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Abstract: The valorization of lignocellulosic feedstocks into biofuels and biochemicals has received
much attention due to its environmental friendliness and sustainability. However, engineering an
ideal microorganism that can both produce sufficient cellulases and ferment ethanol is highly chal-
lenging. In this study, we have tested seven different genes that are involved in glycosylphosphatidyli-

check for nositol (GPI) biosynthesis and remodeling for the improvement of cellulase activity tethered on the
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ethanol yield of the ECBLCCES strain. Scaling up the valorization of pretreated sugarcane bagasses
in a 1 L bioreactor resulted in a maximum ethanol concentration of 28.0 g/L (86.5% of theoretical
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Publisher’s Note: MDP1 stays neutral The rising concern about greenhouse gas emissions and global warming, which have
with regard to jurisdictional claims in - affected the Earth in recent decades, has led to the discovery of more environmentally
published maps and institutional affil-  friendly substitutes for fossil fuels [1]. The utilization of renewable biofuels, especially
iations. second-generation biofuels derived from abundant lignocellulosic feedstocks, has great

potential in reducing greenhouse gas emissions and preventing severe environmental
impacts [2]. One of the most promising biofuels is bioethanol, which has been adopted in
the transportation sector and can guarantee the security of the energy supply in several
countries [3]. However, bioethanol produced from lignocellulosic biomasses requires a
high quantity of cellulase cocktails for efficient biomass deconstruction, which limits the
economic viability of industrial production [4]. The consolidated bioprocessing (CBP)
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efficient CBP microbes that can either produce sufficient cellulases or ferment ethanol is
highly challenging [6].

Saccharomyces cerevisiae is one of the most attractive microorganisms to be employed
in bioethanol production due to its high ethanol productivity, tolerance to industrial
conditions, well-known physiochemical properties, and established genetic manipula-
tion tools [7]. To obtain cellulolytic yeast strains, at least three kinds of cellulases—
cellobiohydrolase (CBH), endoglucanase (EG), and (3-glucosidase (BGL)—are needed [6].
Liu et al. (2017) [8] developed a cellulase-displaying strain of S. cerevisiae with the capability
of producing 0.8 g/L ethanol from 25 g/L of pretreated rice straw. Furthermore, the CBP
yeast containing five cellulase-displaying enzymes (BGL, XYN2, EG2, CBH1, and CBH?2)
was reported to produce up to 0.93 g/L ethanol from 5.0 g/L of ionic liquid-pretreated
bagasse, which corresponds to 91.2% of the theoretical ethanol yield [9]. In this sense,
the ethanol concentration from CBP is far lower than the practical yield obtained in the
industrial process. Alternatively, a simultaneous saccharification process using the cellu-
lolytic S. cerevisiae can remarkably reduce the amount of commercial cellulase additive
needed while maintaining a reasonable bioethanol yield. The co-fermentation of different
cellulase-secreting S. cerevisiae strains was able to produce approximately 14 g/L ethanol
from pretreated rice straw with the addition of 10 FPU commercial cellulase/g glucan [10].

Yeast cell surface display (YSD) is a technique in which the target enzyme is immo-
bilized onto the yeast cell surface by fusion with an anchoring protein motif [8]. YSD
confers many advantages over secretion systems in terms of improved enzyme stability,
easy enzyme separation, cell-enzyme recyclability, and proximity effects between displayed
enzymes [11,12]. Most of the anchoring protein motifs were derived from the glycosylphos-
phatidylinositol (GPI)-protein family, such as AGal (SAG1), AGA1-AGA2, SED1, and
6_KI1 [13,14]. These kinds of proteins undergo a posttranslational modification process
by attaching a conserved glycolipid GPI anchor moiety, which plays an important role in
targeting the proteins to the plasma membrane and, ultimately, to the cell wall [15]. The
GPI moiety is synthesized in the endoplasmic reticulum (ER) and serves approximately
60 distinct GPI proteins during protein synthesis in yeast cells [16]. Although the avail-
ability of the GPI moiety might be a crucial factor that controls the quantity of displayed
protein on the yeast cell surface, the effect of the overexpression of GPI biosynthesis and
remodeling proteins on the YSD capacity is still unknown.

In this study, the effect of some genes encoding GPI biosynthesis and remodeling
proteins was investigated for enhancing BGL activity on the yeast cell surface. To obtain
the potent cellulase-displaying yeast strain, three cellulases genes (CBH, EG, BGL) and
a GPI biosynthesis gene (LAS21) were introduced into a thermotolerant diploid strain of
S. cerevisige. To further improve the ethanol yield from pretreated sugarcane bagasse by the
engineered S. cerevisiae, a number of bioprocess parameters, including initial pH, tempera-
ture, yeast inoculum size, and additives, were optimized. Finally, the upscaling of cellulosic
ethanol production by the cellulase-displaying yeast was elucidated in a 1 L fermenter.
This study reports, for the first time, the effect of overexpressing genes encoding GPI
biosynthesis and remodeling proteins on the cell surface activity of BGL. The engineered
cellulase-displaying yeast could efficiently produce bioethanol from pretreated sugarcane
bagasse. Our combined strategy of bioengineering and bioprocess optimization provides a
promising way to improve the economic viability of second-generation ethanol production
and can be applied to other biochemicals from the valorization of lignocellulosic biomass.

