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The unfolded protein response (UPR) is one of the most important protein quality control
mechanisms in cells. At least, three factors are predicted to activate the UPR in yeast cells
during fermentation. Using UPRE-lacZ as a reporter, we constructed two indicator strains, KZ
and WZ, based on Angel-derived K-a and W303-1A strains, respectively, and investigated
their UPR response to tunicamycin, ethanol, and acetic acid. Then, four strains carrying
plasmids BG-cwp2 and BG were obtained to realize the displaying and secretion of f-
glucosidase, respectively. The results of cellobiose utilization assays indicated interactions
between the UPR and the metabolic burden between the strain source, anchoring moiety,
oxygen supply, and cellobiose concentration. Meanwhile, as expected, growth (ODgqo), -
glucosidase, and p-galactosidase activities were shown to have a positive inter-relationship, in
which the values of the KZ-derived strains were far lower than those of the WZ-derived strains.
Additionally, extra metabolic burden by displaying over secreting was also much more serious
in strain KZ than in strain WZ. The maximum ethanol titer of the four strains (KZ (BG-cwp?2), KZ
(BG), WZ (BG-cwp?2), and WZ (BG)) in oxygen-limited 10% cellobiose fermentation was 3.173,
5.307, 5.495, and 5.486% (v/v), respectively, and the acetic acid titer ranged from 0.038 to
0.060% (v/v). The corresponding maximum values of the ratio of -galactosidase activity to
that of the control were 3.30, 5.29, 6.45, and 8.72, respectively. Under aerobic conditions with
2% cellobiose, those values were 3.79, 4.97, 6.99, and 7.67, respectively. A comparison of the
results implied that B-glucosidase expression durably induced the UPR, and the effect of
ethanol and acetic acid depended on the titer produced. Further study is necessary to identify
ethanol- or acid-specific target gene expression. Taken together, our results indicated that the
host strain W303-1A is a better secretory protein producer, and the first step to modify strain
K-a for cellulosic ethanol fermentation would be to relieve the bottleneck of UPR capacity. The
results of the present study will help to identify candidate host strains and optimize expression
and fermentation by quantifying UPR induction.

Keywords: recombinant yeast, UPRE-/acZ, -glucosidase, displaying and secreting, cellobiose, ethanol and acid,
UPR response, metabolic burden
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1 INTRODUCTION

Saccharomyces cerevisiae is one of the most widely used cell
factories and is utilized in biotechnological processes including
the production of heterologous proteins, biofuels, and chemicals
of medical or industrial interest (Jouhten et al., 2016; Lian et al.,
2018; Thak et al., 2020). In synthetic biology and metabolic
engineering applications, yeast not only faces many kinds of
stress, such as osmotic, heat, inhibitor, and nutrient starvation
stress, but also endures a metabolic burden resulting from the
heterologous production of enzymes to broaden the yeast’s
substrate or product range (Mattanovich et al, 2004; Wu
et al.,, 2016; Brandt et al., 2021).

Protein synthesis, folding, and processing are tightly
controlled and are sensitive to perturbation of endoplasmic
reticulum (ER) homeostasis in all organisms. The unfolded
protein response (UPR) is a conserved intracellular signaling
pathway that regulates the transcription of ER homoeostasis-
related genes (Dallbey et al., 2009; Young and Robinson, 2014). S.
cerevisiae is a major model for studying UPR mechanisms.
Research has focused on protein quality control pathways and
mechanisms using endogenous or exogenous protein expression
in yeast (Dallbey et al., 2009; Young and Robinson, 2014; Cedras
et al,, 2019; Sun and Brodsky, 2019). However, in recent years,
other factors have been reported to induce the UPR (Navarro-
Tapia et al., 2016; Kawazoe et al., 2017; Navarro-Tapia et al,,
2018). Ethanol stress has been shown to alter membrane fluidity,
which then activates the UPR; thus, ethanol tolerance might be
improved by enhancing the UPR (Navarro-Tapia et al., 2016;
Navarro-Tapia et al, 2018). Acetic acid has also been
demonstrated to cause ER stress and lead to UPR (Kawazoe
et al., 2017).

In fact, the UPR is so important that it is increasingly
becoming a limiting factor in the exploitation of vyeast.
Quantification of UPR induction and modulation of the UPR
and ER-Associated Degradation (ERAD) activity is increasingly
applied in yeast synthetic biology and metabolic engineering
(Cedras et al., 2019; Thak et al., 2020). However, current
knowledge about the UPR pathway and its mechanism in
yeast is inadequate, especially the regulatory role of the UPR
underlying stress adaptation, the metabolic burden, and their
mutual interaction.

In the bio-energy field, although S. cerevisiae is the preferred
microorganism in various biofuel production configurations, its
application in second-generation (2G) fermentation involving
lignocellulose conversion remains challenging (Lian et al., 2018;
Brandt et al., 2021). One of the key difficulties is the low titer of
cellulase expression, which is reported to possibly be limited by
the UPR or ERAD or both (Davison et al., 2020). Furthermore,
because ethanol and acetic acid are constantly present, either as a
target in the bio-energy field or as the main by-product in other
application fields (Navarro-Tapia et al, 2016; Kawazoe et al.,
2017; Navarro-Tapia et al., 2018), the role of ethanol and acetic
acid and their mutual interaction with other activators in the UPR
are also important.

B-Glucosidase is an essential and key component in
lignocellulose bio-conversion and is also an important
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enzyme in medicine and industry (Bhatia et al., 2002;
Wang et al., 2013; Ding et al., 2018). The expression of B-
glucosidase in yeast leads to enzyme production or the
production of whole cell biocatalysts for cellulosic ethanol
fermentation (Wang et al., 2013; Ding et al., 2018; Cedras
et al.,, 2019; Davison et al., 2020). The haploid strain K-a is
derived from the diploid industrial yeast strain TH-AADY
(Angel Yeast Co., Ltd., Yichang, China) and has been proven
to have good ethanol fermentative performance and stress
resistance. Thus, in this study, the enzyme BGLI (f-
glucosidase) from Aspergillus aculeatus was selected as a
reporter protein to investigate the effects on the UPR of
genetically different host strains (industrial K-a and a laboratory
strain W303-1A), heterologous enzyme expression, displaying or
secreting mode, and fermentation conditions. Then, the unfolded
protein response element (UPRE)-lacZ was used as a reporter gene
to evaluate the UPR (Amberg and Huo, 2009; Dallbey et al., 2009).
In the present study, the UPRE was a hybrid promoter and
contained a 22-base pair sequences, which allows Haclp (a
UPR-associated transcription factor) binding to activate the
UPR (Dallbey et al., 2009). Assays to measure P-galactosidase
activity were performed to determine the UPR induction levels
(Amberg and Huo, 2009). In addition, 2 and 10% cellobiose were
used to observe the possible effects from metabolic products,
including ethanol and acetic acid. The relative expression of
several key target genes was further investigated. The results of
this study are expected to assist in identifying candidate host strains
and for optimizing the expression mode and fermentation
condition by quantifying UPR induction.

