we conducted the fermentation analysis of CCW12°% and control
WXY70 in above three hydrolysates pretreated with different methods
(Fig. 2). Miscanthus and maize biomass were converted into hydrolysates
containing mixed sugars and inhibitors after steam explosion and
enzymatic hydrolysis (Zahoor et al., 2017). The ethanol yields of
CCW12°E in Miscanthus and maize hydrolysates were 0.46 and 0.45 g/g
total sugars, respectively, within 48 h. These values were higher than
those of strain WXY70 (0.42 and 0.41 g/g total sugars, respectively)
(Fig. 2a-d). Both strains used up glucose in 12 h. Xylose utilization of
CCW12°F reached 86.7% (maize hydrolysate), and 96.6% (Miscanthus
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hydrolysate) within 48 h, compared with 79.1% and 90.8% in the
control strain. Corncobs are abundant agricultural residues and have
significant potential for ethanol production due to their high cellulose
content (Fan et al., 2013). Hence, we also conducted dilute acid pre-
treatment using corncob as feedstock to obtain corresponding hydroly-
sate for fermentation. Compared to WXY70, CCW12°F achieved the
higher ethanol yield of 0.49 g/g total sugars and consumed almost all
glucose and 81.2% of xylose in the initial 12 h in the corncob hydroly-
sate (Fig. 2e-f). In comparison, a recently reported strain XUSEA co-
fermented in lignocellulosic hydrolysates produced 30.1 g/L ethanol
with a yield of 0.48 g/g total sugars in 24 h (Hoang Nguyen Tran et al.,
2020).

3.3. Fermentation of CCW12°F in undetoxified/detoxified corn stover
hydrolysates

In order to confirm that CCW12 indeed plays a role in stress resis-
tance, we assessed fermentation of CCW12°F in undetoxified vs. detox-
ified corn stover hydrolysates under both aerobic and anaerobic
conditions. Under detoxified hydrolysates without inhibitors, target
CCW12°E and its control WXY70 consumed 97.9% and 96.0% of xylose
and produced 0.31 and 0.29 g ethanol /g total sugars under aerobic
conditions, respectively (Fig. 3a). Under anaerobic conditions,
CCW12°F and WXY70 produced ethanol yield of 0.314 and 0.310 g/g
total sugars, respectively (Fig. 3b). These results showed that CCW12°F
is slightly superior to WXY70 under detoxified hydrolysates without
inhibitors during anaerobic and aerobic conditions, suggesting that
CCW12 overexpression could induce the environmental stress including
reactive oxygen species, raised temperature and osmotic stress even if no
inhibitors from corn stover hydrolysates to benefit yeast growth.

On the other hand, under aerobic conditions in same undetoxified
hydrolysate with 10 g/L acetate, CCW12°E reached a higher growth rate
and ethanol yield of 0.11 g/g total sugars than WXY70 (0.08 g/g total
sugars) within 48 h. The xylose utilization efficiency reached 26.6%,
which was significantly higher than WXY70 in the undetoxified hydro-
lysate (11.0%) (Fig. 3c-d). Similarly, CCw12°F and WXY70 produced
ethanol yield of 0.10 and 0.08 g/g total sugars in above same conditions
within 48 h under anaerobic conditions, respectively (Fig. 3e-f). Besides,
CCW12°E consumed xylose about 10.1%, which was also higher than
WXY70 (3%). In conclusion, CCW1 20F exhibited superior fermentation
performance compared with that of WXY70 in harsh hydrolysate envi-
ronments, regardless of the oxygen supply, suggesting that over-
expression of CCW12 conferred the stress resistance of the strain.