2. Materials and Methods
2.1. Strains and Culture Conditions

S. cerevisiae INVScl (MATa his3A1 leu2 trp1-289 ura3-52/MATw his3A1 leu?2 trp1-289 ura3-
52; Invitrogen, Carlsbad, CA, USA) was used as a host for screening cellulase genes and
GPI biosynthesis and remodeling proteins. The thermotolerant diploid strain S. cerevisiae
TISTR5088 (Biodiversity Research Centre, BRC, Thailand) was used for the construction of
cellulolytic yeast. Yeast transformants were% selected on synthetic complete (SC) medium
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(0.67% w/v yeast nitrogen base without amino acids, 2% w/v glucose, and 1.5% w/v agar)
with the required amino acid drop-out supplement (Clontech, Mountain View, CA, USA).
Under the enriched conditions, all yeast strains were grown aerobically in YPD medium
(1% w/v yeast extract, 2% w/v peptone, and 2% w/v glucose) at 30 °C.

The Escherichia coli strain DH5a (Invitrogen, Carlsbad, CA, USA) was used for DNA
manipulation and plasmid propagation. A dam E. coli strain (New England Biolabs, Beverly,
MA) was employed for pML104-derived plasmids. E. coli strains were cultivated in Luria—
Bertani medium (1% w/v tryptone, 0.5% w/v yeast extract, and 1% w/v NaCl). The E. coli
transformant was selected on LB medium with 100 ug/mL ampicillin.

2.2. Plasmid and Recombinant Strain Construction

To study the effect of GPI biosynthesis- and remodeling-related proteins on cel-
lulase expression on the yeast cell surface, the co-expression vector pYES3-Ura (pY-U)
was constructed from pYES3/CT (pY) by replacing the TRP1 gene with the URA3 gene.
Then, genes encoding GPI biosynthesis- and remodeling-related proteins, including BST1
(YFL025C), CWH43 (YCRO017C), ERI1 (YPL096C-A), GPI1 (YGR216C), GUP1 (YGL084C),
LAS21 (YJL062W), and PER1 (YCR044C), were amplified by PCR. These genes were cloned
into pY-U at the BamHI/ Sacl and NotI restriction sites, resulting in intracellular expression
of the genes under the control of the GALI promoter. Then, the recombinant yeast contain-
ing the plasmid pSSsyce-PBGL1-6_KI from our previous study [14] was transformed with
pYES3-Ura harboring genes encoding GPI biosynthesis- and remodeling-related proteins.
The plasmid pSSsycz-PBGL1-6_KI consisted of the Periconia 3-glucosidase 1 (PBGL1) gene
that fused with 6_Kl at its C-terminal. A control yeast strain was constructed by introducing
the empty plasmids pY and pY-U into S. cerevisine INVScl.

For the screening of different cellulolytic enzymes that are suitable for expression on
the yeast cell surface, the plasmid pSSsycz-PBGL1-6_KI was used as a template. Cellulase-
encoding genes from Aspergillus aculeatus (AaCBHB, AaEG1, AaEG2, and AaBGL1), Cochliobo-
lus heterostrophus (ChCBH2, ChEG2, and ChBGL1), Chrysosporium lucknowense (CICBH2),
Humicola insolens (HiEG1), Penicillium decumbens (PdBGL1), Trichoderma reesei (TrCBH1,
TrCBH2, and TrEG2), Acremonium thermophilum (AtCBH1), and Thielavia terrestris (TtEG1)
were synthesized and cloned in place of the PBGL1 gene in the pSSgyc2-PBGL1-6_KI plas-
mid (Figure S1). The recombinant plasmids were then introduced into S. cerevisiae INVSc1
following the manufacturer’s instructions (Invitrogen, Carlsbad, CA, USA).