2 MATERIALS AND METHODS

2.1 Strains, Plasmids, Media, and Growth

Conditions

The microbial strains and plasmids used in this study are listed in
Table 1 (Wangetal., 2013; Ding et al., 2018; Lu et al., 2019; Zhang
et al,, 2020). Escherichia coli Topl0 was used for recombinant
DNA manipulation. Recombinant plasmids were constructed
and amplified in ToplO cultivated at 37°C in a Luria-Bertani
liquid medium or on Luria-Bertani agar (1% tryptone, 1% NaCl
and 0.5% yeast extract, pH7.0). Ampicillin was used at a final
concentration of 100 g/L. WZ, that was W303-1A (leu 2:UPRE-
lacZ) (Zhang et al., 2020), was constructed by integrating the
donor DNA fragment UPRE-lacZ into gene leu 2 site with the
CRISPR-Cas9 method (Lu et al., 2019). The haploid yeast strain
K-a, obtained by the sporulation of the commercial Angel yeast
strain TH-AADY (diploid, Alcohol active dry yeast, Angel Yeast
Co., Ltd., Yichang, China, http://www.angelyeast.com) and then
counter selection on a 5'-FOA plate, was used as the host to
express exogenous cellulases (Lu et al., 2019; Zou et al.,, 2021).
Yeast strains were generally cultivated at 30°C in rich YPD or YPC
medium (1% yeast extract, 2% peptone, 2% glucose or cellobiose),
or basal CMG or CMC medium (6.7 g/L yeast nitrogen base
without amino acids, 20 g/L glucose or cellobiose, and the
appropriate amino acid and nucleic acid supplements) (Wang
et al., 2013).
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TABLE 1 | Microbial strains, plasmids, and primers used in this study.

Strains/plasmids/

Essential properties

UPR During Yeast Cellobiose Utilization

Source or reference

primers
Escherichia coli Top10 F~ mcrA (mrr-hsd RMS-mcrBC)80 lacZM15 lacX74 recA1 ara139 (ara-leu)7,697 galU galK rpsL (StrR) endA1  Inour lab
nupG
S. cerevisiae MATa ade? trp1 his3 can1 ura3 leu2 In our lab
W303-1A
Wz WB303-1A (leu 2:: UPRE-lacZ) In our lab
WZ (YEplac195) Strain WZ containing plasmid YEplac195 In our lab
K-a MATa uraS, derivative from the diploid industrial yeast strains TH-AADY (Angel Yeast, Yichang, China) In our lab
K-a (YCplac33-Cas9) Strain K-a containing plasmid YCplac33-Cas9 In our lab
WZ (BG) Strain WZ containing plasmid YEplac195-Ptpi-xyn2s-Aa BGL1-Tadhl In this study
WZ (BG-cwp?2) Strain WZ containing plasmid YEplac195-Ptpi-xyn2s-Aa BGL1-cwp2-Tadhl In this study
Kz K-a (leu 2::UPRE-lacZ) In this study
KZ (YEplac195) Strain KZ containing plasmid YEplac195 In this study
KZ (BG) KZ containing plasmid YEplac195-Ptpi-xyn2s-Aa BGL1- Tadhl In this study
KZ (BG-cwp?2) KZ containing plasmid YEplac195-Ptpi-xyn2s-Aa BGL1- cwp2-Tadhl In this study
YCplac33-Cas9 Amp", URA 3, Cas 9, 5,603 bp (shown in Figure 1 and Supplementary Material Data Sheet 2) In our lab
pRS42H-gRNA Amp’, hph NT1 crRNA In our lab
pRS42H-gLEU2 Amp', hph NT1, crRNA, 20 bp guide for LEU 2 gene (shown in Figure 1 and Supplementary Material Data In our lab
Sheet 1)
YEplac195 Amp’, URA3 In our lab
BG YEplac195-Ptpi-xyn2s-Aa BGL1-Tadhl, p-glucosidase secreting expressing vector In our lab Wang et al. (2013)
BG-cwp2 YEplac195-Ptpi-xyn2s-Aa BGL1-cwp2-Tadhl, - glucosidase displaying expressing vector, containing 207 bp  In our lab Ding et al. (2018)
cwp?2 sequence encoding an anchored peptide to display the expressed -glucosidase on the cell surface
Primer P1 5" CACAATTTGCTAAAGGTACT 3’ Donor DNA synthesis
Primer P2 5" CTTGTGATTCTTTGCACTTC 3’
Primer P3 5" TGACCAAGTTCGTAAATCTA 3’ Transformant identifying
Primer P4 5" CCATCTCCACAATAGGCATA 3’
HAC1-F 5'CTTTGTCGCCCAAGAGTATGCGS' Product size 532/280 bp
HAC1-R 5'GTGATGAAGAAATCATTCAATTCAAATGE!
ACT1-F 5'CAAACCGCTGCTCAATCTTC3! Product size 150 bp
ACT1-R 5'AGTTTGGTCAATACCGGCAG3'
IRE1-F 5'’AAGGCATCCGTTGTTTTGGC3! Product size 128 bp
IRE1-R 5'’AGTCAGAACCGGCGTCAAAT 3’
INO1-F 5'’AGAGATTGCTCCTTCCACGA 3’ Product size 164 bp
INO1-R 5'ACTTGGTTTGTCCCGACTTG 3’
ERO1-F 5'TGAAGGAGGCAGGCAAATCG 3’ Product size 150 bp
ERO1-R 5'TACCGTTAGAGGGCCTTGGA &'
HLJ1-F 5'ATTTGGGCCTTCTGCTTCCA 3’ Product size 127 bp
HLJ1-R 5'TGCTTGTTGTTGCTGCTGTC 3’
LHS1-F 5'GCTCGTCAGGAGTTGCGTAT 3’ Product size 149 bp
LHS1-R 5'AGTAAAAGCCAAACGGCTGC 3’
MPD1-F 5'CCCCCAATGAGGGTCCTTTT 3’ Product size 109 bp
MPD1-R 5'TCGTCGTGCTTGTTTCCTGA 3’
KAR1-F 5’ATTCCACCAGCACCAAGAGG 3’ product size 85 bp
KAR1-R 5'CTGTGGCAGACACCTTCAGA 3’

2.2 DNA Manipulation, Plasmid

Construction, and Yeast Transformation
Standard molecular genetic techniques were used for nucleic acid
manipulations (Sambrook and Russell, 2001). The primers and
plasmids used were listed in Figure 1, Table 1, and
Supplementary Material.

The procedure to construct an indicating strain K-a (leu 2:
UPRE-lacZ), also abbreviated as KZ, was shown as follows: 1) The
primer pair P1/P2 was used to amplify 3,721 bp donor DNA
fragment UPRE-lacZ by PCR with the genomic DNA of strain
WZ as the template; 2) The aforementioned donor DNA and
guide plasmid pRS42H-gLEU2 (Table 1) were co-transformed
into the competent cells of strain K-a (YCplac33-Cas9) by the
lithium acetate method (Gietz et al., 1995), and the screening

plate used was CMG "V with hygromycin B at the final

concentration of 450 pg/mL; 3) The colonies grown on the
aforementioned plates were copied to the plate YPD with
tunicamycin and X-Gal (5-bromo-4-chloro-3-indolyl-beta-D-
galacto-pyranoside). The blue colonies were further identified
by PCR with genomic DNA as the template and the primers used
were P3 and P4, which were all external to P1 and P2,
respectively. The PCR products were predicted to be 4,327 and
795 bp for positive and negative colonies, respectively.

Plasmids YEplac195, BG, and BG-cwp2 (Table 1) were also
transformed into the competent cells of the strains WZ and KZ by
the lithium acetate method (Gietz et al., 1995). URA3 was used as
a selective marker and yeast transformants were screened in a
CMG solid medium absent of uracil.
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TEF1 promoter”
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FIGURE 1 | Schematic illustration of plasmids. (A) YCplac33-Cas9; (B) pRS42H-gLEU2.
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2.3 Growth and UPR Response Evaluation
of Indicating Strains WZ and KZ in YPD With

Different Additives

After being pre-cultivated twice in the YPD medium for 16-20 h at
30°C, the recombinant yeast indicator strains were grown aerobically
to ODggp = 2.0 + 0.1 in a fresh YPD medium with the initial ODgqq
value ~0.2 at 30°C and 220 rpm. 50 ml of the resultant cultures were
aliquoted into 250 ml shake flasks, mixed with different reagents,
sealed with Parafilm films and then continued to grow at 30°C and
150 rpm. These cultures were sampled at regular time points for
growth and UPR response analysis.

