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Abstract

The use of plant biomass for biofuel production will require efficient utilization of the sugars in lignocellulose, primarily
cellobiose, because it is the major soluble by-product of cellulose and acts as a strong inhibitor, especially for
cellobiohydrolase, which plays a key role in cellulose hydrolysis. Commonly used ethanologenic yeast
Saccharomyces cerevisiae is unable to utilize cellobiose; accordingly, genetic engineering efforts have been made to
transfer (3-glucosidase genes enabling cellobiose utilization. Nonetheless, laboratory yeast strains have been employed
for most of this research, and such strains may be difficult to use in industrial processes because of their generally
weaker resistance to stressors and worse fermenting abilities. The purpose of this study was to engineer industrial yeast
strains to ferment cellobiose after stable integration of tabgll gene that encodes a (3-glucosidase from Thermoascus
aurantiacus (TaBgll). The recombinant S. cerevisiae strains obtained in this study secrete TaBgll, which can hydrolyze
cellobiose and produce ethanol. This study clearly indicates that the extent of glycosylation of secreted TaBgll depends
from the yeast strains used and is greatly influenced by carbon sources (cellobiose or glucose). The recombinant yeast
strains showed high osmotolerance and resistance to various concentrations of ethanol and furfural and to high temper-
atures. Therefore, these yeast strains are suitable for ethanol production processes with saccharified lignocellulose.
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Introduction
Responsible Editor: Eleni Gomes. Biofuels are expected to become some of the major sources of
Electronic supplementary material The online version of this article renewable energy and mainly include cellulosic ethanol, bio-
(https://doi.org/10.1007/s42770-019-00192-1) contains supplementary diesel, and biogas. Significant attention has been diverted to
material, which is available to authorized users. ethanol from abundant renewable lignocellulosic feedstocks
because of the low cost and good availability of ethanol [1, 2].
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XDH) pathway or xylose isomerase (XI) pathway was intro-
duced into S. cerevisiae strains together with overexpression
of'the host-encoded xylulokinase [3, 4]. Conversion of L-arab-
inose into D-xylulose-5-phosphate is based on heterologous
expression of bacterial genes encoding L-arabinose isomerase
(AraA), L-ribulokinase (AraB), and L-ribulose-5-phosphate-4-
epimerase (AraD). Further improvements on alcoholic fer-
mentation of these most abundant pentoses have been obtain-
ed through directed-evolution strategies aimed to accumulate
spontaneous beneficial mutation [5-7]. A redox engineering
study has revealed that deletion of S. cerevisiae genes
encoding glycerol-3-phosphate dehydrogenase and expres-
sion of an acetylating acetaldehyde dehydrogenase from
Escherichia coli (A-ALD) allow researchers to achieve con-
version of inhibitory acetic acid to ethanol and to eliminate
glycerol formation in anaerobic cultures of yeast [3].
Likewise, recombinant cellulases (endo-1,4-3-glucanase
(ENG), exo-1,4-3-glucanase (CBH), and (3-glucosidases
(BGL)) are expressed as a cell surface displayed or secreted
form [8]. In this strategy, the cellulose is hydrolyzed extracel-
lularly and then, the glucose is transported into the cell and
metabolized. Another strategy involves heterologous expres-
sion of a cellodextrin transporter and an intracellular 3-
glucosidase [9]. The cellodextrin transporter allows cellobiose
to enter the cell, where it is hydrolyzed to glucose by the
intracellular BGL and metabolized by the cell. However, the
ethanol yield is not high enough when using engineered yeast
strains and further engineering is required to improve the cel-
lobiose utilization.

[3-Glucosidases play an important part in the cellulose deg-
radation system because they are responsible for the final step
of lignocellulose conversion: transformation of cellobiose and
cellodextrins into glucose. In addition, because cellobiose and
cellodextrins are potent inhibitors of cellulose hydrolysis, a
decrease in the cello-oligosaccharide amount increases sac-
charification rate by enabling cellulolytic enzymes to work
more effectively [10, 11]. Nonetheless, the popular
ethanologen, yeast S. cerevisiae, cannot utilize cellobiose; ac-
cordingly, genetic engineering studies have been conducted to
transfer (3-glucosidase genes allowing for cellobiose utiliza-
tion. Heterologous expression of (3-glucosidase-encoding
genes has been carried out in yeast, including genes from
Thermoascus aurantiacus [12]. The (3-glucosidase from T.
aurantiacus (TaBgll) expressed in Pichia pastoris has an op-
timum temperature of 70 °C and is stable at pH 3-8. In addi-
tion, TaBgl1 has been reported to hydrolyze not only cellobi-
ose and cello-oligosaccharides but also pNP-xylose, suggest-
ing that the enzyme is bifunctional and appropriate for use in
simultaneous saccharification and fermentation [13]. Despite
major efforts to create recombinant strains of S. cerevisiae
capable of utilizing cellobiose via the expression of heterolo-
gous genes encoding [-glucosidase, the ethanol yield and
productivity of the resultant yeast strains still need
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improvement. Rios-Franquez et al. [14] have employed a
codon-optimized (3-glucosidase from Cellulomonas flavigena
to produce ethanol from cellobiose. This S. cerevisiae recom-
binant strain displayed an ethanol yield reaching 76% of the
theoretical value. Wilde et al. [15] have compared the activity
of [3-glucosidases from 12 filamentous fungi expressed in S.
cerevisiae CEN.PK113-13D and found that the 3-glucosidase
from Aspergillus niger (Anig-Bgl101) had the highest cello-
biose activity. Expressing Anig-Bgl101 from a plasmid gave
higher ethanol levels (66.7% of the theoretical maximum
yield) when the enzyme was secreted into the medium rather
than anchored to the cell surface. The recombinant Y294 S.
cerevisiae strain expressing an anchored Saccharomycopsis
fibuligera Bgll enzyme produced a theoretical ethanol yield
of 76.5% [16]. In further studies by Tang et al. [17], the three
[3-glucosidases from different organisms were respectively
expressed in S. cerevisiae, and the (-glucosidase from S.
fibuligera showed the best activity (5.2 U/mL). The ethanol
yield was 0.33 g/g, and the specific cellobiose consumption
rate was 2.16 g-(g dry cell weight) ' h™" during oxygen-
limited cultivation. However, laboratory yeast strains have
been employed for most of this research, and such strains
may be difficult to use in industrial processes because of their
generally weaker resistance to stress factors and worse
fermenting abilities [18]. Industrial strains have several more
pronounced features that are necessary for the production of
ethanol, such as a high rate of fermentation, high propagation
rate, high overall robustness, and high resistance to ethanol
and high temperature [19-21]. Nevertheless, during hydroly-
sis of biomass, a lignocellulosic material is often degraded to
inhibitory compounds, such as 2-furaldehyde (furfural), weak
acids, and phenolics. These inhibitors are toxic to microbial
metabolism and slow down the fermentation [22, 23]. Several
studies have addressed the selection of industrial S. cerevisiae
yeast strains tolerant to various pH conditions, resistant to
fermentation inhibitors, and able to ferment lignocellulosic
sugars [24]. On the other hand, yeast strains have widely var-
ied inhibitor tolerance rates and fermentation profiles.
Consequently, for conversion of biomass-derived sugars to
ethanol, it is important to select yeast strains with an industrial
background and high tolerance to inhibitors. These naturally
robust strains could serve as a platform for engineering the
recombinant strains with the ability to utilize cellobiose as a
carbon source for ethanol production. Nonetheless, the selec-
tion of yeast strains resistant to the numerous fermentation
inhibitors is not the only concern. It is reported that different
S. cerevisiae strains show variation in heterologous protein
production [25], growth rates [26], and the ethanol yield
[27]. Furthermore, in S. cerevisiae, the effectiveness of secre-
tion of heterologously expressed proteins and their functional
activity are often low due to incorrect glycosylation [28];
therefore, evaluation of the degree of glycosylation performed
by each strain is also important.
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The aim of our work was the comparative analysis of en-
zyme expression patterns, stress tolerance, and fermentative
behaviour among recombinant industrial S. cerevisiae strains
harbouring the 3-glucosidase gene from 7. aurantiacus. The
information obtained in this study will be valuable to select
strains with an industrial background and high tolerance to
stressors as platforms for future yeast engineering experiments
directed to ethanol production from lignocellulosic substrates.