To construct the cellulase-displaying yeast, S. cerevisine TISTR5088 was used as the
host strain, and the auxotrophic marker genes (URA3, LEU2, TRP1, ADE2, and HIS3) were
disrupted by the CRISPR-Cas9 gene editing approach using the pML104 vector system,
which was a gift from Dr. John Wyrick (Addgene plasmid #67638; http:/ /n2t.net/addgene:
67638 (accessed on 10 October 2022); RRID: Addgene_67638). Gene disruption by using the
PML104 vector system was performed as described elsewhere [17]. To prepare the cellulase-
displaying gene cassette, CICBH2 and TrEG2 were fused with the 6_KIl anchoring protein
motif, while PBGL1 was fused with the 21_Sc anchoring protein motif [14]. The plasmids
pSSSUcz-PBGLl-Zl_SC, pSSSUcz-CZCBH2-6_Kl, pSSSUCQ-TFEG2-6_K1, and pY—U-LASZl were
digested by Poull and NotI to obtain the fragments SS¢2-PBGL1-21_Sc, SSqy,0-CICBH2-
6_KI, SS¢-TrEG2-6_KI1, and LAS21, respectively. Then, these fragments were subcloned
into the pASB vector at the same restriction sites. The pASB vector contains a ribosomal
integrating site for facilitating multicopy integration into the yeast genome and the GPD1
promoter for the constitutive expression of each target gene. To construct the CBP strain,
PASB derivative plasmids were digested with BsaBI and transformed into an auxotrophic
strain of S. cerevisiae TISTR5088 by electroporation, following an established protocol [18].
All primers and vectors used in this study are presented in Tables S1 and S2, respectively.

2.3. Enzyme Activity Assay on the Yeast Cell Surface

Intact yeast cells were used for the measurement of the enzyme activity on the yeast
cell surface. For BGL, the activity was determined as described in Pheinluphon et al.
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(2019) [14], using p-nitrophenyl-3-D glucopyranoside as a substrate. One unit of BGL
activity refers to the amount of enzyme that produced 1 pmol p-nitrophenol per min under
the assay conditions. The hydrolytic activity of CBH and EG on the yeast cell surface
was examined by using phosphoric acid swollen cellulose (PASC) as a substrate. PASC
was prepared from a modified protocol of Zhang et al. (2006) [19]. Five ODgqy values
of yeast cells were incubated with 1% PASC, 25 mM sodium acetate buffer (pH 5.0), and
75 mM methylglyoxal at 40 °C for 4 h. The yeast cells were then pelleted by centrifugation
at 12,396 x g for 1 min. The supernatant was collected, and the released reducing sugar
concentration was determined by the 3,5-dinitrosalicylic acid (DNS) method [20].

2.4. Determination of Gene Copy Number by Quantitative Real-Time PCR

Quantitative real-time PCR was performed using SSOFast™ EvaGreen Supermix
(Bio-Rad, Hercules, CA, USA) according to the manufacturer’s instructions. All genomic
DNA concentrations and purities were estimated using a Nanodrop ND-1000 (Thermo
Fisher Scientific, Waltham, MA, USA). The reaction contained 4 ng of genomic DNA and
0.2 uM gene-specific primers in 10 pL of supermix. The thermal cycling protocol was as
follows: initial denaturation for 3 min at 95 °C, followed by 35 cycles of 30 s at 95 °C, 30 s
at the appropriate annealing temperature of each specific primer, and 30 s at 72 °C. The
specificity of the PCR product was confirmed by melting curve analysis from 55 °C to
95 °C, with a continuous fluorescent reading at 0.5 °C increments. Tenfold serial dilutions
of the pASB-CICBH2-Leu2, pASB-TrEG2-Ura3, pASB-PBGL1-Ade2, pASB-LAS-Ade2, and
pJET-Actin plasmids were used to generate standard curves for each gene. The gene copy
number was calculated relative to that of the actin reference gene using the standard curve
method [21]. The primers used for quantitative real-time PCR are listed in Table S3.

2.5. Pretreatment of Lignocellulosic Materials

Sugarcane bagasse was obtained locally in Thailand. It was physically processed using
a cutting mill (an Ultra Centrifugal Mill SM2000) with a 0.5 cm mesh screen and sieved to
particles that were 250420 pum in size (Retsch, Haan, Germany). Lignocellulosic material
was pretreated with 1% (w/v) sodium hydroxide at 90 °C for 90 min [22]. Next, alkali-
pretreated bagasse was refined by wet milling. The pretreated sugarcane bagasse contained
57.01 £ 0.35% (w/w) cellulose, 24.46 + 0.35% (w/w) hemicelluloses and 8.25 + 0.87% (w/w)
lignin, according to the standard TAPPI method [23].

2.6. Ethanol Production from Pretreated Sugarcane Bagasse

The yeast strains were precultivated in YPD medium at 30 °C and 200 rpm for 48 h.
The cells were collected by centrifugation at 5000 g for 10 min at 4 °C and washed with
sterile distilled water. The yeast cells were inoculated into YP medium (1% w/v yeast
extract, 2% w/v peptone) containing 5% (w/v) pretreated sugarcane bagasse as the sole
carbon source in a 50 mL screw cap tube at an initial yeast concentration of 100 g cell wet
weight (CWW)/L. To study the effect of external cellulase loading, a commercial cellulase
named Cellulase C (57 FPU/mL, Siam Victory Chemicals Company Limited, Thailand) was
added at 2.5, 5, 7.5, 10, 15, and 20 FPU/g biomass into 50 mL of YP medium containing 5%
(w/v) pretreated sugarcane bagasse. The medium was incubated at 50 °C with shaking at
200 rpm for 2 h for prehydrolysis. Then, 100 g CWW /L yeast cells were inoculated. Ethanol
fermentation was carried out at 40 °C with shaking at 100 rpm for 72 h. The samples were
centrifuged at 5000 x g for 10 min at 4 °C, and the supernatant was collected.

