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« Expression analyses revealed PRS3, RPB4 and ZWF1 roles in adaptation to inhibitors.
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« Fermentations were conducted in Eucalyptus globulus wood and corn cob hydrolysates.
« PRS3 overexpression revealed to be advantageous for lignocellulosic fermentation.
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Expression and overexpression analysis

PRS3, RPB4 and ZWF1 were previously identified as key genes for yeast tolerance to lignocellulose-derived
inhibitors. To better understand their contribution to yeast resistance to the multiple stresses occurring
during lignocellulosic hydrolysate fermentations, we overexpressed these genes in two industrial
Saccharomyces cerevisiae strains, CCUG53310 and PE-2, and evaluated their impact on the fermentation
of Eucalyptus globulus wood and corn cob hydrolysates. PRS3 overexpression improved the fermentation
rate (up to 32%) and productivity (up to 48%) in different hydrolysates. ZWF1 and RPB4 overexpression did
not improve the fermentation performance, but their increased expression in the presence of acetic acid,
furfural and hydroxymethylfurfural was found to contribute to yeast adaptation to these inhibitors. This
study expands our understanding about the molecular mechanisms involved in industrial yeast tolerance
to the stresses occurring during lignocellulosic bioethanol production and highlights the importance of
selecting appropriate strain backgrounds/hydrolysates combinations when addressing further improve-

ment of these processes.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

One of the major challenges faced in the production of bioetha-
nol and other value-added products from lignocellulosic biomass is
the generation of a wide range of compounds during the
pre-treatment and hydrolysis process that affect the physiology
and metabolism of microorganisms, decreasing their viability and
productivity (Chandel et al., 2013; Parawira and Tekere, 2011).
Therefore, the commercial success of lignocellulosic biomass con-
version necessarily depends on the development of microorgan-
isms able to cope with these inhibitors while simultaneously
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produce satisfactory amounts of the desired product (Chandel
et al,, 2013).

The inherent ability of yeast cells to withstand and detoxify the
main inhibitory compounds present in lignocellulosic hydrolysates
(acetic acid, furfural and hydroxymethylfurfural (HMF)) is variable
among strains and determinant for efficient lignocellulosic
bioethanol production (Modig et al., 2008; Pereira et al., 2014a).
Depending on their genetic background, yeast cells activate dis-
tinct gene expression programs to help them counteract the nega-
tive impact of these inhibitors on their metabolism (Liu et al.,
2009). Strains isolated from harsh industrial environments, such
as Saccharomyces cerevisiae CCUG53310 (Purwadi et al., 2007)
and PE-2 (Basso et al., 2008) (isolated from second and first gener-
ation bioethanol plants, respectively), have been shown to be more
efficient in detoxifying and fermenting lignocellulosic hydrolysates
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than other industrial and laboratory background strains (Pereira
et al,, 2014a; Westman et al., 2012). However, the molecular char-
acterization of these strains under relevant process conditions is
limited, which hampers the understanding of the molecular mech-
anisms underlying their tolerance to inhibitory hydrolysates and
the further improvement of their resistance to these compounds.
Results obtained from chemogenomic (Alriksson et al., 2010;
Gorsich et al., 2006; Mira et al., 2010; Pereira et al., 2011, 2014b)
and transcriptomic (Bajwa et al., 2013; Liu et al., 2009; Ma and
Liu, 2010) analyses have been helpful in identifying the genetic
determinants of yeast tolerance to lignocellulose-derived inhibi-
tors. Overexpression of some target genes identified through these
approaches in laboratory background strains has already been
shown to be associated with improved growth, fermentation rate
and/or ethanol production in the presence of these inhibitors
(Alriksson et al., 2010; Gorsich et al., 2006; Park et al.,, 2011,
Petersson et al., 2006). Based on chemogenomic analyses, we have
previously identified PRS3 and RPB4 as key genes necessary for
yeast growth and maximal fermentation rate in wheat straw
hydrolysate (Pereira et al., 2011, 2014b), but the outcome of their
overexpression in S. cerevisiae lignocellulosic-based fermentations
has not yet been assessed. ZWF1, which had been previously shown
to confer resistance to furfural and HMF (Gorsich et al., 2006; Park
et al.,, 2011), was also found to be important for maximal yeast
resistance to wheat straw hydrolysate (Pereira et al., 2014b).
Genetic strategies addressing strain tolerance improvement to
lignocellulose-derived inhibitors have been developed mainly
through gene overexpression in laboratory background strains
and tested using synthetic hydrolysates (Gorsich et al., 2006;
Park et al., 2011). Nevertheless, strains with robust genetic back-
grounds have been shown to already display enhanced background
expression of several genes involved in the detoxification of some
of these inhibitors (Liu et al., 2009), and therefore their extra
expression may result in different outcomes from those reported
for laboratorial background strains. Moreover, the inhibitory load
of lignocellulosic hydrolysates, which varies depending on the
raw material and operational conditions of pretreatment
(Chandel et al., 2013), has been shown to differentially influence
the outcome of genetic manipulations (Alriksson et al., 2010;
Park et al., 2011; Wallace-Salinas et al., 2014), highlighting the
importance of evaluating their effect under process-like conditions.
In this work, we aimed at evaluating the contribution of PRS3,
RPB4 and ZWF1 for the resistance of the industrial S. cerevisiae
CCUG53310 and PE-2 strains to lignocellulosic hydrolysate-
derived inhibitors, as a means to elucidate their role on yeast
response to the multiple stresses occurring during lignocellulosic
ethanol production and to better understand the molecular mech-
anisms underlying the robustness of these strains. For that, we
analysed the expression profiles of these genes in fermentations
with and without acetic acid, furfural and HMF, and evaluated
the effect of their overexpression on the fermentation performance
of both strains in corn cob and Eucalyptus globulus wood (EGW)
hydrolysates, which contain different inhibitory loads.