Materials and methods
Strains and culture conditions

Escherichia coli IM109 (Promega, Madison, WI) served for
plasmid maintenance and construction. E. coli was cultured in
a 50-mL Falcon tube containing 20 mL of the Luria—Bertani
medium (5 g/L yeast extract, 10 g/L tryptone, 10 g/L NaCl) at
37 °C and 250 rpm, supplemented with 100 pg/mL ampicillin.
S. cerevisiae ATCC 24860 was acquired from the American
Type Culture Collection (Manassas, USA), whereas YB-
2625, Y-1528, and Y-2034 from the ARS Culture Collection
at the National Centre for Agricultural Utilization Research
(Peoria, IL). Yeast strains were cultivated in 250-mL
Erlenmeyer flasks containing 100 mL of the YP medium
(1% of yeast extract, 2% of peptone) with 2% of glucose
(YPD) or 2% of cellobiose (YPC). YP medium with 2% of
cellobiose was used in fermentation analysis and for plate
screening.

S. cerevisiae strains were cultivated at 30 °C (orbital shak-
ing, 250 rpm) for aerobic growth or 100 rpm for anaerobic
conditions in baffled flasks. All the yeast transformants were
subjected to selection on YPD agar containing 100 pg/mL
G418 disulphate, while liquid cultures were conducted on a
rotary shaker at 250 rpm (30 °C). The growth performance of
recombinant strains expressing the tabgll gene was measured
over a cultivation period of 72 h in YPD under aerobic con-
ditions, and the parent strains with the empty plasmid served
as a control. All the strains were stored at —80 °C in a 15%
glycerol-based standard storage medium. The relevant geno-
types of all yeast strains used in this study are listed in Table 1.

Construction of recombinant strains that express
the B-glucosidase

The C-terminal 1xflag-tagged tabgll gene (DQ114397.1,
GenBank) was synthesized artificially (GeneCust Europe,
Dudelange — Luxembourg) for expression in S. cerevisiae
but with the native secretion signal sequences omitted.
Recombinant plasmid pBluescript IISK-tabgli-flag was
digested with Notl and EcoRI, and then, the insert was ligated
to the EcoRI and Notl sites of the pMET«B vector
(Invitrogen) (Table 2 and Fig. S2), which enabled the fusion

of the rabgli-1xflag gene to the secretion signal sequence of
an o-mating factor. Next, the o-tabgl1-1xflag gene sequence
was cloned into the pHO-KanMX4-pGAPDH-eng!-
tGAPDH-HO vector [30] by overlap extension polymerase
chain reaction [31] with the chimeric primers PrE1 and PrE2
(5'-ends complementary to the pHO-KanMX4-pGAPDH-
engl-tGAPDH-HO plasmid; 3'-end complementary to o-
tabgll-flag gene sequence; Table 3). Overlap extension PCR
was performed with Thermo Scientific Phusion High-Fidelity
DNA Polymerase. The original pHO-KanMX4-pGAPDH-
engI-tGAPDH-HO plasmid was destroyed in reactions with
Dpnl restriction endonuclease, resulting pHO-KanMX4-
pGAPDH-«-tabgll-flag-tGAPDH-HO expression plasmid
vector with flanking homology for targeting the construct to
the HO endonuclease locus (Table 2). Correctness of construc-
tion was verified by restriction digestion and DNA
sequencing.

The primers given in Table 3 were designed using the free
online Primer 3 0.4.0 software (http://frodo.wi.mit.edu/
primer3/). The primers were designed to be 21-54 bp long.
Formation of secondary structures and of dimers was exam-
ined in the Oligo Analyzer 1.0.3.0 software. The oligonucle-
otides were purchased from Macrogen (Seoul, Korea).

To construct stably expressing yeast strains, the expression
vector pHO-KanMX4-pGAPDH-«-tabgli-flag-tGAPDH-
HO harbouring the gene encoding TaBgll was transformed
into four industrial strains of S. cerevisiae with a lithium
acetate/single-stranded carrier DNA/PEG method of transfor-
mation [32]. The strains used in this study are listed in Table 1.
Selection of the yeast transformants was performed on a YPD
agar medium containing the antibiotic G418. The resulting
recombinant yeast strains harbouring the fabg/l gene were
designated as ATCC 24860-TaBgll, YB-2625-TaBgll1,
Y-1528-TaBgll, and Y-2034-TaBgll (Table 1). To confirm
correct integration of the pHO-KanMX4-pGAPDH-o-tabgl1-
flag-tGAPDH-HO cassettes into the HO loci, positive G418-
resistant transformants from each plate were subjected to col-
ony PCR with combinations of the corresponding target
primers with homology to the chromosome that flanks the site
of integration (Pr1 and Pr2), and primers specific to the tabgl/
gene (Pr3-Pr4; Fig. 1a and Table 3).

PCR amplification was performed in a 25-pL volume con-
taining 12.5 puL of PCR Master Mix (2X) (#K0172, Thermo
Fisher Scientific, MA, USA), 0.01 uM of each primer, and
2 uL of' yeast DNA. The yeast DNAs were prepared by resus-
pension of a very small amount of a fresh colony in 10 uL of
0.02 N NaOH in a 0.2-mL PCR tube that was heated for
10 min to 95 °C in a PCR machine [33]. The PCR products
were examined on 1.0% w/v agarose gels. A typical example
of the results of the PCR analysis of the four recombinant
ATCC 24860-TaBgll, YB-2625-TaBgl1, Y-1528-TaBgll,
and Y-2034-TaBgl1 strains is illustrated in Fig. 1b. Existence
of gene tabgll in the yeast chromosomes was confirmed by
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Table 1 Strains used in this study

Strain Genotype/isolation source Reference
JM109 endAl, recAl, gyrA96, thi, hsdR17 (tk—, mk+), relAl, supE44, A(lac-proAB), [F’ traD36, proAB, laqlqZAM15] Promega
FF18733 MATa his7 leu2 lysl ura3 trpA [29]
ATCC 24860 641a [VTT C-79096] ATCC?
YB-2625 S. cerevisiae isolated from bagasse ARS®
Y-1528 S. cerevisiae, natural galactose-assimilating isolate ARS
Y-2034 S. cerevisiae isolated from wine ARS
ATCC 24860-TaBgll ATCC 24860 hoA::(KanMX4; pGAPDH-«-tabgl1-flagtGAPDH) This work
YB-2625-TaBgl1 YB-2625 hoA:(KanMX4; pGAPDH-o-tabglI-flag-tGAPDH) This work
Y-1528-TaBgll1 Y-1528 hoA::(KanMX4; pGAPDH-o-tabgll-flag-tGAPDH) This work
Y-2034-TaBgl1 Y-2034 hoA::(KanMX4; pGAPDH-o-tabglI-flag-tGAPDH) This work

#Strains were acquired from the American Type Culture Collection

® Strains were obtained from the ARS Culture Collection at the National Center for Agricultural Utilization Research, Peoria, IL

amplification of yeast DNA with gene-specific primers Pr3
and Pr4 (Fig. 1b; lane 2). The PCR products obtained from
the various recombinant yeast strains by means of primers Prl
and Pr4 were ~4000 bp in length (Fig. 1b; lane 3). Finally,
amplification with primers Pr2 and Pr3 also gave rise to a
DNA fragment ~ 6000 bp long for all the recombinant yeast
strains tested (Fig. 1b; lane 4); thus, this size matched the
calculated cassette-specific sizes predicted for correct integra-
tion. Negative control was obtained by the PCR amplification
(primers Pr3 and Pr4) of a colony taken from the transforma-
tion of the pHO-KanMX4-pGAPDH-eng/-tGAPDH-HO
vector (Fig. 1b; lane 1).