For optimization of the ethanol fermentation by the CBP yeast strain, the effect of
initial pH in the fermentation medium was evaluated by adjusting the pH to 5.0, 5.5, 6.0,
6.5, 7.0, and 7.5 before autoclaving. The recombinant yeast strain (100 g CWW /L) was
inoculated in 10 mL of YP medium containing 5% (w/v) pretreated sugarcane bagasse and
7.5 FPU/g Cellulase C after prehydrolysis at 50 °C for 2 h. Ethanol fermentation was carried
out at 40 °C with shaking at 100 rpm for 72 h. For the effect of temperature, YP medium
containing 5% (w/v) pretreated sugarcane bagasse was prehydrolyzed with 7.5 FPU/g



Fermentation 2022, 8, 652

5o0f 14

Cellulase C for 2 h. Then, 100 g CWW /L yeast cells were inoculated, and fermentation was
performed at 34, 37, 40, or 43 °C with shaking at 100 rpm for 72 h.

Thereafter, the fermentation reaction was set up at the optimum initial pH (pH 5.0)
and optimum temperature (37 °C). To explore the effect of yeast concentration, different
yeast inoculum sizes (50, 100, 150, 200, and 250 g CWW /L) were inoculated in 10 mL of
YP medium containing 5% (w/v) pretreated sugarcane bagasse and 7.5 FPU/g Cellulase C.
The 50 mL tube was shaken at 100 rpm for 72 h. For the effect of surfactants and divalent
cations, 2% (w/v) Tween 20, 2% (w/v) Triton X-100, 5 mM ZnSOy, 5 mM MgCl,, and 5 mM
CaCl, were supplemented to the YP medium containing 5% (w/v) pretreated sugarcane
bagasse, 7.5 FPU/g Cellulase C, and 200 g CWW /L yeast cells. The fermentation was
performed at 100 rpm for 72 h. Ethanol concentrations were analyzed by high-performance
liquid chromatography (HPLC; Shimadzu prominence LC-20 series, Shimadzu, Kyoto,
Japan). All experiments were performed in triplicate.

2.7. Scale-Up of Ethanol Production in a 1 L Bioreactor

Ethanol fermentation was performed in a 1 L bioreactor (MDFT-N, B.E. Marubishi,
Pathumthani, Thailand) with a working volume of 0.5 L. YP medium containing 5 or 10%
(w/v) pretreated sugarcane bagasse was used as the fermentation medium. The initial pH
of the medium was adjusted to 5.0 using 0.5 M H,SOy. After sterilization, the fermentation
medium was supplemented with 7.5 FPU/g of Cellulase C or Cellic Ctec2 (161 FPU/mL,
Novozymes A/S, Basgsveerd, Denmark) and the additive solution containing 0.2% (w/v)
Tween 20, 0.2% (w/v) Triton X-100, and 5 mM ZnSO;. Prehydrolysis was performed at
50 °C and 350-500 rpm for 2 h. Then, ethanol fermentation was started by the inoculation
of 200 or 400 g CWW /L yeast cells. The temperature was maintained at 37 °C with an
agitation rate of 220 rpm for 96 h without any air supplement or pH control. Samples were
taken every 12 h until 96 h. The samples were centrifuged at 5000 x g for 10 min at 4 °C
and stored until further analysis. The experiments were repeated twice.

2.8. Statistical Method

The statistical analysis of the displayed BGL activity was examined using one-way
ANOVA followed by Dunnett’s multiple comparison test. Data from 10 biological replicates
were analyzed, and the control yeast strain without overexpression of enhancing genes
was used for comparison. p values < 0.05 (**) were considered statistically significant. For
the study of initial pH, temperature, yeast inoculum, and additives on ethanol production,
data from three biological replicates were applied for statistical analysis by using one-way
ANOVA. Post hoc analysis by the Fisher’s least significant test at p < 0.05 was conducted
when the significance was observed by ANOVA.

3. Results and Discussion
3.1. Effect of GPI Biosynthesis and Remodeling Proteins on the Displayed BGL Activity

To improve the performance of cellulase-displaying activity in yeast cells, seven genes
involved in GPI biosynthesis and remodeling (PER1, ERI1, CWH43, GUP1, BST1, GPI11,
and LAS21) were selected and evaluated in the PBGL1-displaying yeast strain. The overex-
pression of CWH43, GUP1, BST1, GPI1, or LAS21 increased the BGL activity on the yeast
cell surface compared to the control cells containing the empty vector (Figure 1A). The over-
expression of GPI1 and LAS21 significantly improved the displayed BGL activity by 41.1%
and 48.8%, respectively. The maximum BGL activity of 173.9 U/g CDW, corresponding
to approximately 1.5 times that of the control strain (116.9 U/g CDW), was achieved with
the yeast cells expressing LAS21. In contrast, the overexpression of PER1 or ERI1 led to a
reduction in BGL activity on the yeast cell surface.
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Figure 1. Effect of the overexpression of GPI biosynthesis- and remodeling-related proteins. (A) BGL
activity on the cell surface. (B) Diagram illustrating the GPI biosynthesis and remodeling pathway.
** indicates statistical significance at p < 0.05.