2. Methods
2.1. Strains

Two industrial S. cerevisiae strains were used in this work:
CCUG53310, flocculating strain isolated from a Swedish second
generation bioethanol plant (Purwadi et al., 2007); and PE-2, iso-
lated from a Brazilian first generation bioethanol plant (Basso
et al., 2008). Overexpressing strains (Table 1) were generated using
CCUG53310 and PE-2 as parental strains, as described below. S.
cerevisiae CEN.PK113-7D was the source of the genomic DNA for

Table 1

Strains, plasmids and primers used in this study. Upper case sequences correspond to
sequences complementary to the template. Lower case sequences correspond to
additions for restriction sites (underlined).

Relevant features Source
S. cerevisiae
strains
CEN.PK113-7D MATo, MAL2-8c, SUC2 INSA,
France
CCUG53310 Flocculation (Purwadi
et al., 2007)
PE-2 Diploid (Basso et al.,
2008)
CC-Yep CCUG53310, YEplac195KanMX This work
CC-ZWF1 CCUG53310, YEpJCZ This work
CC-PRS3 CCUG53310, YEpJCP This work
CC-RPB4 CCUG53310, YEpJCR This work
PE-Yep PE-2, YEplac195KanMX This work
PE-ZWF1 PE-2, YEpJCZ This work
PE-PRS3 PE-2, YEpJCP This work
PE-RPB4 PE-2, YEpJCR This work
Plasmids
pGEM-T Easy Promega
YEplac195 URA3 marker; 2-micron origin of Gietz and
replication Sugino
(1988)
YEplac195KanMX URA3 and KanMX marker; 2-micron origin ~ This work
of replication
YEpJCZ YEplac195KanMX containing the ZWF1 This work
gene under the control of its native
promoter
YEpJCP YEplac195KanMX containing the PRS3 This work
gene under the control of its native
promoter
YEpJCR YEplac195KanMX containing the RPB4 This work
gene under the control of its native
promoter
Primers Sequence (5'-3')
KanMX_FW ggaattccatatgGAGATCTGTTTAGCTTGCCTC
KanMX_RV ggaattccatatgGCTCGTTTTCGACACTGG
Z1 GTAAGGTGTAGTTTTGCACCC
Z2 AAATTTTTGCAGACATTTTTGATATATAT
P1 TTATCTTCATCACCGCCATAC
P2 ACAAGAGAAACTTTTGGGTAAAATG
R1 GATTGCTCAAATTAGCATGTGAA
R2 AATCCTGTCCTTTTTCCTGTTAAATAG
qPCRZWF1_FW CTGGTCTGTCAAATGCTACC
qPCRZWF1_RV CCAGTAGGGCGTCTCTTAT
qPCRPRS3_FW GGCTAGGTCTACAGTTAACAAG
qPCRPRS3_RV GTCCCTAACAGATTCTCCAATAG
qPCRRPB4_FW ACGGGAGGAAATAATAAAGATTTG
qPCRRPB4_RV GACGGTTTCTTGGTCTCTAAAT
qPCRACT1_FW GCCGAAAGAATGCAAAAGGA
qPCRACTI_RV TAGAACCACCAATCCAGACG

genes amplification. Escherichia coli NZY5a (Nzytech) was used as
the recipient for all cloning steps.