Growth analysis was generally conducted by detecting the
optical density of the culture at 600 nm (ODggp). UPR response
analysis was carried out by B-galactosidase activity assay (Amberg
and Huo, 2009). Protein content was measured with the Bradford
protein assay kit according to the instruction book (Tiangen
Biotech (Beijing) Co., Ltd.). One unit of activity (U) was defined
as the amount of enzymes required to release 1nmol of O-
nitrophenol per minute under the assay condition.

2.4 Growth, p-Glucosidase and Ethanol
Production, and UPR Response Evaluation
of p-Glucosidase-Expressing Strains in

Cellobiose

After being pre-cultivated in the CMG medium for 24 h, the
recombinant yeast B-glucosidase-expressing strains were grown
aerobically in a fresh medium for 24 h at 30°C. The resultant cells
were collected by centrifugation, and these were washed twice
with distilled water and then inoculated into 250 ml shake flasks
containing 50 ml of rich media containing 2% or 10% cellobiose.
The initial optical density at 600 nm (ODyg0) of the medium was
adjusted to 0.2. These cultures were allowed to grow aerobically at
30°C with shaking at 220 rpm, or anaerobically by sealing with
Parafilm films at 30 C with shaking at 150 rpm. Samples were
collected at regular time points for growth, B-glucosidase or/and
B-galactosidase activity, sugar, and product analyses.

Growth and P-galactosidase activity analyses were carried out
as aforementioned. If needed, the cell dry weight was further
measured according to the reported method (Ding et al., 2013). B-
Glucosidase activity was evaluated by using p-nitrophenyl- B-
D-gluco-pyranoside (pNPG) as described previously (Wang et al.,
2013). The supernatant and cells of the resultant cultures were
separated by centrifugation before the cells were washed twice
with distilled water and finally re-suspended in distilled water.
The supernatant and the re-suspended cells were tested for
activity. Then the total activity and the ratio of extracellular
activity to total activity were calculated.

Sugar and product analysis was carried out by HPLC (Waters
Alliance 2695) with RI-detection after the separation on a guard
column (Cation-H Refill Cartridges) and an Aminex HPX-87H
column (Bio-Rad), using 4 mM H,SO, as the mobile phase with a
flow rate of 0.6 ml/min at 40°C.

2.5 RNA Extraction, Reverse Transcription,

and PCR and qPCR Methods

The broth for RNA extraction was sampled and stored at —80°C as
soon as possible. Then, the total RNA was extracted with a
TIANDZ Column Fungal RNAout Kit (Beijing TIANDZ Gene
Technology Co., Ltd.) according to the manufacturer’s
instructions. Absorbance value determination, integrity
analysis, reverse transcription reaction, and DNA pollution
detection were all carried out according to the methods
previously reported in our laboratory (Li et al., 2020).

The primers used for PCR and qPCR are described in Table 1.
The product of the reverse transcription reaction was used for the
amplification of the bands belonging to active/inactive HACI
(HACI1' and HACI1", respectively) with the pair of HAC1 primers
(Table 1) (Kawazoe et al., 2017). Reactions were subjected to 30
PCR cycles of 95°C for 30's, 54°C for 30 s and 72°C for 60 s. The
PCR products were resolved on a 1.5% (w/v) agarose gel.

qPCR was carried out by using LightCycler 480 II and its
corresponding software (Roche, Switzer-land) and ROCHE
LightCycler@ 480 SYBR Green I Master and referring to the
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manual for specific operation steps. A total volume of 20 ul and
25 ng nucleic acid templates were used and the nucleic acid
RNA extraction or cDNA from RNA
extraction. The gPCR conditions were as follows: 95°C for
5min, 40 cycles of 95°C for 20, 55°C for 20s, and 72°C for
20s. The constitutive reference gene ACT1 and the 22T
method was utilized to normalize the amount of mRNA and
obtain the relative expression level of the targeted genes. Each
data point was referred to the control strain samples. The results
represent the average and standard deviation of three
independent biological replicates. Specially, all evaluating and
analyzing experiments in aforementioned sections were repeated
at least three times with consistent results.

source was the

3 RESULTS

3.1 Amplification of the Donor DNA
Fragment and Construction of
Recombinant Indicating Strains and

B-Glucosidase-Expressing Strains

In our previous work, we constructed the indicator strain W303-
1A (leu 2::UPRE-lacZ, abbreviated as WZ) (Zhang et al., 2020)
(Figure 1; Table 1), using the clustered regularly interspaced
short palindromic repeats (CRISPR)-CRISPR associated protein
nine (Cas9) method, with UPRE-lacZ as a reporter gene.
Specifically, UPRE contains a 22bp DNA sequence, 5'-
GGAACTGGACAGCGTG TCGAAA-3', and a 250 bp
upstream sequence before the initial codon of the CYClgene
(Cox et al., 1993; Dallbey et al., 2009); and has LacZ, a commonly
used reporter (Cox et al., 1993). The 20 bp guide DNA sequence
selected was 5 TATTTACTTTGGTAAGAGAA 3/,
corresponding to 423-442 nt of the LEU2 open reading frame
(OREF), according to the design principle of the CRISPR-Cas9
method (DiCarlo et al., 2013). The PAM site sequence AGG,
corresponding to 443-445 nt of the LEU2 ORF, was deleted and
replaced by a UPRE-lacZ fragment in the genome of strain WZ.
The resultant strain was selected by plating onto yeast potato
dextrose (YPD) agar plates with tunicamycin and X-Gal.
Tunicamycin induced the UPR, leading to the expression of
lacZ, which enzyme catalyzes the substrate X-Gal to produce
blue colonies. This phenotype indicated the existence and
function of UPRE-lacZ fragment in cells.

In addition, we isolated and obtained the haploid strain K-a,
derived from the diploid industrial yeast strain TH-AADY (Angel
Yeast Co., Ltd., Yichang, China), and further proved that the
CRISPR-Cas9 method was feasible in this strain (Lu et al., 2019).
To conveniently design a guide sequence and integration site,
auxotroph marker-encoding genes were sequenced, and the
results proved that strain K-a contained the same DNA
sequence of the LEU2 ORF as that of the strain W303-1A.
Therefore, the same strategy was carried out to construct the
indicator strain KZ (Figure 1; Table 1; Section 2.2).

Furthermore, B-glucosidase-expressing strains were obtained
by transforming B-glucosidase- Expressing plasmids BG and BG-
cwp2 into strains WZ and KZ, respectively. As a control, the

UPR During Yeast Cellobiose Utilization

plasmid YEplac195 was also transformed. The results of the effect
of secreting or displaying 3-glucosidase using plasmids BG or BG-
cwp2, respectively, has been reported previously (Wang et al,
2013; Ding et al., 2018).

3.2 Growth and UPR of Indicator Strains WZ
and KZ in the Presence of Tunicamycin,
Ethanol, and Acetic Acid

In YPD, no significant growth difference between the indicator
strains and their host strains were observed (data not shown).
Previous reports suggested that ethanol and acetic acid might
induce a UPR during the fermentation process of cellobiose or
lignocellulosic hydrolysates by the constructed p-glucosidase-
expressing strains (Navarro-Tapia et al., 2016; Kawazoe et al,
2017; Navarro-Tapia et al., 2018; Cedras et al., 2019). Therefore,
in the present study, ethanol and acetic acid, as well as
tunicamycin as a control, were first selected to investigate the
UPR in the indicator strains KZ and WZ. The growth data
(Figures 2A,B) indicated that while the maximum ODggo
value of KZ-1 was significantly lower than that of WZ-1,
different additives inhibited growth by variable degrees. Acetic
acid induced the highest growth inhibition and tunicamycin
induced the lowest. In addition, the growth of strain KZ was
inhibited to a lower extent than that of strain WZ, which implied
that strain KZ has higher ethanol and acetic acid tolerance
compared to strain WZ, which is in agreement with previous
observations of the parental strains K-a and W303-1A (data
unpublished).