Aerobic growth determination

Growth assays were conducted by inoculation of strains in
triplicate. Overnight cultures were aerobically pre-cultivated
for 24 h in 100-mL Erlenmeyer flasks containing 20 mL of the
YPD medium at 30 °C, harvested by centrifugation at 1000xg
for 5 min (centrifuge model 5804 R; Eppendorf, Hamburg,
Germany), and then washed twice with distilled water. The
cells were then resuspended to an initial cell concentration of
ODgpp 0.2 in 100 mL of the YP medium supplemented with
20 g/L cellobiose or glucose in 250-mL Erlenmeyer flasks.
These flasks were incubated on rotary shakers (250 rpm) at
30 °C for the duration of the analysis. Samples (200 uL) were

Table 2 Plasmids used in this study

diluted (1:10), after which absorbance (Agno) readings were
taken on a spectrophotometer (spectrophotometer model PD-
303UV; Apel, Japan).

Quantification of B-glucosidase activity

[3-Glucosidase activity was assayed using the substrate p-
nitrophenyl-3-D-glucopyranoside (pNPG) [34]. Cells were
centrifuged at 10000xg for 4 min at 10 °C, and 10 pL of the
supernatant was incubated with 90 uL of sodium acetate buft-
er (100 mM, pH 5.0) with 8 mM pNPG at 70 °C for 20 min.
After the addition of 2 mL of 10% Na,COs to stop the reac-
tion, quantification of the product, p-nitrophenol, was per-
formed on a spectrophotometer (spectrophotometer model
PD-303UV; Apel, Japan) at 420 nm using a standard curve
for p-nitrophenol as the reference. One unit of the enzymatic
activity was defined as the amount of enzyme required to
produce 1.0 umol of p-nitrophenol per millilitre per minute
under the assay conditions. Protein concentration was deter-
mined by the method of Bradford [35], with bovine serum
albumin serving as the standard.

Optimum pH was determined by measuring the (3-
glucosidase enzymatic activity over a pH range of 3.0 to
8.0 at 70 °C, using 100 mM sodium citrate/NaOH buffer for
the pH range 3.0 to 5.0 and sodium phosphate buffer for
pH 6.0 to 8.0. The optimum temperature for 3-glucosidase

Plasmid Description References
pMETxB Vector with «-factor signal peptide Invitrogen
pBluescript [ISK-tabgl1-flag Vector with 7. aurantiacus bgll gene and 1xflag epitope GeneCust

pHO-pGAPDH-eng [-tGAPDH-KanMX4-HO

Vector for targeted integration (at HO locus) of KanMX4 gene and Aspergillus ~ [30]
niger engl gene
pHO-KanMX4-pGAPDH-o-tabgll-flag-tGAPDH-HO Vector for targeted integration (at HO locus) of KanMX4 gene, «-factor signal

This work

peptide, T. aurantiacus bgll gene, 1xflag epitope
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Table 3  Primers employed in this study

Primers DNA sequence (5'-3")

PrE1 CTTAGTTTCGAATAAACACACATAAACAATGAGATTTCCTTCAATTTTTACTGC
PrE2 GCCTTGGCAACGTGTTCAACCAAGTCGATCAGATCTTATCGTCGTCATCC

Prl GTTTTTCTCAACATTCAAGGAAAG

Pr2 ATTTTAGCAGATGCGCGCACC

Pr3 ACCACTAGTGGGTAAGGGGGAAGCGGTG

Pr4 ACCGCGGCCGCAAAAATGAAGGATGACTTGGCC

was determined over a temperature range of 30 to 80 °C in
100 mM sodium acetate buffer at optimum pH. For evaluation
of pH stability, the enzyme was stored for 2 h at4 °C diluted 5-
fold with 100 mM sodium citrate/NaOH buffer for the pH
range pH 3.0 to 5.0 and with sodium phosphate buffer for
pH 6.0 to 8.0. The remaining activity was measured under
standard conditions at optimum pH and temperature.
Thermal stability was investigated by incubating the enzyme
without a substrate for 4 h, over a temperature range of 30 to
80 °C. After that, aliquots were assayed for residual activities
at optimum pH and temperature. The assays were conducted
in triplicate.

Deglycosylation of TaBgl1
The TaBgll enzymes were deglycosylated using

Endoglycosidase H (#P0702L; New England Biolabs, Inc.,
Ipswich, MA, USA). Deglycosylation reactions were

performed as follows: 2 pL of denaturing buffer was added
to an 18-uL sample containing approximately 40 pg of pre-
cipitated protein and boiled for 10 min. Four microliters of
reaction buffer and 1 pL of Endo H (500 U) were added.
The reaction mix was incubated at 37 °C for 20 h and stopped
by heat inactivation at 75 °C for 10 min.

Protein precipitation from the culture and western
blotting

S. cerevisiae transformants were grown at 30 °C with agitation
at 250 rpm in 250-mL Erlenmeyer flasks containing 100 mL
of the YP medium supplemented with either 2% of cellobiose
or 2% of glucose. After 72 h, these cultures were centrifuged
for 5 min at 3000xg (centrifuge model 5804 R; Eppendorf,
Hamburg, Germany) to separate the culture media from the
cell pellet. The culture supernatants were passed through
0.22-um polyvinylidene difluoride syringe filters (Merck

a
HO HO-L tGAPDH flag tabgl1 a-factor secretion signal pGAPDH pTEF KanMX4 tTEF HO-R HO
(I > -
20007 4000 60007
Pr-3|mp <= Pr-4
Pr-1| mp <= |Pr-4
Pr-3|mp <= |Pr-2
b

ATCC 24860-TaBgl1

YB-2625-TaBgl1

M1 2 3 4 M1 2 3

Fig. 1 PCR analysis to confirm correct integration of the pHHO-KanMX4-
pGAPDH-«-tabgll-flag-tGAPDH-HO cassette at the HO loci. a
Integrative vector pHO-KanMX4-pGAPDH-«-tabgll-flag-tGAPDH-
HO contains the fabgll gene fused to the glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) promoter. The expression cassette shown was
flanked by homology regions (HO-R and HO-L) of the S. cerevisiae HO

Y-1528-TaBgl1
M 1 2 3 4

Y-2034-TaBgl1
1 2 3 4

endonuclease gene; these homology regions target integration into the
HO locus on chromosome IV. b Agarose gel electrophoresis of the PCR
products amplified by means of the Pr1—Pr4 primers. Lane M, GeneRuler
1-kb DNA ladder; lane 1, negative control; lane 2, primers Pr3 and Pr4;
lane 3, primers Prl and Pr4; lane 4, primers Pr2 and Pr3
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Millipore, MA, USA); then, proteins were precipitated with
20% (w/v) trichloroacetic acid (TCA; final concentration)
[36]. One volume of 100% TCA (10 mL) was mixed with
four volumes of a yeast culture sample (40 mL) and inverted
four times to mix, then vortexed and kept on ice for 1 h over-
night and centrifuged at 21000xg for 30 min at 4 °C, and the
supernatants were removed. Next, 0.5 mL of ice-cold acetone
was added, and the mixture was centrifuged at 21000xg for
15 min at 4 °C (centrifuge model 5910 R; Eppendorf,
Hamburg, Germany). The supernatant was discarded, and
the pellet was air-dried at room temperature. Finally, the pellet
was resuspended in 50 uL of RIPA buffer (1% of Triton
X-100, 1 mM EDTA, 1 mM EGTA pH 8.0, 0.2 mM
NazVOy, 10 mM Tris pH 7.4, 150 mM NaCl, and 1 tablet of
a Roche protease inhibitor cocktail). The protein concentra-
tion was determined with the Coomassie Protein Assay kit
(Pierce, USA) and bovine serum albumin as a standard [33].
Absorbance at 595 nm was measured by means of a
NanoDrop 2000c spectrophotometer (Thermo Scientific,
Waltham, MA, USA). Each measurement was done in
triplicate.