2.2. Plasmids construction and yeast transformation

Expression plasmids containing the S. cerevisiae 2-micron repli-
cation origin were generated as follows. The KanMX cassette con-
ferring resistance to geneticin/G418 was amplified from pUG6
(Guldener et al., 1996) with the KanMX primers pair (Table 1)
and inserted into the Ndel site of YEplac195 (Gietz and Sugino,
1988), generating plasmid YEplac195KanMX. Based on the anno-
tated sequence for the YNL241C (ZWF1), YHLO11C (PRS3) and
YJL140W (RPB4) open reading frames (NCBI BioProject Accession
number PRJNA52955), their complete coding regions with corre-
sponding native promoter and terminator sequences were ampli-
fied by PCR from S. cerevisiae CEN.PK113-7D genomic DNA using
the primers pairs Z1/Z2, P1/P2 and R1/R2 (Table 1), respectively.
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The PCR products were cloned into the pGEM-T Easy vector
(PROMEGA) and the resulting constructs were digested with
Sacl/Sphl, for isolation of the ZWF1 and RPB4 regions, or with
EcoR], for isolation of the PRS3 region. The digested fragments were
cloned into the YEplac195KanMX vector previously digested with
the corresponding enzymes. The resulting ZWF1, PRS3 and RPB4
expression plasmids were named YEpJCZ, YEpJCP and YEpJCR,
respectively. The orientation and sequence of the inserts in the
plasmids were confirmed by restriction analyses and sequencing
(Eurofins MWG Operon) with the primers pairs Z1/Z2, P1/P2 or
R1/R2 (Table 1). Vectors were introduced into S. cerevisiae
CCUG53310 and PE-2 using the lithium acetate method (Gietz
et al., 1992). The empty vector (YEplac195KanMX) was also trans-
formed into both yeast strains to serve as control in the fermenta-
tion assays. Transformants were selected in G418-containing
media.

2.3. Preparation of the EGW, corn cob and synthetic hydrolysates

Lignocellulosic feedstocks (EGW and corn cob) were collected,
milled and stored until its use. EGW and corn cob hydrolysates
were prepared following optimized conditions previously
described in Pereira et al. (2014a) and Romani et al. (2015), respec-
tively. For this, water and lignocellulosic biomass were mixed at
Liquid to Solid Ratio (LSR) equal to 8 kg/kg and submitted to
hydrothermal treatment in a 3.7 L stainless steel reactor at 202
and 210 °C for corn cob and EGW, respectively. The hardness of
treatment (expressed as “severity”; Sp) is defined as follow:

t —
So = logRy = log/ exp%dt (1)
0

where T(t) stands for the time-temperature profile (including heat-
ing isothermal period and cooling). Calculations were made assum-
ing the values usually employed in literature for Trgr and (100 °C
and 14.75 °C, respectively) (Lavoie et al., 2010). The value of Sp was
3.84 and 4.10 for corn cob and EGW treatments, respectively. The
liquid fractions, hydrolysates containing hemicellulose and
lignin-derived compounds, were recovered by filtration and anal-
ysed by HPLC (Section 2.7). The composition of these EGW and corn
cob hydrolysates was according to that reported by Pereira et al.
(2014a) and Romani et al. (2015), respectively. The pH of the hydro-
lysates was adjusted to 4.5 with 10 M sodium hydroxide. The
hydrolysates were sterilized by filtration (0.2 um pore size sterile
filters) and supplemented with approximately 100 g/L glucose to
improve the ethanol titer. Based on the inhibitors concentration
of EGW hydrolysate, several synthetic media were prepared to test
the susceptibility of the overexpressing strains to the main inhibi-
tors present in real lignocellulosic hydrolysates, which consisted
of a minimal medium containing, per liter, 1.7 g yeast nitrogen base
without amino acids and ammonium sulfate, 5 g L-asparagine, ca.
100 g glucose, and: (1) acetic acid, furfural and HMF, or (2) only fur-
fural. When indicated, real and synthetic hydrolysates were supple-
mented with 100 pg/mL G418 for plasmid maintenance.