The B-galactosidase activity data (Figure 2C) indicated that
the UPR varied greatly according to the strains and additives, but
did not seem to be related to growth. From high to low values, the
[B-galactosidase activity in the two strains in the presence of the
additives was: tunicamycin > 8% ethanol (v/v) >5% ethanol (v/v)
+ 0.1% acetic acid (v/v) > 0.3% acetic acid (v/v). The ratio values
of the latter two additives were 5.07-3.42 and 1.10-1.49 for strain
KZ, and 1.99-2.57 and 1.46-2.15 for strain WZ, respectively.
Thus, acetic acid showed only a slight activating effect.

In strain KZ, the -galactosidase activity increased rapidly,
peaked at about 2 h, and then decreased quickly. By contrast, the
enzyme activity in strain WZ increased slowly and peaked at 16 h.

Taken together, these results demonstrated obvious
differences in the rate and degree of the UPR between the
strains. As a control, the [-galactosidase activity values of
strain KZ and WZ in YPD were (10.65 + 0.61)-(12.06 + 0.59)
and (22.2 + 1.09)-(24.1 + 1.35) U/mg protein, respectively.

3.3 Aerobic Growth, f-Glucosidase
Production, and the UPR of
B-Glucosidase-Expressing Strains in 2%
Cellobiose

The catalytic activity of B-glucosidase toward cellobiose allows
recombinant strains that express [-glucosidase to utilize
cellobiose directly for growth and ethanol production. Here,
2% cellobiose medium, YPC, was first selected, and the aerobic
growth, B-glucosidase, and [P-galactosidase production of the
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recombinant strains were determined (Figure 3). As expected, the
growth rates of strain WZ (BG-cwp2) and WZ (BG) were similar
(Ding et al., 2018); however, the growth of strains KZ (BG-cwp2)
and KZ (BG) differed (Figure 3A). Their ODgq, values at 48 h,
which were close to the maximum during the whole period, were
30.23 + 1.08 WZ (BG-cwp2), 32.15 + 1.41 WZ (BG), 17.00 + 0.65
KZ (BG-cwp2), and 26.40 + 1.14 KZ (BG), respectively.
Growth in the YPC medium depends on p-glucosidase
production; therefore, the growth rate reflects the p-
glucosidase production. Figure 3B shows that the total (-
glucosidase activities of strains KZ (BG-cwp2) and KZ (BG)
were also far lower than those of WZ (BG-cwp2) and WZ
(BG), and their maximum activities were 0.035 + 0.002 KZ
(BG-cwp2), 0.047 + 0.003 KZ (BG), 0.147 + 0.008 WZ (BG-
cwp2), and 0.323 £ 0.021 WZ (BG) U/ml/ODgg. Interestingly,
the ratios of B-glucosidase activity of KZ (BG) to that of KZ (BG-
cwp2) and WZ (BG) to that of WZ (BG-cwp2), were relatively
stable. The differences in the ratios of extracellular activity
between strains KZ (BG) and WZ (BG), or between KZ (BG-
cwp2) and WZ (BG-cwp2), were also not significant, at (39.08 +

2.15) %—(49.82 + 2.11) % and (3.55 + 0.21) %—(8.00 + 0.37) %,
respectively (Figure 3C).

Furthermore, the B-galactosidase activities of the four strains
correlated positively with their corresponding p-glucosidase
values; however, the relationship was not linear (Figures
3B,D). All the p-galactosidase values of strain KZ-based
samples were much lower than those of strain WZ-based
samples (Figure 3D). However, when the activity data were
expressed as ratios to that of the control, and their difference
was not significant (Figure 3E). The maximum ratio values of
strain KZ (BG-cwp2), KZ (BG), WZ (BG-cwp2), and WZ (BG)
were 3.79, 4.97, 6.99, and 7.67, respectively. This clearly showed
that plasmid BG led to higher P-galactosidase as well as -
glucosidase activities than plasmid BG-cwp2 in both hosts. In
addition, plasmid BG allowed the cells to reach the maximum
value of B-galactosidase activity more quickly than did plasmid
BG-cwp2.

HPLC analysis revealed that ethanol and acetic acid were
produced, with maximum titers of 5.38-6.09 g/L and <0.302 g/L,
respectively. According to the results from Section 3.2, we
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suspected that ethanol or acetic acid did not contribute to the
UPR, because their concentrations in the fermentation culture
were too low.

3.4 Oxygen-Limited Growth, p-Glucosidase
and Ethanol Production, and the UPR of
B-Glucosidase-Expressing Strains in 10%
Cellobiose

Oxygen conditions greatly influences enzyme expression levels,
cell growth, and fermentation performance. In addition, a high
sugar concentration will lead to a high production of ethanol and
other by-products. To observe the possible mutual interaction of
UPR activation with exogenous gene expression, ethanol, and
other by-products, we evaluated oxygen-limited growth, p-
glucosidase activity, ethanol production, and [-galactosidase

activity of the recombinant strains in media containing 10%
cellobiose. The results are summarized in Figure 4, which
indicated a significant effect of the strain source and
displaying or secreting expression mode of the exogenous gene.

First, the results showed that strains WZ (BG-cwp2) and WZ
(BG) could quickly produce sufficient p-glucosidase to utilize high
cellobiose for growth and fermentation into ethanol and acetic acid
(Figures 4A-C). In fact, the initial cellobiose concentration in media
was measured by HPLC to be 93.3 + 0.9 g/L. Strain WZ (BG-cwp2)
and WZ (BG) exhausted cellobiose during 48-60 h and 24-36 h,
respectively (Figure 4F). The maximum ethanol titer and yield
reached 45.98 + 2.31 g/L (5.495 + 0.276%, v/v) and 91.7% (at 72 h) in
WZ (BG-cwp2), and 4591 + 1.96 g/L (5.486 + 0.234%, v/v) (72 h)
and 91.5% in WZ (BG) (expressed as a percentage of the theoretical
yield) (Figure 4C). At the same time, acetic acid was produced and
reached the highest level of 0.631 g/L or 0.058% (v/v) in WZ (BG-
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cwp2), and 0.651g/L or 0.060% (v/v) at 60h in WZ (BG)
(Figure 4C).

By contrast, the results showed that strains KZ (BG-cwp2) and
KZ (BG) utilized cellobiose but grew slowly (Figures 4A-C,F),
possibly because of insufficient enzyme supply (Figure 4B). In
detail, their maximum values of ODgq reached 24.30 + 1.34 in KZ

+

(BG-cwp2) and 28.30 1.32 in KZ (BG) at 84 and 72h,
respectively (Figure 4A). The cellobiose, ethanol, and acetic
acid concentrations of strain KZ (BG-cwp2) at 84h were
23.96 £ 1.67, 26.55 + 1.26, and 0.415 + 0.008 g/L, respectively.
Those of strain KZ (BG) at 84 h were 3.21 +0.28,44.41 + 2.16, and
0.460 + 0.021 g/L, respectively (Figures 4C,F).
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In our experience, a higher cellobiose content resulted in a
higher B-glucosidase production level. In fact, the maximum
values of total B-glucosidase activity from the four strains, KZ
(BG-cwp2), KZ (BG), WZ (BG-cwp2), and WZ (BG), were
0.075 £ 0.007, 0.123 + 0.006, 0.275 + 0.015, and 0.460 *
0.036 U/ml/ODgqp, respectively (Figure 4B). Compared with
those in 2% cellobiose media (Figure 3B), the maximum
values increased by 2.14, 2.62, 1.87, and 1.42 times in 10%
cellobiose media in the four strains, respectively (Figure 4B).