The presence of TaBgll in the culture supernatants of
the transformants was verified by sodium dodecyl sul-
phate polyacrylamide gel electrophoresis (SDS-PAGE).
Western blot analysis of total secreted protein at 72 h
was conducted using an anti-FLAG monoclonal antibody
(Thermo Fisher) as the primary antibody to detect TaBgl1
and a horseradish peroxidase—conjugated goat anti-rabbit
IgG antibody, as a secondary antibody [37]. Precipitated
proteins (~12 pg of protein) were separated by SDS—
polyacrylamide gel electrophoresis in a 10% gel and next
electroblotted to a polyvinyl difluoride membrane (Pierce,
USA) in a Bio-Rad Mini-Trans-Blot Cell. After the pro-
tein transfer, the membrane was gently shaken in a
blocking solution consisting of 5% milk and 0.1%
Tween 20 in 1x TBS (Tris-buffered saline: 50 mM Tris-
HCI pH 7.5, 20 mM NaCl) for 1 h at room temperature.
After removal of the blocking solution, this membrane
was then incubated in 10 mL of the affinity-purified an-
ti-FLAG antibody (1:1000 dilution in the blocking solu-
tion with 0.1% Tween 20) at 4 °C overnight. The mem-
brane was washed five times in 10 mL of wash buffer (1x
TBS with 0.1% Tween 20), for 5 min each. After that, the
membrane was incubated in 10 mL of the secondary an-
tibody (1:5000 dilution in the blocking solution with 0.1%
Tween 20) at room temperature for 1 h. Then, the mem-
brane was washed five times in 10 mL of wash buffer,
5 min each time. The working substrate solution was pre-
pared by mixing an equal volume of a peroxide solution
and luminal/enhancer solution and was applied at 0.1 mL/
(cm? blot area). The membrane was then incubated with
the working solution in the dark for 2 min, and Kodak X-
Omat was exposed to the membrane.
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Fermentative generation of ethyl alcohol
from cellobiose

To evaluate the fermentation performance with cellobiose, the
engineered and parent strains were aerobically pre-cultured
for 24 h in 100-mL Erlenmeyer flasks containing 20 mL of
YPD medium at 30 °C, harvested by centrifugation at 1000xg
for 5 min, and next washed with distilled water twice. The
cells were then resuspended to an initial cell concentration
corresponding to ODggp 0.2 in 20 mL YP medium supple-
mented with cellobiose at 20 g/L. Ethanol-producing fermen-
tation proceeded at 30 °C for 72 h with mild agitation in
100-mL closed bottles, each with a check valve and silicon-
ized tube (Sanplatec; Osaka, Japan) serving as a CO, outlet.
Fermentation analyses were conducted in triplicate.
Cellobiose concentrations were determined by means of a
high-performance liquid chromatography (HPLC) system
(Sykam, Germany) on a Bio-Rad Aminex HPX-87P column
(300 x 7.8 mm). The column temperature was maintained at
85 °C by a S4011 Column Thermo Controller, Sykam.
Culture broth was subjected to 10-min centrifugation at
14000%g (centrifuge model 5910 R; Eppendorf, Hamburg,
Germany), and the resulting supernatant was passed through
a0.22-um syringe filter prior to separation on the column. The
bound material was eluted with water as a mobile phase (flow
rate 0.6 mL/min), and the eluate was monitored using a refrac-
tive index detector (Sykam, S3580). Ethanol concentration in
the culture supernatant of the broth was determined with an
ethanol assay kit (#K-ETOH, Megazyme, Wicklow, Ireland).
The procedure outlined by the manufacturer for the
Megazyme ethanol assay kit was strictly followed. Ethanol
concentration was directly calculated following the specific
Megazyme equation based on the measured absorbance
values; no additional standard curve or equation was generat-
ed for this study.

Stress tolerance assays

The performance (on growth) of the recombinant strains of S.
cerevisiae (ATCC 24860-TaBgll, YB-2625-TaBgl1, Y-1528-
TaBgll, and Y-2034-TaBgl1) under typical stress (acetic acid,
furfural, or ethanol or hyper-osmotic stress, oxidative stress,
or high temperature) was characterized by a spot dilution
growth assay. Cells from overnight culture in the liquid YPD
medium were harvested and washed two times with sterile
water. The concentration of resuspended cells was normalized
to ODggg (optical density at 600 nm) of 1.0. A serial 10-fold
dilution of the suspension (10°, 107", 1072, and 10~%) was
prepared, and 50 uL of each diluted suspension was then
spotted on the appropriate solid medium. To evaluate the ox-
idative stress resistance of the strains, cells of S. cerevisiae
were rinsed with 100 pL of sterile water and resuspended.
The cell concentration was adjusted to ODgqo 0f 2.0, and these
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cells were mixed with 20 mL of YPD agar (pre-cooled to ~
50 °C) and poured immediately into a plate. Then, a filter
paper (sterile, 20 mm in diameter) with 40 uL of 30% H,O,
was put in the centre of a plate. The oxidative stress resistance
of each strain was characterized by means of the diameter of
the growth inhibition zone (mm) after culturing for 2 days at
30 °C. Smaller inhibition zones were interpreted as greater
resistance to oxidative stress [38].

To quantitate the growth of yeast strains under stress con-
ditions, the cells were grown in YPD to an ODgqo of 0.2. At
this point, different stressors were applied. Ethanol stress was
imposed by adding ethanol to a final concentration of 10%
(v/v). Heat shock was implemented by incubating cultures at
40 °C. Osmotic and inhibitor stressors were imposed by cul-
tivation of cells on YPD containing 1.0 M KCI, 1 g/L furfural,
or 5.0 g/L acetic acid, respectively. Distilled water served as
the reference. This experiment was conducted under aerobic
conditions in 50-mL sterile centrifuge tubes. The tubes were
incubated in an orbital incubator at 120 rpm and 30 °C. The
maximum specific growth rates were calculated via linear re-
gression of natural logarithmic OD values from the exponen-
tial phase of the growth curves. The time of lag phase was
defined as the time point where OD was 1.5 times the starting
OD [18]. At least 10 consecutive data points were used to
determine the specific growth rate 12 (h™"), in the exponential
growth phase. The results presented are average values from at
least three independent cultures, and the average SDs for spe-
cific growth rate and lag phase determinations were 7% and
10%, respectively.

Results

A comparison of growth rates
among the transformants and measurement
enzymatic activity

To test the ability of recombinant yeast strains to sustain
growth on cellobiose, the strains were streaked onto the YP
agar medium containing 2% cellobiose as sole carbon source
and incubated at 30 °C for 72 h (Fig. 2). All recombinant
strains grew well on cellobiose, suggesting that TaBgll was
expressed in an active form. Figure 3 illustrates the growth
curves of the recombinant yeast strains expressing the tabgl/
gene on glucose and cellobiose under aerobic conditions. The
recombinant strains manifested similar growth characteristics
during 2% w/w glucose fermentation, as compared with the
parent strains (data not shown), indicating that the constitutive
expression of the integrated tabg/l gene had no deleterious
effect on the growth capability of the yeast strains tested
(Fig. 3a). The ability of the recombinant strains to utilize cel-
lobiose as a carbon and energy source was confirmed by cul-
turing them on the YP medium with 20 g/L cellobiose. None

of the parent strains was able to grow on the medium with
cellobiose (data not shown). All these recombinant strains
were found to aerobically grow on cellobiose, indicating that
the integrated fabgll! gene was functionally expressed (Fig.
3c). The growth data suggested that recombinant yeast strains
in 2% cellobiose reached higher OD, in the range of ODgqq
9.80-10.71, as compared with recombinant yeast strains cul-
tivated in 2% glucose, which yielded a range of ODggy 6.21—
6.89. When grown at 20 g/L glucose, all recombinant strains
reached the stationary phase in 12 h, whereas at 20 g/L cello-
biose, they showed slower growth during the first 12 h and
reached the stationary phase by hour 46. Of note, at the same
time, OD was approximately 1.6-fold higher than the OD in
the medium with glucose after 48 h of cultivation.