2.4. Inoculum preparation

The strains used to inoculate the fermentation media (Table 1)
were cultivated at 30°C for 20-22h, with orbital agitation
(200 rpm), in YPD medium, containing, per liter, 10 g yeast extract,
20 g peptone and 20 g glucose. When indicated, 100 pg/mL of G418
were added to the media. Cells were recovered by centrifugation
(15 min, 4000 g, 4 °C) and pellets were resuspended in ice-cold
0.9% (w/v) sodium chloride to obtain 200 mg of fresh yeast/mL.
Before the resuspension, pellets from the CCUG53310 strain and
from the CCUG53310-derived transformants were washed twice

with 1.5% (w/v) sodium chloride, pH 3.0 to deflocculate. The con-
centrated cell suspensions were used to inoculate 30 mL of fer-
mentation media, with a cellular concentration of 5 mg of fresh
yeast/mL (mimicking the high initial cell densities used at the
industrial scale).

2.5. Fermentation assays

Fermentations were carried out in 100 mL Erlenmeyer flasks fit-
ted with perforated rubber stoppers enclosing glycerol-filled
air-locks (to permit CO, exhaustion while avoiding the entrance
of air). Prior to inoculation, the media were aerated by stirring with
a magnetic bar (length of 3 cm) at >850 rpm for 20 min. Under
these conditions, the oxygen concentration in the growth media
was higher than 95% of air saturation. The fermentations were fol-
lowed by measuring the reduction of mass loss resulting from
CO, production.

CO, production was mathematically modeled following the
equation described by Rodrigues et al. (2006):

POPmaxePr[

P:Pmax7P0+POEP't

where t is time (h), P is CO, concentration (g/L), Ppax iS maximum
concentration of CO, (g/L), and P; is the ratio between the initial vol-
umetric rate of CO, formation (r,) and the initial CO, concentration
Py (g/L), which represents the maximum fermentation rate. The
experimental data was fitted to the model and the parameters Py,
Prax, and P, were calculated for each fermentation by nonlinear
regression using the least-squares method using commercial soft-
ware (Solver of Microsoft Excel 2010). The maximum CO, produc-
tivity (Qpmax; g/(Lh)) was calculated at the time the CO,
concentration reached its maximum. Samples were taken at the
end of the fermentations and analysed by HPLC.

2.6. Gene expression analysis

For PRS3, RPB4 and ZWF1 expression analyses, YPD medium
(control) and YPD medium supplemented with approximately
3.11 g/L acetic acid, 1.66 g/L furfural and 0.33 g/L HMF (concentra-
tions similar to those present in the EGW hydrolysate) were used.
Fermentations were carried out as indicated in Section 2.5.
Samples containing approximately 2 x 107 cells were collected at
different phases of the S. cerevisiae CCUG53310 and PE-2 fermenta-
tions: late lag-phase (ca. 1 g/L of CO, produced) and initial expo-
nential phase (ca. 5 g/L of CO, produced). The cell pellet of each
sample was immediately stored at —70°C after washing with
ice-cold 0.9% (w/v) sodium chloride, and the supernatant was
stored at —20 °C for HPLC analysis (Section 2.7).

Total RNA was extracted from frozen cells with the RNeasy
Plant Mini Kit (Qiagen) according to manufacturer’s instructions
and treated with DNase I (Fermentas). The concentration and pur-
ity of the total RNA was spectrometrically determined using a
NanoDrop 1000TM (Thermo Scientific) and its integrity assessed
on 1% agarose gel by visualization of the 255/18S rRNA banding
pattern after electrophoresis. Single-stranded ¢cDNA was synthe-
sized from 1 pg of total RNA with the SuperScript II Reverse
Transcriptase (Invitrogen) and Oligo(dT) primers (NZYTech).
Oligonucleotides for quantitative PCR (qPCR; primers with prefix
qPCR inTable 1) were designed using the IDT PrimerQuest tool fol-
lowed by a BLAST analysis against the S. cerevisiae genome
sequence for specificity confidence. qPCR assays were performed
in a CFX96 real-time PCR system (Bio-Rad). Each sample was tested
in duplicate in 10 pL reaction mixes consisting of 5 pL of SsoFast
Evagreen Supermix (Bio-Rad), 0.6 pL of each primer (600 nM final
concentration), 2.8 pL of H,0, and 1 pL of a 1:10 dilution of the
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cDNA preparation. The absence of genomic DNA in RNA samples
was checked by qPCR (minus RT control). A blank (no template
control) was also incorporated in each assay. The thermocycling
program consisted of an initial enzyme activation step at 95 °C
during 30s, followed by 40 cycles of 5s denaturation at 95 °C
and 5 s annealing/extension at 53.5 °C (ZWF1, RPB4 and ACT1) or
55.7 °C (PRS3 and ACT1). After completion of these cycles, data
from the melting-curve were then collected to verify PCR speci-
ficity, lack of contamination and the absence of primer dimers.
Relative expression levels were determined by the 2"24t method
(Livak and Schmittgen, 2001). For standardization, the results were
expressed as target/reference ratio, being the reference gene the
genome-encoded actin gene (ACT1).