In 10% cellobiose, there was also a positive, but not linear,
relationship between the p-glucosidase and [-galactosidase
activities (Figures 4B,D,E). Similar to that in 2% cellobiose, the -
galactosidase values from strain KZ-based samples were lower than
those of strain WZ-based samples (Figures 4D,E). The maximal ratio
values of B-galactosidase activity of strain KZ (BG-cwp2), KZ (BG),
WZ (BG-cwp2), and WZ (BG) became 3.30, 5.29, 6.45, and 8.72,
respectively (Figure 4E). Therefore, the results suggested that
anaerobic fermentation with 10% cellobiose increased the
difference in [-galactosidase activity levels between strains KZ
(BG-cwp2) and KZ (BG), or WZ (BG -cwp2) and WZ (BG).
Additionally, strain WZ (BG) reached the maximum value of -
galactosidase activity the most quickly in both 2 and 10% cellobiose,
at 24 and 48 h, respectively, after which, the values decreased.

The times taken by the three strains, WZ (BG), WZ (BG-
cwp2), and KZ (BG) to produce >5% (v/v) ethanol, which is equal
to 41.85 g/L ethanol, were 36, 48, and 84 h, respectively. At those
times, the ethanol titers in the three strains were 5.07, 5.18, and
5.31% (v/v), respectively, and the acetic acid titers were 0.515,
0.540, and 0.460 g/L, corresponding to 0.047, 0.050, and 0.042%
(v/v), respectively. Such ethanol and acetic acid titers were close
to those of the group treated with 5% (v/v) ethanol +0.1% (v/v)
acetic acid in Section 3.2 (Figure 2) and would probably make a
contribution to UPR signaling. It would be a challenge to
determine the effect of ethanol or acetic acid on the UPR,
because their titers varied with the course of fermentation,
especially when the UPR had been induced by other factors,
for example, exogenous protein expression.

3.5 Quantitative PCR of UPR Target Genes
and HAC1 mRNA Analysis

UPRE contains a 22 bp cis-acting element, that is, necessary and
sufficient for the induction of the yeast KAR2 (BiP) gene in
response to unfolded proteins (Dallbey et al., 2009). In fact,
UPRE-lacZ has often been used in UPR studies as a reporter
gene (Dallbey et al., 2009; Navarro-Tapia et al., 2018). It has also
been proven to respond to tunicamycin, ethanol, or acetic acid
(Figure 2), in addition to p-glucosidase production (Figure 3).
Therefore, it could provide a direct and quantitative comparison
of UPR signaling from different inducers.

To investigate the effect and mechanism on the UPR of the
abovementioned inducers, it is necessary to carry out molecular
detection. The canonical UPR pathway genes in yeast cells
include those encoding an ER membrane sensor, Irelp, a
transcription factor, Haclp, and Kar2p. When activated by the
accumulation of aberrant folded proteins in the ER, Irelp
catalyzes the splicing of HACI to activate hundreds of genes

UPR During Yeast Cellobiose Utilization

that restore the normal ER function. Kar2p acts as a chaperone to
mediate protein folding in the ER and regulates the UPR via
interaction with Irelp (Dallbey et al., 2009). While no protein de-
naturation has been described at 6% or 8% ethanol, ethanol was
reported to activate INOI gene expression and further enhance
the UPR by membrane fluidification (Navarro-Tapia et al., 2016;
Navarro-Tapia et al., 2018). INOI encodes an essential enzyme
for inositol biosynthesis and is activated to restore lipid levels
(Navarro-Tapia et al., 2018). Acetic acid was demonstrated to
lead to the accumulation of misfolded proteins in the ER and the
activation of Irelp and Haclp (Kawazoe et al., 2017). Therefore,
in the present study, HACI mRNA splicing and the expression of
eight genes (Table 1) were analyzed by RNA extraction from the
samples stored at —80°C in Sections 3.2-3.4 experiments. An
additional four genes involved in protein folding, EROI, LHSI,
HLJj1, and MPDI were assessed (Dallbey et al., 2009; Navarro-
Tapia et al., 2018). The results are shown in Figure 5.

As expected, spliced HACI mRNA was shown to accumulate
by varying degrees, which correlated positively with the
corresponding [-galactosidase values (Figures 2C, 4D, 5A,B).
In fact, the spliced HACI mRNA accumulation in the samples of
strains WZ and KZ with 0.3% (v/v) acetic acid or 5% ethanol
+0.1% acetic acid (v/v) was slight (Figure 5A and data not
shown). This result was different from a previous report
(Kawazoe et al., 2017). We hypothesized that the main causes
were the differences in the strains, medium, and the initial ODg,
value when exposed to stress. A similar phenomenon was also
observed for strain KZ in the fermentation broth, especially in the
presence of 2% cellobiose (data not shown).

The results in Figures 5C-F demonstrated the characteristic
responses to the different inducers, which generally agreed with
changes observed in previous articles (Navarro-Tapia et al., 2016;
Kawazoe et al., 2017; Navarro-Tapia et al., 2018). The existence of
ethanol led to INOI to be among the most activated genes. The
expression of KAR2 was relatively high and constant, as expected;
however, IREI only showed a slightly upregulated expression. In
addition, the response of LHSI appeared to be specific for acetic
acid and had a higher expression level than the other genes
(Figures 5C,D).

The results in Figures 5G-H indicated that the expression
levels of INOI and KAR2 were significantly activated and
upregulated in cells in the fermentation broth with 10%
cellobiose. The times to obtain the highest level of INOI
expression were 36 and 48 h for strains WZ (BG) and WZ
(BG-cwp2), respectively, and the corresponding ethanol titers
were 5.07, and 5.18% (v/v), respectively (Figure 4). Comparing all
of the data under 10% cellobiose (Figures 4, 5) with those under
2% cellobiose (Figures 2, 3), allowed us to hypothesize that
ethanol also contributes to UPR signaling over a certain titer
range. For acetic acid, the data did not reveal its effect in the UPR
in the fermentation broth, possibly because its titer was too low.

4 DISCUSSION

Although there has been a lot of research on protein quality
control mechanisms and secretory recombinant protein
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production in yeast (Orlean and Menon, 2007; Pittet and
Conzelmann, 2007; Dallbey et al., 2009; Young and Robinson,
2014; Bao et al,, 2017; Cedras et al., 2019; Sun and Brodsky, 2019;
Davison et al., 2020; Thak et al., 2020), this study provides the first
evaluation and direct comparison of the UPR during cellobiose
utilization of recombinant haploid yeast derived from Angel and
W303-1A strains expressing P-glucosidase under the same
conditions. On the basis of quantifying UPR induction, we
attempted to analyze all possible factors that contribute to

UPR signaling in a specific fermentation system, and further
investigated the interconnectedness and mutual influence on
UPR among the inducers.

Although S. cerevisiae is reported to naturally have a relatively
low secretory pathway capacity (Bao et al., 2017), there is still a
significant difference in secretion capacity between different
strains (Davison et al., 2020), which should be evaluated and
exploited. Angel Yeast is widely used in large-scale industrial bio-
ethanol production in China and is also among the world-famous
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industrial yeast brands (http://www.angelyeast.com) (Zou et al.,
2021), being an ideal candidate for lignocellulose conversion.
However, Angel Yeast TH-AADY-derived haploid strains were
repeatedly found to have much lower cellulase enzyme activity
compared to the host strain W303-1A (Wang et al., 2013; Hong
et al,, 2014; Ding et al., 2018; Zou et al., 2021).