It was interesting whether these differences in yeast cell
growth were the result of increased secretion of TaBgll by
the recombinant strains in the media containing cellobiose.
To test this supposition, enzymatic activity was analyzed in
a culture medium at different time points ranging from 0 to 12,
24,48, and 72 h, with 2% glucose or 2% cellobiose as the sole
source of carbon (Fig. 3b, d). Despite the low activity of
TaBgll1, during the first 12 h, yeast strains Y-2034-TaBgl1
and Y-1528-TaBgll in subsequent cultivation periods gener-
ated a significantly higher activity of secreted [3-glucosidase
in a cellobiose-containing medium. Secreted enzyme activity
of these two strains was approximately 1.5-fold higher after
72 h of growth on cellobiose in comparison with glucose-fed
cells in the same culture period. YB-2625-TaBgll strain
afforded a low (-glucosidase activity in the YP medium su-
pernatant in the presence of either glucose or cellobiose,
whereas ATCC 24860-TaBgl1 strain showed a high activity
only in the medium with glucose. It should be noted that YB-
2625-TaBgll and ATCC 24860-TaBgl! strains, despite the
low level of activity of the secreted TaBgl1, reached approx-
imately the same OD as did the two other strains with a high
secretory activity in a YP medium with cellobiose, assuming
that this level of enzymatic activity was enough to support
rapid growth on cellobiose. No activity was detected in the
parental yeast strains harbouring the empty vector (data not
shown). Thus, although all the strains grew to almost the same
ODs, the extracellular TaBgll activity did not correlate with
the OD values, despite the same regulatory sequence
(GAPDH promoter and terminator), and the same vector back-
bone (HO) was employed.

Analysis glycosylation features of TaBgl1 synthesized
by various recombinant Saccharomyces strains

To investigate potential post-translational modifications of
TaBgl! that could explain the observed enzymatic activity
differences, the secreted proteins were precipitated (see
“Materials and methods™) from culture supernatants of cells
grown with either glucose or cellobiose at 72 h; then, the
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ATCC 24860-TaBgl1 YB-2625-TaBgl1

L R L R
Fig. 2 Analysis of industrial yeast strains for growth on the YP agar medium with cellobiose (2%). (L) wild-type S. cerevisiae. (R) S. cerevisiae
transformed with pHO-KanMX4-pGAPDH-«-tabgl1-flag-tGAPDH-HO

TaBgll protein was analyzed by SDS-PAGE. In all cases,
protein bands migrated as a poorly stained, dispersed band,
as is characteristic of hyper-glycosylated proteins (data not
shown). Western blot analyses with the anti-FLAG antibody
confirmed that TaBgll was present in the culture supernatant
of all the yeast strains under study after 72 h of growth on
cellobiose. Nevertheless, the molecular weight of the TaBgl1
secreted by the yeast strains was much higher (above
130 kDa) than the calculated molecular weight of the enzyme
(93.6 kDa). After removal of N-linked glycosylation by Endo
H treatment, the TaBgll band shifted from 130 to 110 kDa.
These data suggested that TaBgl1 expressed in yeast strains is
hyper-N-glycosylated (Fig. 4a). In contrast, the glycosylation
patterns of TaBgl! in cells grown in the medium with glucose
differed significantly among recombinant yeast strains. ATCC
24860-TaBgll and YB-2625-TaBgll strains yielded a diffuse

Fig. 3 Growth curves of the a
recombinant yeast strains
expressing the tabgll gene on
glucose (a) and cellobiose (c¢).
Extracellular 3-glucosidase
activity on glucose (b) and
cellobiose (d). Mean values from
triplicate experiments are shown,
and error bars indicate the
standard deviation from the mean

7.5+

5.0

2.5+

Biomass (ODgqo)

Y-1528-TaBgl1 Y-2034-TaBgl1

L R L R

hyper-glycosylated band, whereas Y-1528-TaBgll and Y-
2034-TaBgll strains gave a protein band very similar to the
TaBgll (above 130 kDa) expressed in a cellobiose-containing
medium. Endo H—treated TaBgl1 from either case showed no
difference in size of the protein (Fig. 4a, b), indicating that the
difference was caused by the number of mannose residues.
These results clearly indicated that the extent of glycosylation
of secreted TaBgll was greatly influenced not only by the
different origin of yeast strains but also by cell growth
conditions.

To investigate the correlation between different degrees of
glycosylation and enzymatic properties, we compared bio-
chemical properties of (3-glucosidase from culture superna-
tants of cells grown with either glucose or cellobiose at 72 h.
The optimal temperature for the enzymatic activity was ~
70 °C, and the optimal pH was ~5.0 (Fig. 5). Thermophilic
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a ATCC 24860 YB-2625 Y-1528 Y-2034
-TaBgl1 -TaBgl1 -TaBgl1 -TaBgl1
EndoH - + - + - + - +

300 kDA-
250 kDA-
180 kDA-

130 kDA-

100 kDA- ATCC 24860 YB-2625 Y-1528 Y-2034
b -TaBgl1 -TaBgl1 -TaBgl1 -TaBgl1
EndoH - + - + - + R +

180 kDA-
130 kDA-

100 kDA-

Fig. 4 Western blot analysis of TaBgll secreted by diverse recombinant
S. cerevisiae strains. A concentrated sample from the culture medium of
yeast transformants grown on glucose (a) or cellobiose (b) was incubated
with (+) or without (=) Endo H for 20 h at 37 °C

fungi 7. aurantiacus are known to produce thermostable cel-
lulases, including (3-glucosidase [13, 39]; therefore, the effect
of temperature on TaBgll stability was measured at various
temperatures ranging from 30 to 80 °C (Fig. 5). Thermal sta-
bility analysis revealed that the enzyme was stable in temper-
ature range of 30 to 50 °C and retained more than 40% activity
at 60 °C for 4 h. However, the recombinant enzymes from
cellobiose-fed cells had a moderately higher stability under
the temperature range between 40 and 60 °C, as compared
with the enzymes from glucose-fed cells (Fig. 5b).
Regardless of the yeast growth conditions (glucose or cellobi-
ose), the TaBgll was quite stable over a broad pH range of
4.0-8.0; retained from 70 to 99% of original activity against
pNPG but below pH 4.0, the activity was relatively lower.
Among all the yeast strains tested, the relative activity of
TaBgll from Y-2034-TaBgll and Y-1528-TaBgll yeast
strains was retained relatively higher at both acid and alkaline
pH conditions as compared with those from other strains.