As shown in Figure 1B, the GPI1 protein participates in the first step of GPI biosynthe-
sis, while the LAS21 (GPI7) protein is a mannose-ethanolamine phosphotransferase catalyz-
ing the transfer of phosphoethanolamine to the second mannose on the GPI moiety [16].
The absence of the LAS21 gene resulted in a significant reduction in GPI biosynthesis, a
delay in the ER exit, and the trafficking of GPI-anchor proteins [24,25]. The posttranslational
modification of the attachment of the GPI moiety onto the GPI-anchored protein precursor
in the ER is essential for protein translocation to the cell surface. This GPI biosynthesis
and remodeling process occurred in 14 sequential reactions involving 25 proteins [16]. We
hypothesize that LAS21 and GPI1 proteins might be potential limiting factors for GPI-
anchored protein synthesis. Increasing the intracellular expression of these proteins may
contribute to higher levels of the GPI moiety, resulting in the enhanced expression level of
BGL that was fused with GPI-anchored proteins (6_KI). In this study, we demonstrated
for the first time that the overexpression of proteins involved in GPI biosynthesis and
remodeling processes could improve the displayed BGL activity. The combinatorial effect
of GPI1 and LAS21 overexpression should be further investigated for its synergistic effect
on the protein display capacity. In addition, the effect of GPI1 and LAS21 overexpression
might vary among the cell surface displayed proteins; therefore, the investigation of their
effects to different cellulases and other proteins should be explored in the future. As
the overexpression of LAS21 showed the highest improvement in PBGL1 activity, it was
chosen to be expressed along with the three cellulolytic enzymes on the cell surface of
cellulolytic yeast.

3.2. Selection of Cellulolytic Enzymes for Yeast Cell Surface Display

The efficient degradation of cellulosic materials into glucose requires the synergistic
action of CBH, EG, and BGL activities [26]. However, one of the major obstacles in the de-
velopment of yeast as a CBP organism is an insufficient amount of cellulase expression [27].



Fermentation 2022, 8, 652

7 of 14

Reducing sugar (g/L)

BGL activity (U/g CDW)

0.4 -

0.3

0.2

0.1

0.0

40.0

30.0

20.0

10.0

0.0

In the present study, CBH-, EG-, and BGL-encoding genes from different microbial sources
that are suitable for display on the yeast cell wall were explored. These cellulase genes were
fused with 6_KI as an anchoring protein, facilitating the incorporation of 3-glucosidase
into the yeast cell wall. Of the CBH enzymes, CICBH2 from C. lucknowense and TrCBH2
from T. reesei yielded the highest reducing sugar products from the hydrolysis of PASC at
0.33 and 0.32 g/L, respectively (Figure 2A). The display of CBH2 exhibited a higher activity
toward PASC than the display of CBH1 investigated in this study. For EG, endoglucanase 2
from T. reesei (TrEG2) yielded the highest reducing sugar products (0.86 g/L) from PASC
hydrolysis, corresponding to at least 1.5 times higher levels than other EGs (Figure 2B).
The BGL activities of 3-glucosidase from Periconia sp. (PBGL1) exhibited the highest BGL
activity at 27.9 U/g cell dry weight (CDW) (Figure 2C). The high expression level of CICBH2
compared to other CBHs is consistent with previous findings on secreted enzyme forms
in S. cerevisiae [10,28]. This can be explained by the same mRNA stability and through the
sharing of some of the secretory pathway machinery between the extracellular secretory
protein and the surface-display protein [29]. However, GPI proteins employ a specialized
cargo protein, which is different from other secretory proteins [30]. Thus, CICBH2, TrEG2,
and PBGL1 were chosen for the construction of cellulolytic yeast.
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Figure 2. Cellulolytic activity of recombinant yeast cells displaying CBH, EG, or BGL. (A) Hydrolysis
of PASC by CBH-displaying yeast strains, (B) hydrolysis of PASC by EG-displaying yeast strains, and
(C) BGL activity on the cell surface of BGL-displaying yeast strains.