Therefore, one aim of this study was determining why the
cellulase activity produced by Angel-derived strains is low, how it
relates to UPR induction, and whether the UPR capacity is a
limiting factor. The results of growth and UPR response
evaluations of strains KZ and WZ in tunicamycin, ethanol,
and acetic acid proved that strain KZ has a stronger resistance
to those additives, and could more quickly activate and then
inactivate the UPR (Figure 2C). By contrast, the results in 2% and
10% cellobiose both showed poorer B-glucosidase production and
lower UPR signaling in KZ-based strains than in WZ-based
strains, which led to a slower growth and a lower maximum
ODgqo value (Figures 3, 4). The observed positive correlation
between the two enzyme activities possibly implied a low
processing capacity of the secretory pathway in the parental
strain K-a, which implied a low threshold to activate the UPR
to degrade unfolding proteins.

The second aim of this study was to observe how the displaying
and secreting pattern of heterologous protein expression influenced
the UPR and further determine if there is a relationship between the
UPR and the metabolic burden, which has been reported to be an
extra by displaying over secreting (Ding et al, 2018). Cellobiose
cannot be transported into yeast, thus its utilization depends on the
production of secreted enzymes; however, we observed a non-linear
relationship between enzyme expression and biomass synthesis and/
or product formation based on substrate utilization. The maximum
value of B-glucosidase activity in WZ (BG) cells was 2.20 and
1.68 times the level of WZ (BG-cwp2) cells in 2% and 10%
cellobiose, respectively (Figures 3B, 4B). However, their growth
and fermentation rates were very similar (Figures 3A, 4A,C).
Herein, the metabolic burden induced by B-glucosidase displaying
over secreting seems to be low for the WZ-based strains. By contrast,
while the maximum values of B-glucosidase activity in KZ (BG) cells
were 1.35 and 1.64 times the level of KZ (BG-cwp2) cells in 2 and
10% cellobiose, respectively (Figures 3B, 4B). There was a marked
difference in their growth and fermentation rates (Figures 3A,
4A,C), which demonstrated the existence of a significant
metabolic burden, as reported previously (Ding et al., 2018).

Unexpectedly, only strains KZ (BG) and KZ (BG-cwp2)
showed that the [-galactosidase activity was essentially
proportional to the [B-glucosidase activity, or were at least
positively correlated. In other words, the UPR seems to have
no direct relation to displaying or secreting, regardless of the
oxygen supply or cellobiose concentration. However, this was not
the case for strains WZ (BG) and WZ (BG-cwp2). Compared to
the difference in B-glucosidase activity between strains WZ (BG-
cwp2) and WZ (BG), the B-galactosidase activity of strain WZ
(BG-cwp2) was similar to that of strain WZ (BG), and seemed to
be abnormally high (Figures 3D,E, 4D,E).

It is necessary to first analyze which factors induce UPR
signaling. According to previous reports (Dallbey et al., 2009;
Young and Robinson, 2014; Navarro-Tapia et al., 2016; Kawazoe

UPR During Yeast Cellobiose Utilization

et al,, 2017; Navarro-Tapia et al,, 2018; Cedras et al., 2019; Sun
and Brodsky, 2019), it was speculated that there are at least three
factors that activate the UPR in the cellobiose utilization system
in this study, heterologous p-glucosidase expression, ethanol, and
acetic acid production. However, only the combination of mild
acetic acid stress (0.1% acetic acid) and mild ethanol stress (5%
ethanol) was reported to induce the UPR, whereas neither mild
ethanol stress nor mild acetic acid stress individually activated the
UPR (Kawazoe et al., 2017). 6 or 8 % ethanol was observed to
activate UPR but did not de-nature proteins (Navarro-Tapia
et al,, 2018). By contrast, a minimal ethanol titer of 4%-5%
v/vis required to render distillation economically viable; however,
ethanol concentrations in lignocellulose fermentations struggle to
reach these concentrations (Brandt et al., 2021). Therefore, in this
study, oxygen-limited 10% cellobiose fermentation was designed
and >5% v/v maximum ethanol titers were obtained at the later
stage of fermentation (Figure 4C).

In such a system, the switch from p-glucosidase expression to
substrate utilization, and then biomass synthesis and by-product
production, is supposed to influence the dynamics of the UPR. To
detect the mRNA levels of both the UPR central components and
UPR target genes, would help to reveal UPR inducers and
response dynamics. Comparisons of the curves of enzyme
activity, growth, substrate, and products in 2 and 10%
cellobiose (Figures 3, 4), and the relative expression level of
different genes (Figure 5), made it reasonable to conclude that the
constitutive heterologous expression would result in a durable
UPR induction, and ethanol or acetic acid activation depends on
the titer produced. In 10% cellobiose fermentation, the ethanol
titer was up to 5% (v/v) and could induce high expression of the
specific target gene INOI and should lead to UPR signaling.
Regrettably, detection and analysis still could not differentiate
and quantify the contribution of ethanol to UPR signaling in such
a complex fermentation system. Such an analysis requires multi-
faceted investigations.

An important issue is how and why the display and secretion
pattern of B-glucosidase expression influenced UPR activation,
especially in strain WZ cells. Undoubtedly, the key step is
glycosylphosphatidylinositol ~ (GPI) anchor addition, an
essential maturation process of secretory proteins in the ER,
which is also the first step to distinguish displaying from
secreting of secretory proteins (Orlean and Menon, 2007;
Pittet and Conzelmann, 2007). GPI lipids are synthesized in
the ER and added onto proteins by a pathway comprising 12
steps, carried out by 23 gene products, 19 of which are essential
(Pittet and Conzelmann, 2007). Thus, GPI anchoring of cell-
surface proteins is the most complex and metabolically expensive
lipid post-translational modification described to date (Orlean
and Menon, 2007).

Consequently, the growth defect observed in this study was
expected and was also similar to that reported previously (Ding
etal., 2018; Brandt et al., 2021). The phenomenon that the defect
was more serious in strain KZ (BG-cwp2) cells than that in strain
WZ (BG-cwp2) cells supported the speculation that the growth
defect stems from a combination of relatively low activity on
cellobiose and the metabolic burden imposed by enzyme
expression. In addition, anchoring moieties contribute to the
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growth difference of the cell-surface-display-expressing strains
under both aerobic and anaerobic conditions (Ding et al., 2018).

The results of the present study allowed us to cautiously
speculate that the GPI anchoring process by an anchored
peptide-encoding sequence (cwp2) in plasmid BG-cwp2 would
bring about two results: 1) An increased expression of
endogenous anchoring-related genes inside cells, which would
boost UPR induction and make the resultant signal comparable to
that during the secretion of B-glucosidase; 2) extra material and
energy consumption, which would lead to biosynthesis stress and
this lagged behind p-glucosidase expression in cells and cellobiose
hydrolysis. Both of these pathways imposed a metabolic burden.

The maximum values of the ratio of -galactosidase activity in
aerobic 2% cellobiose culture were 3.79, 4.97, 6.99, and 7.67 for
the four strains KZ (BG-cwp2), KZ (BG), WZ (BG-cwp2), and
WZ (BG), respectively; whereas, those values in anaerobic 10%
cellobiose culture changed to 3.30, 5.29, 6.45, and 8.72,
respectively. Although [-glucosidase activity by all strains
increased under anaerobic 10% cellobiose (Figure 5), it was
still apparent that the difference in the ratio of -galactosidase
activity between strains KZ (BG-cwp2) and KZ (BG), and WZ
(BG-cwp2) and WZ (BG), increased. One reason behind this
might be attributed to biomass synthesis. The biomass yield
(expressed as g of dry cell weight (DCW) /g sugar consumed)
in anaerobic 10% cellobiose was determined to be only from one-
third to one-fifth of the value under aerobic 2% cellobiose
conditions (data not shown). This would greatly alleviate the
aforementioned biosynthesis stress from GPI anchoring and also
decrease UPR induction in KZ (BG-cwp2) or WZ (BG-
cwp2) cells.