Characterization of recombinant strains in anaerobic
cellobiose culture

The characteristics of the strains expressing TaBgll and the
parental strains were investigated under anaerobic growth
conditions with cellobiose as the sole carbon source. Similar
to what was found in the aerobic growth experiments, parental
strains could not grow on cellobiose (data not shown). All four
recombinant strains were able to grow and produce ethanol
from cellobiose as the sole carbon source (Fig. 6¢). YB-2625-
TaBgll, Y-1528-TaBgll, and Y-2034-TaBgll yeast strains
showed faster growth, as indicated by the maximum specific
growth rates (Table 4), to eventually reach similar ODs in the
stationary phase (Fig. 6a). These three strains consumed 90%
cellobiose within 48 h. By contrast, upon further incubation,

the remaining 0.2% cellobiose (at the concentration of 2 g/L)
was not consumed (Fig. 6b). ATCC 24860-TaBgll1 strain, de-
spite growing much more slowly on cellobiose (fimax Of
0.039 hfl), had a cellobiose consumption rate and OD that
were essentially the same as those of the other three recombi-
nant strains. The maximum ethanol production for each of
these strains coincided with the level of consumption of the
substrate (Fig. 6b, c). Ethanol yields are given in Table 4. All
the strains grown on cellobiose had similar ethanol yields of ~
0.40 and 0.43, which correspond to 75.6% and 79.9% of the
theoretical ethanol yield (0.538 [g ethanol]/[g sugar
consumed]).

Evaluation of the tolerance of recombinant S.
cerevisiae strains to individual stressors

To assay phenotypic differentiation of tolerance capabilities
among the recombinant S. cerevisiae strains, their viability
was studied under six industrially relevant stress conditions,
including high temperatures, high concentration of ethanol,
and different concentrations of KCl, acetic acid, furfural, and
H,0,. Figure 7a shows that all the strains grew well at tem-
peratures of 30 °C and 37 °C and stopped growing at 42 °C,
although only weak growth of the YB-2625-TaBgll strain
was observed. The hypertonic stress tolerance of all the strains
was higher because they grew on plates with 1.0 mol/L KCl
(Fig. 7b). YB-2625-TaBgl1 and Y-2034-TaBgl! strains clear-
ly grew better at 5 g/L acetic acid (Fig. 7¢) and showed greater
tolerance to ethanol, growing well at 16% cthanol (Fig. 7e).
Tolerance to furfural was slightly higher in ATCC 24860-
TaBgll and Y-2034-TaBgl! strains than in other strains on
plates with 1.0 g/L furfural (Fig. 7d). With regard to resistance
to H,O,, all the strains showed good resistance to this oxidant,
except for the ATCC 24860-TaBgl1 strain. In contrast to the
others, the latter strain was less stable, and its halo diameter
was 55 mm, while for the other three strains, the halo diameter
was 46.6 mm on average (Fig. 71).

Although the data obtained by spot plate analysis revealed
certain differences among the yeast strains studied, this tech-
nique does not provide an accurate indication of growth dy-
namics, including the lag phase and specific growth rates.

To quantify the growth of these strains under stress condi-
tions, each strain was cultivated in a rich YPD medium with
glucose (20 g/L) as well as 10% (v/v) of ethanol, 1 M KCI,
1 g/L furfural, or 5 g/L acetic acid. Haploid laboratory S.
cerevisiae strain FF18733 (MATa his7 leu2 lysl ura3 trpA)
[29] was used for comparison. Given that most strains did not
grow on spot plates at 42 °C, the measurements of growth
dynamics were performed at 40 °C. Biomass accumulation
levels were determined at 48 h, when maximum cell density
for all strains was obtained in the absence of stress factors.

In the absence of stressors, there were only small differ-
ences in biomass accumulation levels, specific growth rates,

@ Springer



116

Braz J Microbiol (2020) 51:107-123

Fig.5 Effect of temperature (a, b) a GLUCOSE b CELLOBIOSE
and pH (c, d) on the activity of 120% 120%-
recombinant TaBgl1. Stability of o o
enzyme is indicated by a dashed 2 100%- 2 100%~--- Fooeed
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and duration of the lag phase among the strains tested (Fig. 8).
OD and the specific growth rate of the slowest growing strain
were more than 80% of the value obtained for the strain with
the highest growth rate, thus rendering all data statistically
similar. In those experiments, the duration of the lag phase
was 2-3 h during the growth in the YPD medium. As expect-
ed, the growth of strains was directly affected by the indicated
concentrations of acetic acid, furfural, and ethanol and by the
temperature at 40 °C (Fig. 8b, ¢). When exposed to 10 mM
furfural and 5 g/L acetic acid, all yeast strains showed relative
growth values ranging from 61 to 95% of the culture growth

achieved in the medium without these stressors. A large re-
duction in YB-2625-TaBgll biomass accumulation was ob-
served in the presence furfural. There was a decrease in the
growth rate (12-34%) and an approximately twofold increase
in time for the lag phase in the presence furfural, but the
response was approximately similar to the one under growth
conditions in the absence of this compound for all strains. In
the case of acetic acid, ATCC 24860-TaBgll and Y-1528-
TaBgll were the most affected strains (22% and 15%; Fig.
8a), confirming the results obtained in spot plate analysis.
ATCC 24860-TaBgl1 had the lowest growth rate and one of

a b c
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Fig. 6 Changes in measured parameters of diverse recombinant S.
cerevisiae strains during anaerobic batch growth on 20 g/L cellobiose
as carbon and energy sources. a ODg, optical density at 600 nm. b

Cellobiose consumption. ¢ Ethanol concentration versus time. Wild
types are indicated by a dashed line (circle, ATCC 24860-WT (green);
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Table 4  Growth properties and ethanol yields on cellobiose for recombinant S. cerevisiae strains expressing TaBgl1

Strain Growth rate z (h ") Ethanol Y5 (g g ) Ethanol Y1 (%) Ethanol (g/L)
ATCC 24860-TaBgl1 0.039 + 0.01 0.407 75.65 725
YB-2625-TaBgl1 0.107 £ 0.05 0.410 76.20 7.40
Y-1528-TaBgll 0.122 + 0.03 0.430 79.92 7.80
Y-2034-TaBgl1 0.114 + 0.06 0.424 78.81 7.83

the longest lag phases (Fig. 8b, c). The influence of 1 M KCl
on the growth of recombinant yeast strains was similar to that
of furfural. Only in the presence of KCl, did the final OD
strongly diminish for ATCC 24860-TaBgl1 as compared with
furfural. The presence of 10% ethanol reduced the final OD
slightly but led to a large decrease in the growth rate: by 36 to
57%. In this environment, the lag phase was drastically
prolonged for ATCC 24860-TaBgll and Y-2034-TaBgll. In
contrast to the above stressors, the inhibitory effect of higher
temperature (40 °C) lowered the growth rate and final OD of
all yeast strains, as shown in Fig. 8a, b. At 40 °C, the growth
rate decreased by more than 50% as compared with the refer-
ence medium, without any stressors, and the final OD dropped
from 6.0 to 3.44. Of note, in contrast to the aforementioned
inhibitory compounds, at the higher temperature, a very slight
increase in time for the lag phase was observed for all yeast
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strains. Apparently, this finding indicates that the inhibitory
mechanisms of high temperature and of other stress factors
tested in this work are different. Laboratory yeast strains
FF18733 was one of the most sensitive strains to the stress
conditions when compared with industrial yeast strains ana-
lyzed in this study. However, laboratory strain was one of the
most resistant strains to the osmotic stress (Fig. 8a—c).