3.4. Cell morphology analysis of CCW12°F with/without acetate
treatment

In order to get insight into roles of CCW12 in the maintenance of cell
wall stability, the cell wall and internal structure of CCW12°F and
WXY70 treated with and without acetate were observed using TEM. In
the absence of acetate, both strains exhibited normal cellular structures
including intact organelles, nuclei, lipid droplets accumulation and a
thick, transparent cell wall with the average cell wall thickness of
CCW12° (193.4 nm) slightly higher than that of WXY70 (183.7 nm).
After the acetate treatment, WXY70 displayed an obvious autophagy
phenotype with thinner cell walls (109.8 nm), as well as disappearance
of plasma membrane, organelles and nuclei. In contrast, CCW1 20E
increased cell wall thickness (282.9 nm), with intact plasma membrane
and nuclear structure, and more mitochondria. These morphological
changes indicated that the cell wall of CCW12°E is more stable and
stress-resistant than that of WXY70, and hence is suitable for fermen-
tation in industrial hydrolysates. Our observations are consistent with
reports that the yeast cell wall became thicker and provided tolerance to
phenolic acid inhibitors after a short-term adaptation (Gu et al., 2019),
and that critical cell wall remodeling enzymes induce the cell wall to be
thicker and provide an osmotic stress resistance (Ene et al., 2015).
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Fig. 4. a-e. Domestication results of CCW12°F in straw detoxicated hydrolysate and SSCF profile with eCCW12°E, (a) The biomass process flow chat of the SSCF
strategy used in this study. (b) Evolutionary engineering in detoxification hydrolysate at a solid loading of 15% straw for target strain CCW12°E. (c) The growth of
CCW12°F measured by ODggo. (d) SSCF results of eCCW12°F and CCW12°F (e).
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3.5. Evolutionary engineering and SSCF in solids-loading wheat straw
hydrolysates

The observation that CCW12°F had excellent fermentation perfor-
mance in various industrial lignocellulosic hydrolysate motivated us to
further improve the adaptability of CCW12°F; therefore, evolutionary
engineering was conducted to fine-tune yeast metabolism and SSCF was
performed for fermentation verification of the obtained strain (Fig. 4a).

Lignocellulose is widely used in anaerobic fermentation to produce
ethanol and other chemicals. We obtained the evolved CCW12°E strain
eCCW12°F with improved adaptation to industrial hydrolysate via
evolutionary engineering in detoxified wheat straw hydrolysate for 84
days. At the initial stage, eCCW12°F consumed all existing glucose and
xylose, which began to be released steadily due to the hydrolysis by
cellulase. Ethanol and glycerol production remained stable and cell
density was constant at the late stage, suggesting that the strain has been
adapted to 15% solid-loading wheat straw hydrolysate (Fig. 4b-c).

Dry acid pretreatment and biological detoxification of wheat straw
were carried out before SSCF. During the pretreatment, 15 mg/g cellu-
lase was added and saccharified for 12 h at the optimal temperature of
50 °C. Glucose concentration increased during saccharification, while
the xylose concentration remained constant because most of the xylans
had been converted to xylose and oligosaccharides. Finally, glucose and
xylose concentrations reached to 80 g/L and 35 g/L, respectively
(Fig. 4d-e). Within 24 h of subsequent SSCF, eCCW12°F cells rapidly
converted original glucose into ethanol and then began to consume
cellulose hydrolyzed glucose. However, the xylose conversion rate
gradually decreased, probably because of the accumulation of in-
hibitors. Finally, the ethanol concentration reached 58.26 g/L with the
xylose conversion rate of 91.77% within 84 h (Fig. 4d). As its control
strain CCW12%, this no evolved strain produced 29.0 g/L ethanol
production within 84 h (Fig. 4e). Our experimental results indicated that
such a haploid stain eCCW12°F is proposed due to the effective adaptive
evolution strategy, which could be suitable for the industrial
application.

4. Conclusion

We constructed budding yeast strain CCW12°F in a previously re-
ported xylose utilization strain background. CCW12°E produced an
optimal ethanol yield of 0.503 g/g total sugars or 98.8% of the theo-
retical value within 48 h in simulated corn stover hydrolysate. CCW12°%
performed well in various industrial hydrolysates of maize, Miscanthus,
corncob and wheat straw, achieving the best ethanol yield of 0.49 g/g
total sugars within 12 h in corncob hydrolysate and exhibiting adapt-
ability to undetoxified hydrolysates. Phenotypic analysis of cells
revealed that CCW12°F increased inhibitor tolerance and cell wall sta-
bility, particularly with acetate treatment.
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