Therefore, the results of the present study indicated a mutual
interaction of the UPR response and the metabolic burden that
varied according to the host strain, protein expression level,
displaying or secreting mode, and fermentation conditions.
Undoubtedly, the host strain had the most significant effect.
Here, the comparison of W303-1A- and K-a-derived strain
demonstrated the relationship between secretory recombinant
protein production and the UPR and metabolic burden. Low B-
glucosidase production from KZ-derived strains should result in
UPR and/or ERAD induction (Davison et al., 2020), and in turn, a
low induction signal reflects a limited ER processing capacity in
cells. Expensive displaying exacerbates the metabolic burden
resulting from insufficient or slow enzymes and glucose
substrate supply. By contrast, host strain W303-1A confers on
its derived strains excellent enzyme productivity and secretory
pathway capacity, and a subtle difference in the metabolic burden
of displaying over secretion.

A key challenge for bioengineering or synthetic biology is to
balance different traits for a specific application. It is apparent that
strain W303-1A is more suitable for use as a host to produce
secretory recombinant proteins than strain K-a. When it is
necessary to express heterologous genes in strain K-a, to broaden
its substrate range to take full advantage of its industrial traits for
ethanol production, it will be necessary to first enhance the UPR and
ERAD activity and modulate its secretory pathway capacity. In fact,
recently, much progress has been made in strain K-a modification
based on the results of this study in our laboratory.

UPR During Yeast Cellobiose Utilization

In summary, this study illustrates the differences in
resistance to ethanol or acetic acid and the UPR between
indicator strains KZ and WZ. The results of cellobiose
utilization assays demonstrated the interaction of the UPR
and the metabolic burden according to the strain source,
anchoring moiety, oxygen supply, and cellobiose
concentration. The ODgy values and B-glucosidase and (-
galactosidase activities were shown to correlate positively with
each other; however, these values in the KZ-derived strains
were far lower than those in the WZ-derived strains under the
conditions tested. Meanwhile, the metabolic burden induced
by displaying over secreting was also much more serious in
strain KZ than in strain WZ. Comparisons of the results under
two different conditions implied that B-glucosidase expression
would provide a durable inducing effect on the UPR, whereas,
the effect of ethanol and acetic acid depends on the titer
produced, and could be identified by detecting the
expression levels of key specifically targeted genes. The
results indicated that host strain W303-1A is a better
secretory protein producer. Moreover, the first step to
modify strain K-a for cellulosic ethanol fermentation would
to break the bottleneck of the UPR capacity.

DATA AVAILABILITY STATEMENT

The original contributions presented in this study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

AUTHOR CONTRIBUTIONS

SZ, Y], KZ, and JH performed experiments. JH, QH, and RB
joined to write the manuscript and conceived the study. MZ
coordinated the project.

FUNDING

This study was supported by the Tianjin Key Technology R&D
Program (No. 18 YFZCNCO01240), National Natural Science
Foundation of China (No. 31470208), and National Key R&D
Program of China (2019YFA0905600).

ACKNOWLEDGMENTS

The English writing was refined by Professor Weihui Wu at the
College of Life Sciences, Nankai University, China.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fbioe.2022.837720/
full#supplementary-material

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

March 2022 | Volume 10 | Article 837720


https://www.frontiersin.org/articles/10.3389/fbioe.2022.837720/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2022.837720/full#supplementary-material
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Zou et al.

REFERENCES

Amberg, D. C,, and Huo, K. K. (2009). Experimental Guidelines on Yeast Genetic
Methods. 2nd edition. Beijing: Science Press.

Bao, J., Huang, M., Petranovic, D., and Nielsen, J. (2017). Moderate Expression of
SEC16 Increases Protein Secretion by Saccharomyces C. Appl. Environ.
Microbiol. 83, e03400-16. doi:10.1128/AEM.03400-16

Bhatia, Y., Mishra, S., and Bisaria, V. S. (2002). Microbial -Glucosidases: Cloning,
Properties, and Applications. Crit. Rev. Biotechnol. 22, 375-407. doi:10.1080/
07388550290789568

Brandt, B. A,, Jansen, T., Volschenk, H., Gorgens, J. F., Van Zyl, W. H,, and Den
Haan, R. (2021). Stress Modulation as a Means to Improve Yeasts for
Lignocellulose Bioconversion. Appl. Microbiol. Biotechnol. 105, 4899-4918.
doi:10.1007/500253-021-11383-y

Cedras, G., Kroukamp, H., Van Zyl, W. H., and Den Haan, R. (2019). The In Vivo
Detection and Measurement of the Unfolded Protein Response in Recombinant
Cellulase Producing Saccharomyces Cerevisiae Strains. Biotechnol. Appl.
Biochem. 67, 82-94. doi:10.1002/bab.1819

Cox, J. S., Shamu, C. E., and Walter, P. (1993). Transcriptional Induction of Genes
Encoding Endoplasmic  Reticulum Resident Proteins Requires a
Transmembrane Protein Kinase. Cell 73, 1197-1206. doi:10.1016/0092-
8674(93)90648-A

Dallbey, R. E., Heijne, G. von., Wan, P., and Zhang, Y. Q. (2009). Protein Targeting,
Transport and Translocation. Beijing: Science Press.

Davison, S. A., den Haan, R., and van Zyl, W. H. (2020). Exploiting Strain Diversity
and Rational Engineering Strategies to Enhance Recombinant Cellulase
Secretion by Saccharomyces Cerevisiae. Appl. Microbiol. Biotechnol. 104,
5163-5184. doi:10.1007/s00253-020-10602-2

DiCarlo, J. E., Norville, J. E., Mali, P., Rios, X., Aach, J., and Church, G. M. (2013).
Genome Engineering in Saccharomyces Cerevisiae Using CRISPR-Cas Systems.
Nucleic Acids Res. 41, 4336-4343. doi:10.1093/nar/gkt135

Ding, J., Liang, G., Zhang, K., Hong, J., Zou, S., Lu, H., et al. (2018). Extra Metabolic
burden by Displaying over Secreting: Growth, Fermentation and Enzymatic
Activity in Cellobiose of Recombinant Yeast Expressing (B-Glucosidase.
Bioresour. Technol. 254, 107-114. doi:10.1016/j.biortech.2017.12.030

Ding, W.-T., Zhang, G.-C., and Liu, J.-J. (2013). 3’ Truncation of the GPD1
Promoter in Saccharomyces Cerevisiae for Improved Ethanol Yield and
Productivity. Appl. Environ. Microbiol. 79, 3273-3281. doi:10.1128/AEM.
03319-12

Gietz, R. D, Schiestl, R. H., Willems, A. R, and Woods, R. A. (1995). Studies on the
Transformation of Intact Yeast Cells by the LiAc/SS-DNA/PEG Procedure.
Yeast 11, 355-360. doi:10.1002/yea.320110408

Hong, J., Yang, H., Zhang, K., Liu, C., Zou, S., and Zhang, M. (2014). Development
of a Cellulolytic Saccharomyces Cerevisiae Strain with Enhanced
Cellobiohydrolase Activity. World J. Microbiol. Biotechnol. 30, 2985-2993.
doi:10.1007/s11274-014-1726-9

Jouhten, P., Boruta, T., Andrejev, S., Pereira, F., Rocha, L, and Patil, K. R. (2016).
Yeast Metabolic Chassis Designs for Diverse Biotechnological Products. Sci.
Rep. 6, 29694. doi:10.1038/srep29694

Kawazoe, N., Kimata, Y., and Izawa, S. (2017). Acetic Acid Causes
Endoplasmic Reticulum Stress and Induces the Unfolded Protein
Response in Saccharomyces Cerevisiae. Front. Microbiol. 8, 1192. doi:10.
3389/fmicb.2017.01192

Li, J. M., Zhang, X. M., and Guo, J. H. (2020). Preliminary Optimization of
RNA Extraction from Whole Course Cultures of a cAMP-Producing Yeast
Strain. Food Ferment. Industries 46 (24), 1-8. d0i:10.13995/j.cnki.11-1802/
ts.024409