Thus, the results indicated that all recombinant yeast strains
were able to grow in the presence stress factors, supporting the
previous data obtained by spot plate analysis at the indicated
concentrations of stressors (Fig. 7). Three of the four strains
tested—Y-1528-TaBgll, Y-2625-TaBgll, and Y-2034-
TaBgll—manifested high tolerance towards furfural, acetic
acid, temperature, higher concentrations of KCl, and ethanol.
This finding could be due to the robustness resulting from
their origins of isolation. They will be selected for further
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Fig. 7 The growth of S. cerevisiae strains on a plate under various stressful conditions. a Temperatures. b Osmotic stress with a high concentration of

KCI. ¢ Acetic acid. d Furfural. e Ethanol. f H,O,

@ Springer



118

Braz J Microbiol (2020) 51:107-123

ODggo

SSSSESERSRRSRARAAAAY

Lag time (h™)

ATLLLULUUUUURRRNNN

T

0.20

0.15

0.10

0.05+

Specific growth rate (h'1)

IIURRRRRRRRRRRRRRRRRNN

ATy
S
<SSR
SIS

o

o

1)
|

Control

Acetic Acid (5 g/L)
Furfural (1 g/L)
KCI (1M)

A Etnanol (10%)

Temperature (40°C)

SNENND

Fig. 8 Cell density at 48 h (a), the specific growth rate (b), and duration of the lag phase (¢) during cultivation of different yeast strains. The cultures
involved furfural, acetic acid, KCl, ethanol, or exposure to 40 °C temperature or were free of stress factors in YPD with 2% glucose at 30 °C

strain improvement regarding fermentation of a lignocellulos-
ic biomass hydrolysate. ATCC 24860-TaBgll was the least
stress-tolerant strain.

Discussion

In this study, the functional expression of the tabgll gene
encoding (3-glucosidase from 7. aurantiacus in four industrial
strains of S. cerevisiae was investigated. The chosen industrial
strains of S. cerevisiae have been isolated from distillery op-
erations; otherwise, these strains have been recommended for
lignocellulosic fermentation procedures (Table 1) [19, 40]. In
particular, the Y-1528 yeast strain has previously been recom-
mended for fermentation of softwood hydrolysates owing to
the rare ability, among yeasts, to co-ferment glucose and ga-
lactose [41]. It has been shown that the Y-2034 yeast strain can
ferment different sugars commonly present in various raw
materials of food waste and ethanol fermentation [42, 43].
The other important factor for the selection of a potential host
strain is the presence of an active and efficient pentose phos-
phate pathway linking the introduced xylose-to-xylulose path-
way to glycolysis. S. cerevisiae ATCC 24860 and YB-2625
are supposed to the most efficient xylulose fermenters [44,

@ Springer

45]. It is noteworthy that the YB-2625 natural yeast (isolated
from bagasse) features enhanced expression of endogenous
genes for xylose metabolism [45]. Furthermore, previously,
on the basis of three industrial strains (Y-1528, Y-2034, and
YB-2625), recombinant strains have been designed to ferment
xylose via stable integration of xylitol dehydrogenase, xylose
reductase, and xylulokinase genes and subsequently have
been reported as strains holding promise for efficient and
cost-effective ethanol production [19]. In the present study,
tabgll was introduced into the HO locus of four industrial
strains of S. cerevisiae to enable the stable expression of this
gene under non-selective conditions. The HO endonuclease is
not expressed in yeast with high ploidy and is active only in
haploid organisms. Deletion of gene HO does not affect the
growth rate and viability of yeast [46].

The cDNA of TaBgll has been cloned and characterized
elsewhere [13]. Previously, recombinant laboratory S.
cerevisiae Y294 strain expressing [3-glucosidases from
Phanerochaete chrysosporium (PcbglB and Pccbgll) and T
aurantiacus (TaBgll) under the control of yeast ENO1 pro-
moter was constructed by Njokweni et al. [47]. The S.
cerevisiae Y294[Pccbgl1] strain performed best under aerobic
and anaerobic conditions, producing 2.6-fold more 3-
glucosidase activity than S. cerevisiae Y294[SFI] did and an
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ethanol concentration of 4.8 g/L after 24 h of cultivation on
cellobiose as the sole carbohydrate source. However, the re-
combinant TaBgll enzyme activity level in the Y294[Tabgl1]
strain was too low to support the growth on cellobiose. In our
study, the fabgll gene was successfully expressed in industrial
ethanol-producing yeast strains. The discrepancy between our
results and those of Njokweni et al. [47] may be due to differ-
ences between strains and/or promoters used.

The secreted (3-glucosidase activity achieved with the Y-
1528-TaBgl! strain (1.2 U/mL) was almost twice as high as
that obtained for recombinant S. cerevisiae CICIM Y0086
strains containing at least four copies of the S. fibuligera bgll
gene [48]. This strain produced a 0.45-U/mL extracellular (3-
glucosidase activity when grown on cellobiose. Three recom-
binant S. cerevisiae strains expressing intracellular, secreted,
and cell-associated (3-glucosidases have been constructed by
Guo et al. [49]. Recombinant strains expressing the secreted
enzyme were grown on cellobiose and produced a 0.126-U/mg
extracellular (3-glucosidase activity. Gurgu et al. [S0] have re-
ported that S. fibuligera bgll gene expression driven by the
actin promoter is between 1.6- and 18-fold higher than that
obtained with the galactose-inducible promoter. In that study,
Saccharomyces strains carrying the actin promoter produced
between 0.03- and 0.25-U/mL extracellular BGL activities.
These activities are 40- and 4.8-fold lower than the activities
achieved by the Y-1528-TaBgl1 strain in our work.

Here, we report for the first time successful expression and
secretion of heterologous 3-glucosidase from 7. aurantiacus
in industrial S. cerevisiae strains. Of note, although the same
cassette was introduced into all yeast strains and the growth
rates of the four industrial strains were approximately identi-
cal, the TaBgll activity curves differed considerably among
the strains (Fig. 3). The maximal extracellular activities of
TaBgll were attained after 72 h in all four industrial strains
in the course of cultivation with either cellobiose or glucose.
The activity of heterologous enzymes in descending order was
Y-1528-TaBgll ~ Y-2034-TaBgll > ATCC 24860-TaBgll >
YB-2625-TaBgll when 20 g/L glucose served as the sole
carbon source (Fig. 3b). When cellobiose was used as the sole
carbon source, the greatest activity of the heterologous en-
zyme, as in the case of glucose, was generated by Y-1528-
TaBgll and Y-2034-TaBgl1 strains.

These differences in the extracellular activity of TaBgll in
different yeast strains might arise from divergence in cell
growth conditions combined with dissimilarity of endogenous
factors involved in post-translational events, including protein
glycosylation. The correct glycosylation pattern is particularly
important with regard to heterologously expressed proteins
[51]. Altered glycosylation may affect the stability and half-
life of the protein and can change its activity or affinity to-
wards some substrates.

In silico analyses of TaBgll amino acid sequences on the
NetNGlyC 1.0 server (http://www.cbs.dtu .dk/services/

NetNGlyc/) revealed the presence of eight putative N-
glycosylation sites on TaBgl1 (Table S1). Deglycosylation of
TaBgll via Endo H digestion, with subsequent western blot
analyses with an anti-FLAG antibody, confirmed that
TaBgll—present in the supernatant after 72 h of growth of
all yeast strains—was in a highly glycosylated form. TaBgl1
expressed in ATCC 24860-TaBgll and YB-2625-TaBgll
yeast strains on a glucose-containing medium manifested it-
self as a broad diffuse band with an apparent molecular weight
from 130 to 380 kDa. Nevertheless, the growth of these same
yeast strains on a medium with cellobiose significantly re-
duced the degree of glycosylation of the enzyme (up to
130 kDa). In contrast, Y-1528-TaBgll and Y-2034-TaBgl!1
strains in both cases yielded a protein band with the same
molecular weight (130 kDa), suggesting that these yeast
strains may have a unique regulatory pathway responsible
for the stable extent of glycosylation regardless of cell growth
conditions. In addition, it is important to note that in Y-1528-
TaBgll and Y-2034-TaBgll strains, TaBgll seems not to be
over-glycosylated because the apparent molecular size of the
protein is not larger than that of the native purified enzyme
[15]. Endo H-treated TaBgll from all yeast strains grown on
cellobiose or glucose revealed no differences in size (Fig.
4a, b), indicating that the difference is caused by the number
of mannose residues.