2.7. Analytical methods

The concentrations of glucose, ethanol, acetic acid, furfural and
HMEF in the hydrolysates and in the samples from the fermentation
runs were determined by HPLC using a Varian MetaCarb 87H col-
umn, eluted at 60 °C with 0.005 M sulfuric acid and at a flow rate
of 0.7 mL/min. The peaks corresponding to glucose, ethanol and
acetic acid were detected using a refractive index detector,
whereas furfural and HMF were detected using an UV detector
set at 210 nm.

2.8. Statistical analyses

GraphPad Prism for Windows version 6.01 was used to carry
out the statistical analyses. Differences among gene expression
for CCUG53310 and PE-2 strains were determined using multiple
t-test. Differences between the fermentation profiles of each over-
expressing strain and the control strain were tested by repeated
measures two-way ANOVA, followed by Bonferroni post hoc test.
Differences in kinetic parameters were determined using multiple
t-test. Statistical significance was established at P<0.05 for the
comparisons.

3. Results and discussion

3.1. Differential expression of PRS3, RPB4 and ZWF1 during the initial
phases of CCUG53310 and PE-2 fermentations in the presence and
absence of lignocellulose-derived inhibitors

Strains adapted to tolerate superior concentrations of
lignocellulose-derived inhibitors have been shown to display
enhanced background expression of several genes involved in the
detoxification of furfural and HMF (namely ZWF1), comparing to
non-tolerant strains (Liu et al., 2009). Therefore, to better under-
stand the role of PRS3, RPB4 and ZWF1 in the adaptation of the
robust S. cerevisihte CCUG53310 and PE-2 strains to
lignocellulose-derived inhibitors, we investigated the effect of the
simultaneous presence of acetic acid, furfural and HMF (in concen-
trations mimicking the composition of EGW hydrolysates) on their
expression at different fermentation phases (Fig. 1).

By analysing the CO, production profiles of these strains in inhi-
bitory and non-inhibitory fermentations (Fig. 1A), longer lag
phases were necessary for the adaptation of both strains to the
presence of acetic acid, furfural and HMF, as expected (Pereira
et al, 2014a). The CO, production profile of CCUG53310 was
clearly more affected by inhibitory conditions than that of PE-2,
reflecting the superior capacity demonstrated by the later to detox-
ify furfural and HMF (Fig. 1B). Indeed, PE-2 was able to completely
degrade these compounds until the early exponential phase (EP),
while CCUG53310 did not (Fig. 1B). When characterizing the fer-
mentation performance of these strains in real EGW hydrolysate,
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Fig. 1. Gene expression analyses of S. cerevisiee CCUG53310 and PE-2 during
fermentations in the presence and absence of lignocellulose-derived inhibitors. (A)
Profiles of CO, production from fermentations in YPD (Control) and in YPD
supplemented with acetic acid (ca. 3.1 g/L), HMF (ca. 0.33 g/L) and furfural (ca.1.7 g/
L) (Inhibition). Samples were collected at the late lag phase (LP) and early
exponential phase (EP), corresponding to ca. 1 and 5g/L of CO, produced,
respectively (indicated by the dotted lines). (B) Furfural and HMF detoxification
at LP and EP of fermentation in inhibitory media. (C, D) Differential expression of
PRS3, RPB4 and ZWFT1 at the LP (C) and EP (D) in inhibitory fermentations relative to
the control (represented by the dotted line). Data represents the average + SEM
from two biological replicates. 'P < 0.05; “"P<0.01; ""P<0.001; ""'P<0.0001.
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Pereira et al. (2014a) previously reported a faster furfural detoxifi-
cation rate of S. cerevisiae PE-2 comparatively to CCUG53310,
which is in accordance with our observations.