Lian, J., Mishra, S., and Zhao, H. (2018). Recent Advances in Metabolic
Engineering of Saccharomyces Cerevisiae: New Tools and Their
Applications. Metab. Eng. 50, 85-108. doi:10.1016/j.ymben.2018.04.011

UPR During Yeast Cellobiose Utilization

Lu, H. Y, Li, J. M,, Sun, S. F., Zhang, X. M., Ding, J. J., and Zou, S. L. (2019).
Construction of an Auxotrophic Mutant from an Industrial Saccharomyces
Cerevisiae Strain by CRISPR-Cas9 System. Chin. J. Biotechnol. 39, 67-74.
doi:10.13523/j.cb.20191008

Mattanovich, D., Gasser, B., Hohenblum, H., and Sauer, M. (2004). Stress in
Recombinant Protein Producing Yeasts. J. Biotechnol. 113, 121-135. doi:10.
1016/j.jbiotec.2004.04.035

Navarro-Tapia, E., Nana, R. K., Querol, A., and Pérez-Torrado, R. (2016). Ethanol
Cellular Defense Induce Unfolded Protein Response in Yeast. Front. Microbiol.
7, 1-12. doi:10.3389/fmicb.2016.00189

Navarro-Tapia, E., Querol, A., and Pérez-Torrado, R. (2018). Membrane
Fluidification by Ethanol Stress Activates Unfolded Protein Response in
Yeasts. Microb. Biotechnol. 11, 465-475. d0i:10.1111/1751-7915.13032

Orlean, P., and Menon, A. K. (2007). Thematic Review Series: Lipid
Posttranslational Modifications. GPI Anchoring of Protein in Yeast and
Mammalian Cells, or: How We Learned to Stop Worrying and Love
Glycophospholipids. J. Lipid Res. 48, 993-1011. doi:10.1194/jlr.R700002-
JLR200

Pittet, M., and Conzelmann, A. (2007). Biosynthesis and Function of GPI Proteins
in the Yeast Saccharomyces C. Biochim. Biophys. Acta (Bba) - Mol. Cel Biol.
Lipids 1771, 405-420. doi:10.1016/j.bbalip.2006.05.015

Sambrook, J., and Russell, D. W. (2001). Molecular Cloning: A Laboratory Manual.
3rd edn. New York: Cold Spring Harbor Laboratory, Cold Spring Harbor.

Sun, Z., and Brodsky, J. L. (2019). Protein Quality Control in the Secretory
Pathway. J.Cell Biol. 218, 3171-3187. doi:10.1083/jcb.201906047

Thak, E.J., Yoo, S. J., Moon, H. Y., and Kang, H. A. (2020). Yeast Synthetic Biology
for Designed Cell Factories Producing Secretory Recombinant Proteins. FEMS
Yeast Res. 20, foaa009. doi:10.1093/femsyr/foaa009

Wang, G, Liu, C., Hong, J., Ma, Y., Zhang, K., Huang, X,, et al. (2013). Comparison
of Process Configurations for Ethanol Production from Acid- and Alkali-
Pretreated Corncob by Saccharomyces C Strains with and without (-
Glucosidase Expression. Bioresour. Technol. 142, 154-161. doi:10.1016/j.
biortech.2013.05.033

Young, C. L., and Robinson, A. S. (2014). Protein Folding and Secretion:
Mechanistic Insights Advancing Recombinant Protein Production in S. C.
Curr. Opin. Biotechnol. 30, 168-177. d0i:10.1016/j.copbio.2014.06.018

Zhang, X. M., Guo, J. H,, Hong, J. E,, Lu, H. Y., Ding, J. ], Zou, S. L, et al. (2020).
Evaluation of UPR Response in Yeast by Using UPRE-Lac Z as a Reporter Gene.
Chin. ]. Biotechnol. 40, 1-9. doi:10.13523/j.cb.2006036

Zou, S., Sun, S., Zhang, X, Li, J., Guo, J., Hong, J., et al. (2021). Repetitive &-
Integration of a Cellulase-Encoding Gene into the Chromosome of an
Industrial Angel Yeast-Derived Strain by URA 3 Recycling. Biotechnol. Appl.
Biochem. 68, 953-963. doi:10.1002/bab.1984

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zou, Jia, He, Zhang, Ban, Hong and Zhang. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

March 2022 | Volume 10 | Article 837720


https://doi.org/10.1128/AEM.03400-16
https://doi.org/10.1080/07388550290789568
https://doi.org/10.1080/07388550290789568
https://doi.org/10.1007/s00253-021-11383-y
https://doi.org/10.1002/bab.1819
https://doi.org/10.1016/0092-8674(93)90648-A
https://doi.org/10.1016/0092-8674(93)90648-A
https://doi.org/10.1007/s00253-020-10602-2
https://doi.org/10.1093/nar/gkt135
https://doi.org/10.1016/j.biortech.2017.12.030
https://doi.org/10.1128/AEM.03319-12
https://doi.org/10.1128/AEM.03319-12
https://doi.org/10.1002/yea.320110408
https://doi.org/10.1007/s11274-014-1726-9
https://doi.org/10.1038/srep29694
https://doi.org/10.3389/fmicb.2017.01192
https://doi.org/10.3389/fmicb.2017.01192
https://doi.org/10.13995/j.cnki.11-1802/ts.024409
https://doi.org/10.13995/j.cnki.11-1802/ts.024409
https://doi.org/10.1016/j.ymben.2018.04.011
https://doi.org/10.13523/j.cb.20191008
https://doi.org/10.1016/j.jbiotec.2004.04.035
https://doi.org/10.1016/j.jbiotec.2004.04.035
https://doi.org/10.3389/fmicb.2016.00189
https://doi.org/10.1111/1751-7915.13032
https://doi.org/10.1194/jlr.R700002-JLR200
https://doi.org/10.1194/jlr.R700002-JLR200
https://doi.org/10.1016/j.bbalip.2006.05.015
https://doi.org/10.1083/jcb.201906047
https://doi.org/10.1093/femsyr/foaa009
https://doi.org/10.1016/j.biortech.2013.05.033
https://doi.org/10.1016/j.biortech.2013.05.033
https://doi.org/10.1016/j.copbio.2014.06.018
https://doi.org/10.13523/j.cb.2006036
https://doi.org/10.1002/bab.1984
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Comparison of the Unfolded Protein Response in Cellobiose Utilization of Recombinant Angel- and W303-1A-Derived Yeast Expre ...
	1 Introduction
	2 Materials and Methods
	2.1 Strains, Plasmids, Media, and Growth Conditions
	2.2 DNA Manipulation, Plasmid Construction, and Yeast Transformation
	2.3 Growth and UPR Response Evaluation of Indicating Strains WZ and KZ in YPD With Different Additives
	2.4 Growth, β-Glucosidase and Ethanol Production, and UPR Response Evaluation of β-Glucosidase-Expressing Strains in Cellobiose
	2.5 RNA Extraction, Reverse Transcription, and PCR and qPCR Methods

	3 Results
	3.1 Amplification of the Donor DNA Fragment and Construction of Recombinant Indicating Strains and β-Glucosidase-Expressing ...
	3.2 Growth and UPR of Indicator Strains WZ and KZ in the Presence of Tunicamycin, Ethanol, and Acetic Acid
	3.3 Aerobic Growth, β-Glucosidase Production, and the UPR of β-Glucosidase-Expressing Strains in 2% Cellobiose
	3.4 Oxygen-Limited Growth, β-Glucosidase and Ethanol Production, and the UPR of β-Glucosidase-Expressing Strains in 10% Cel ...
	3.5 Quantitative PCR of UPR Target Genes and HAC1 mRNA Analysis

	4 Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