Because it has been reported that N-glycosylation renders
proteins more thermostable [52, 53], we also investigated the
thermostability of these enzymes. The recombinant TaBgl1
showed a maximum activity at 70 °C and pH 5.0. It displayed
high thermostability and broad pH stability. The optimum pH
and temperatures of TaBgll from all tested yeast strains were
similar regardless of the yeast growth conditions (glucose or
cellobiose).

It is known that the optimum temperature for cellulase en-
zymes is about 50-60 °C [8], while the optimum growth and
fermentation temperature of S. cerevisiae is generally about
30 °C. Therefore, enzymatic hydrolysis remains a major bar-
rier to low-cost production of ethanol. However, the high sta-
bility of TaBgll under prolonged incubation period at high
temperatures makes the enzyme suitable for use in the sac-
charification procedure with less pre-cooling, thus reducing
the risk of contamination and processing time and enhancing
fermentation qualities and yield [54]. It is interesting to note
that Y-2034-TaBgl1 and Y-1528-TaBgl!1 strains outperformed
the other yeast strains with regard to thermal and pH stability
of TaBgll. However, TaBgll produced in cellobiose-
containing media had a higher thermostability, suggesting that
proper glycosylation can also be a strong influencing factor.

Altogether, these results clearly indicate that the extent of
glycosylation of secreted TaBgll depends on the origin of
yeast strains and to our surprise, was greatly influenced by
cellobiose. This phenomenon seemed to be quite an unusual
case of protein glycosylation in that the extent of protein
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glycosylation is regulated by a culture medium component.
Nevertheless, it is known that some cultivation parameters can
influence the structure and extent of protein glycosylation
[55]. The effect on glycosylation of cultivation parameters
such as pH, perfusion rate, and temperature has been investi-
gated for mammalian cells [56, 57]. Glucose limitation has
also been observed to lead to decreased y-interferon glycosyl-
ation in CHO cultures [56]. However, to our knowledge,
culture-medium component-dependent variations in the gly-
cosylation of recombinant glycoproteins produced in S.
cerevisiae have not been reported, although recombinant pro-
tein glycosylation changes have been observed in other yeast
cells. For example, in methylotrophic yeast Hansenula
polymorpha, short-glycosylated forms of heterologous
expressed glucose oxidase were found at carbon source star-
vation state [58]. It was shown that the proteins expressed
under actively growing conditions are produced as hyper-
glycosylated forms, whereas those under slow or non-
growing conditions are as short-glycosylated forms. The spe-
cific mechanism for the growth state dependence of glycosyl-
ation remains unclear. Studies in S. cerevisiae have shown that
carbon starvation results to time-dependent decrease in the
expression of early N-glycosylation genes [59].

It should be noted that although cellobiose theoretically
provides the same energy and carbon availability to cells as
glucose, but it releases glucose only after extracellular hydro-
lysis by (-glucosidase, accordingly in recombinant S.
cerevisiae, the cellobiose consumption is inferior to consump-
tion of glucose in terms of rate and may result to slow cell
growth (Fig. 3). Furthermore, a recent study revealed that the
plasma membrane ATPase (PMA1) of cellobiose-fermenting
S. cerevisiae 1s in a carbon starvation—like state [60]. Although
we unable to exactly pinpoint the cause of the reduced TaBgl1
glycosylation in cellobiose-containing medium, we propose
that carbon starvation—like state may be at least in part respon-
sible for that. Further studies are required to elucidate the
mechanisms of cellobiose effect on the extent of protein
glycosylation.

Growth on a non-native substrate such as cellobiose is a
complicated phenomenon that involves (3-glucosidase expres-
sion, enzymatic action of the corresponding gene product on
cellobiose, and subsequent utilization of the resulting glucose
by the yeast strains for production of ethanol. In general, it
appears that the rate of growth on cellobiose is associated with
the magnitude of heterologous expression of the enzyme.
However, in our study, a correlation was not detected between
the level of tabgll gene expression and the rate of cellobiose
consumption and ethanol production. In our fermentation
tests, all the recombinant yeast strains grew on cellobiose
and consumed all available sugar. Recombinant Y-1528-
TaBgll and Y-2034-TaBgll strains expressing TaBgll pro-
duced ethanol on average with a yield of 77.6% of the theo-
retical maximum (Table 4). In contrast, ATCC 24860-TaBgl1
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and YB-2625-TaBgll strains with much less 3-glucosidase
activity showed relatively similar performance on fermenta-
tion of cellobiose, assuming that this level of enzymatic activ-
ity is enough to support rapid growth on cellobiose. This find-
ing may indicate that once the synthesis of (3-glucosidase
exceeds a certain threshold, the transformation of cellobiose
into glucose is no longer a rate-limiting step in the fermenta-
tion process.

Successful implementation of lignocellulosic ethanol
production depends not only on survival and performance
of yeast cells under common stress conditions such as eth-
anol toxicity, osmotic pressure, and high temperature, but
also on the ability to tolerate various stressors and growth
inhibitory compounds such as furfural, acetic acid, and
phenolics. During second-generation ethanol fermentation
procedures, yeasts are exposed to inhibitory compounds
released by the thermochemical pre-treatment of a ligno-
cellulosic material. In this pre-treatment material, weak
acids and furan derivatives are generally recognized as ma-
jor toxicants. The furan compounds 5-hydroxymethyl-2-
furaldehyde (HMF) and furfural are formed by dehydration
of hexoses and pentoses, respectively. By contrast, acetic
acid is formed by de-acetylation of hemicelluloses [24].
The level of furans and acetic acid varies according to the
type of raw material and the pre-treatment procedure. For
example, representative amounts of acetic acid in lignocel-
lulosic hydrolysates can vary from 1.6 to 4.4 g/L. HMF
concentrations can reach 0.6 g/L in corn stover and 5.9 g/
L in spruce hydrolysates. Furfural is usually found in
smaller amounts than HMF, but often furfural is still at a
high enough concentration (~ 1 g/L) to be inhibitory [61].
Better knowledge of yeast strain behaviour in the presence
of toxic compounds would be beneficial for the develop-
ment of novel yeast strains with increased inhibitor
tolerance.

It is important to note that the fermentation and inhibitor
resistance characteristics depend on the individual genetic
backgrounds of strains, and some studies have explored this
phenomenon [62, 63]. Therefore, in the present study, viabil-
ity of recombinant yeast strains under six industrially relevant
stress conditions, including high temperature, high concentra-
tion of ethanol, and various concentrations of KCl, acetic acid,
furfural, and H,O, was also tested. All the recombinant yeast
strains manifested high resistance to osmo-stress, to varying
concentrations of ethanol and furfural, and to high tempera-
tures. It is worth noting that Y-2034-TaBgll and YB-2625-
TaBgll yeast strains showed excellent ethanol (up to 16%)
and acetic acid (up to 5 g/L) tolerance as compared with the
other strains. Furthermore, no difference in sensitivity to en-
vironmental stressors could be detected between the wild-type
and recombinant strains (data not shown), suggesting that the
recombinant strains constructed in this study could be indus-
trially attractive for lignocellulosic ethanol production.
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Conclusion

Four new cellobiose-fermenting Saccharomyces strains were
constructed from industrial parental strains. Our results indi-
cate that the activity and extent of glycosylation of secreted
TaBgll depend on the yeast strain used and are greatly influ-
enced by the carbon source (cellobiose or glucose). In the
course of this work, a dramatic reduction in the extent of
glycosylation of TaBgll was detected when cellobiose was
utilized as the sole carbon source. The engineered strains grew
on cellobiose, consumed all available sugar, and produced
ethanol on average with a yield of 77.6% of the theoretical
maximum. These strains thus represent a promising alterna-
tive for efficient and cost-effective ethanol production from
cellulose.
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