3.3. Construction of Thermotolerant Yeast Strains Displaying Cellulolytic Enzymes

The recombinant cellulase-displaying yeast strain was obtained from the multiple-
round transformation of the pASB vector carrying TrEG2-6_KI, CICBH2-6_KI, PBGL1-21_Sc,
and LAS21 gene cassettes into an auxotrophic strain of a diploid thermotolerant S. cerevisiae
TISTR5088 (Figure 3). The pASB vector system allows for the multicopy integration of the
target genes into the ribosomal DNA (rDNA) site of the yeast genome. A strain, ECBLCCES,
which showed the highest ethanol-producing capability from pretreated sugarcane bagasse,
was chosen. It exhibited a 2.2-fold higher reducing sugar production from PASC hydrolysis
than its parental strain (Figure 4A). The corresponding PASC-degrading activity of the
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ECBLCCES5 reached 27.2 mU/g CDW. Furthermore, the ethanol yield by the ECBLCCES5
strain was superior to that of its parental strain under CBP conditions (no external cellulase
addition) using 5% (w/v) pretreated sugarcane bagasse as a substrate, especially after
cultivation for 48 and 72 h at 40 °C (Figure 4B). The maximum ethanol concentration of
0.75 g/L was achieved at 72 h of fermentation, equivalent to approximately a 6-fold ethanol
yield by the parental strain, and was in the same range as previous reports (0.80-0.93 g/L
ethanol from ionic-liquid bagasse or pretreated rice straw) [8,9]. However, the cellulose
composition and properties of the different biomasses greatly vary depending on the
pretreatment methods and can affect the sugar products [31]. Figure 4C shows that the
ECBLCCES strain grew slower than the parental strain on YPD medium. The previous
study suggested that the cell-surface-displaying strain might encounter metabolic burden
within the cell from various factors such as the heterologous gene source, gene dose, and
trafficking of the enzyme to the yeast cell surface [32]. However, it did not seem to affect
the ethanol yield obtained by the recombinant strain. The analysis of the gene copy number
revealed that the genome of the ECBLCCES strain contained 16 CICBH2, 9 TrEG2, 15 PBGL1,
and 2 LAS21 genes (Table S4). In this study, the rDNA integration vector was used to
construct the ECBLCCES strain. In the rDNA-mediated recombination system, the genetic
stability of the heterologous gene could be maintained when the integrated plasmid size
was not larger than the size of the chromosomal rDNA unit (9.1 kb) [33]. With the plasmid
size control strategy, a recombinant S. cerevisiae strain containing a xylanase-encoding
gene (xynHB) from Bacillus sp. integrated into the genome through the rDNA-mediated
recombination showed genetic stability for more than 1000 generations of cultivation
under non-selective conditions [34]. Therefore, all integrated fragments in this study were
designed to not exceed 9.1 kb in size for the stable maintenance of the ECBLCCE?S strain.

!UQ&

TEG2 PBGL1 TEG2 C
.. . cerevisiae aT c
S. cerevisiae STISTRS(?SS \ \» ; ( \\ > 1
TISTR5088 ? ; radircdl- N
auxotroph \ 7 ) |
uzotrophicgens CICBH2 LAS21 CICBH2 =~ ER —
disruption />
by CRISPR/Cas9 /7
(URA3. LEU2, ADE2. TRP1, HIS3) - a
Osxl ([J2sc & TEG CICBH2 PBGL1 A LAS21 (E(;%PL}(Q‘:(?;)

Figure 3. A scheme of the ECBLCCES construction.

3.4. Effect of Exogenous Cellulase on Ethanol Production from Sugarcane Bagasse

As the addition of exogenous cellulase is still necessary for efficient lignocellulose
degradation, ethanol production from pretreated bagasse was conducted with the sup-
plementation of varying commercial cellulase amounts. From the results, the ethanol
production titer increased as the addition of external cellulase increased from 2.5 FPU/g
to 20 FPU/g (Figure 4D). Compared to the wild-type strain, the ECBLCCES5 strain could
produce 4.5-30.6% more ethanol depending on the quantity of commercial cellulase added
in the fermentation reaction. The addition of 7.5 FPU /g Cellulase C into the fermentation of
5% pretreated sugarcane bagasse led to 7.91 g/L ethanol being produced by the ECBLCCE5
strain, which is equivalent to the ethanol concentration (7.94 g/L) obtained by the parental
strain with the addition of 10 FPU/g Cellulase C. This indicates that the recombinant yeast
enables up to a 25% reduction in the amount of external commercial cellulase needed,
which is a major cost of cellulosic ethanol production [35]. These results suggest that
the ECBLCCES strain exhibits a high performance in cellulolytic hydrolysis and alcoholic
fermentation from the cellulosic substrate.
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Figure 4. The characteristics of the ECBLCCES5 strain compared with those of its parental strain.
(A) PASC hydrolysis at 40 °C for 4 h, (B) direct ethanol production from pretreated sugarcane bagasse,
(C) growth rate on the YPD medium, and (D) effect of external cellulase supplementation on ethanol
production from pretreated sugarcane bagasse.

3.5. Optimization of the Pretreated Sugarcane Bagasse Valorization Process with the
ECBLCCES Strain

The pH and temperature of the culture have a significant effect on the optimal growth
and ethanol production capacity of yeast cells, as well as the cellulolytic activity [36]. To
investigate the effect of initial pH on ethanol production by the ECBLCCES strain, the
fermentation of pretreated sugarcane bagasse was performed at different initial pH values
(5.0,5.5,6.0,6.5,7.0, and 7.5). As shown in Figure 5A, the increase in the initial pH in the
fermentation medium from 5.0 to 7.5 caused a significant reduction in the ethanol product
by the ECBLCCES strain. The maximum ethanol concentration of 7.96 g/L was obtained
at pH 5.0, which is a 26.8% improvement from the non-pH adjustment condition. For
the effect of temperature, the ECBLCCES yeast strains produced comparable amounts of
ethanol from pretreated sugarcane bagasse under all tested temperatures and were not
statistically significant at p < 0.05 (Figure 5B). The maximum ethanol concentration of
7.35 g/L was obtained from the recombinant yeast strain when grown at 37 °C. At 40 and
43 °C, ethanol production titers were decreased to 6.92 g/L and 6.89 g/L, respectively.
Therefore, an initial pH of 5.0 and a temperature of 37 °C were selected for the bioethanol
production process. Similarly, the optimized pH and temperature of ethanol production by
the simultaneous saccharification and fermentation (SSF) of alkali-pretreated sugarcane
bagasse using S. cerevisiae Y-2034 or Kluyveromyces marxianus NCYC-587 were pH 5.2 and
37 °C, respectively [37]. Then, the effect of the yeast inoculum size on ethanol production
was explored, as presented in Figure 5C. After 72 h of cultivation, the inoculation with
200 g CWW /L yeast cells was able to produce the highest ethanol concentration of 8.89 g/L.
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Figure 5. The influence of bioprocess parameters on direct ethanol production from pretreated
sugarcane biomass. (A) Initial pH, (B) temperature, (C) yeast inoculum size, and (D) addition of
surfactant and trace elements. Each datapoint with different letters marked above was significantly
different (p < 0.05) according to the Fisher’s least significant difference test.

To improve the ethanol production yield by the ECBLCCES strain, the supplementa-
tion of some nonionic surfactants and divalent cations into the fermentation medium was
evaluated. As shown in Figure 5D, the addition of Tween 20, Triton X-100, and ZnSO4 en-
hanced the ethanol production capabilities of the recombinant yeast by 10.7, 35.9, and 16.0%,
respectively, compared to the control medium without any additives. The combination of
0.2% (w/v) Tween 20, 0.2% (w/v) Triton X-100, and 5 mM ZnSO, was found to significantly
increase the ethanol concentration by 40% compared to the control medium. Surfactants
such as Tween 20 and Triton X100 have been reported to enhance enzyme stability and yeast
cell viability from thermal and shear deactivation during fermentation [38,39]. Divalent
cations such as Zn?* play an important role in the activity and stability of the enzyme [40].
In the case of the displayed enzyme, the Ca®*, Mn?*, and Zn?* strongly activated the activ-
ity of Thermomyces lanuginosus lipase (TLL) immobilized onto the yeast cell surface [41]. It is
interesting to note that these triple additives may have a positive effect on either yeast cells
or displayed cellulolytic enzymes. From the results, the optimum conditions for ethanol
production by the ECBLCCES strain were obtained at an initial pH of 5.0, a temperature
of 37 °C, and 200 g CWW /L yeast inoculum, supplemented with Tween 20, Triton X-100,
and ZnSO4. However, the amount of yeast cells and additives might increase the cost of
ethanol production or affect the downstream process. Further techno-economic assessment
should be performed to obtain the feasibility of the developed process.
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3.6. Scale-Up of Cellulosic Ethanol Production in a 1 L Bioreactor under Optimized Conditions

The bioethanol production from pretreated sugarcane bagasse by the ECBLCCE5 and
TISTR5088 strains was carried out in a 1 L fermenter with 0.5 L of working volume. As
shown in Figure 6A, at 5% (w/v) pretreated sugarcane bagasse and 200 g CWW /L yeast
inoculum with 7.5 FPU/g Cellulase C, the highest ethanol concentration of 12.6 g/L (77.7%
of theoretical yield) was achieved with the ECBLCCES after 96 h of cultivation. The ethanol
yield from the cellulolytic strain was improved by up to 5% compared to its wild-type strain.
Then, ethanol production was conducted with 10% (w/v) pretreated sugarcane bagasse
and 400 g CWW /L yeast cell inoculum with 7.5 FPU/g Cellulase C or Ctec2 (Figure 6B).
It was found that an increase in substrate loading and the yeast inoculum concentration
led to an increase in the ethanol concentration. Ethanol concentrations of 17.9 g/L (55.2%
of the theoretical yield) and 15.5 g/L (48.0% of the theoretical yield) were obtained with
ECBLCCES5 and TISTR5088 at the 96 h fermentation time point, respectively. Interestingly,
when Cellulase C was replaced with another commercial cellulase named Ctec2 at the same
enzyme dose, a high level of ethanol product, up to 28.0 g/L (86.5% of the theoretical yield),
was obtained with the ECBLCCES strain, while the wild-type strain produced up to 19.6 g/L
ethanol (60.5% of the theoretical yield). By comparing cellulase activity per FPU, Ctec2
had 8.6 times higher BGL activity than Cellulase C (Table S5), which might help to reduce
strong cellulase inhibition by cellobiose [42]. Ctec2 also contains a lytic polysaccharide
monooxygenase that acts as a key auxiliary enzyme in lignocellulose degradation [43].
Overall, this led to the enhanced ethanol yield achieved by using this enzyme.
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Figure 6. Scale-up of simultaneous saccharification and fermentation by the ECBLCCES5 strain in a

1 L bioreactor. (A) 5% (w/v) pretreated sugarcane bagasse with 7.5 FPU/g Cellulase C, (B) 10% (w/v)
pretreated sugarcane bagasse with 7.5 FPU /g Cellulase C or Ctec2.

A comparison of previous reports for ethanol production from lignocellulosic biomass
is presented in Table 1. Compared to the SSF process, the ethanol concentration obtained
by CBP is quite low for industrial complementation. In contrast, the SSF processes using
cellulolytic yeast strains apparently employed less exogenous cellulase loading to help
destroy the cellulosic biomass structure compared to the conventional SSF process [44].
Lee et al. (2017) [10] constructed a yeast consortium with a secretion of cellulases and
obtained 14 g/L or 79% theoretical yield of ethanol from 5% (w/v) pretreated rice straw.
More recently, Inokuma et al. (2020) [45] optimized the anchorage position of cellulases on
the yeast cell wall, which resulted in 8 g/L ethanol from 10% (w/v) pretreated rice straw
with a small amount of commercial cellulases used (0.4 FPU/g biomass). In this study, the
ethanol concentration of 28 g/L from 10% (w/v) pretreated sugarcane bagasse was higher
than that in previous reports and promises the industrial application of second-generation
ethanol from lignocellulosic biomasses. The utilization of the diploid thermotolerant
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S. cerevisiae facilitates the ethanol production at high temperatures, which can save energy
and reduce microbial contamination during the fermentation process [46]. The cellulolytic
yeast cells could also be reutilized to reduce the yeast preparation cost [47]. Furthermore,
the remaining xylose from the lignocellulose valorization can be transformed into more
valuable biochemicals such as xylitol [48].

Table 1. Comparison of ethanol production from cellulosic biomasses by different processes and
engineering strategies of S. cerevisiae.

. Substrate . . Ethanol
Process I;“zg:::;ie;;f Substrate Loading Cel(l:l(:ll;‘ slgirg:i]in Eih;‘]il)()l Fg/hag?;n?;lg Theoretical References
: (%w!v) 8 & 8 Yield (%)
SSF Noncellulolytic Sugarcane 10.0 100 U/g Celluclast 49 0.05 ; [44]
agasse 15L
CBP Ceg}‘é%g““ Rice straw 25 No addition 0.80 0.03 - [8]
Cellulolytic Sugarcane -
CBP (YSD) bagasse 0.5 No addition 0.93 0.19 91.2 [9]
SSF Cellulolytic Rice straw 50 100 FPU/g of 14.0 0.28 79.0 [10]
(Secretion) Tec-mix
SSF Cel(l\‘(‘é‘]’;g’“c Rice straw 10.0 0.4 FPU/g of CTec2 8.0 0.08 33.0 [45]
Cellulolytic Sugarcane .
SSF (YSD) bagasse 10.0 7.5 FPU/g of CTec2 28.0 0.28 86.5 This study

4. Conclusions

We report, for the first time, the enhancement of cell surface display technology by the
overexpression of LAS21 and GPI1. By combining the engineering of cellulase-displaying
yeast with the optimization of the bioprocess parameters, a 28.0 g/L (86.5% theoretical yield)
ethanol concentration from pretreated sugarcane bagasse was achieved by the ECBLCCES
strain using alkali-pretreated sugarcane bagasse as a substrate, which was a relatively high
ethanol concentration compared to previous studies. The recombinant cellulolytic yeast
strain and optimized bioprocessing conditions obtained in this study promise the efficient
production of ethanol or other biobased chemicals from lignocellulosic biomass.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/fermentation8110652/s1, Figure S1: Feature maps of the plasmids
PSSsuc2-PBGL1-6_KI1 (A), pYES3-Ura (B), and pASB (C) series; Table S1: List of primers used in
this study; Table S2: Recombinant vectors used in this study; Table S3: Primers for real-time PCR-
based determination of the gene copy number; Table S4: Determination of the gene copy number in
S. cerevisine ECBLCCEDS; Table S5: Enzyme activity profile of commercial cellulase.
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