Under anaerobic conditions, S. cerevisiae can convert furfural
and HMF into less toxic corresponding alcohols (Fig. 2).
Reduction of furfural is preferentially NADH-dependent, while
reduction of HMF has been mainly associated with the consump-
tion of NADPH (Wahlbom and Hahn-Hagerdal, 2002). These reduc-
tions provide sufficient NAD(P)" for NAD(P)H regeneration,
maintaining a redox balance during the detoxification of these
compounds (Liu et al., 2009). Overexpression of ZWF1 has been
shown to be important for the detoxification of furfural and HMF
during the lag phase (Gorsich et al., 2006; Liu et al., 2009), probably
by increasing the glucose metabolism flux in favour of the pentose
phosphate pathway, and thus contributing to accelerate the
NAD(P)H regeneration required to supply the cofactors needed
for reduction of these inhibitors (Liu et al, 2009) (Fig. 2).
Accordingly, at the late lag phase (LP), ZWF1 expression was highly
enhanced under inhibitory conditions in both CCUG53310 and
PE-2 (Fig. 1C). At the early exponential phase (EP) (Fig. 1D), when
HMF and furfural had been completely degraded by PE-2 (Fig. 1B),
the expression of ZWF1 in this strain reversed to levels similar to
those of the control. In contrast, at this phase, ZWF1 remained
slightly up-regulated in the CCUG53310 strain (Fig. 1D), probably
reflecting the still incomplete furfural and HMF detoxification
(Fig. 1B).

PRS3 expression at the LP (Fig. 1C) was unaffected by the simul-
taneous presence of acetic acid, furfural and HMF, whereas at the
EP, when mainly acetic acid (PE-2) or HMF and acetic acid
(CCUG53310) were present (Fig. 1B), this gene was

down-regulated (Fig. 1D). In fact, the presence of acetic acid, and
corresponding inhibitory effect, was permanent during the inhibi-
tory fermentations, with the acetic acid concentration varying in
the range of 1.9-3.1 g/L (average content of 2.5 g/L). Two mecha-
nisms have been proposed to explain the inhibitory effect of weak
acids (Russell, 1992): intracellular anion accumulation and deple-
tion of ATP (uncoupling theory). The first proposes that the accu-
mulation of the dissociated form of the acid inside the cell (due
to the low extracellular pH) leads to an intracellular acidification
and consequent toxic effects at various levels of the cellular meta-
bolism (Russell, 1992). The uncoupling theory states that the cyto-
plasmic pH decrease resultant from the inflow of weak acids
activates the ATP-dependent proton pumps to neutralize the pH,
leading to a depletion of ATP (Russell, 1992). Thus, when acetic
acid was the main inhibitor present (EP), the PRS3 expression
was possibly down-regulated to save ATP, as Prs3p synthesizes 5
-phospho-ribosyl-1(alpha)-pyrophosphate (PRPP) in an ATP-
dependent reaction and PRPP is in turn a precursor of nucleotide
and histidine biosynthesis, pathways with high ATP consumption
(Fig. 2). At the LP this possible down-regulating effect of acetic acid
was likely counteracted by the necessity of Prs3p to maintain a
redox balance for furfural and HMF detoxification, as purine
nucleotide and histidine biosynthesis are also important pathways
for NADH regeneration (Fig. 2). Interestingly, as demonstrated by
comparative transcription dynamic analyses, most of the differen-
tially expressed genes under inhibitor challenging conditions show
repressed response (Liu et al., 2009; Ma and Liu, 2010). In fact,
down-regulated expression under these conditions has been
suggested to provide efficient means of energy utilization for
economic pathway development (Ma and Liu, 2010).
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Fig. 3. CO, production profiles of S. cerevisiaee CCUG53310 transformants (Empty Vector, and overexpressing PRS3, RPB4 and ZWF1) in synthetic and real lignocellulosic
hydrolysates with different inhibitors composition. Data represents the average + range from two biological replicates. (A) EGW hydrolysate. a,d* (from 68.7 to 211.2 h). (B)
Corn cob hydrolysate. a,b* (from 45.1 to 87.8 h). (C) Synthetic hydrolysate with acetic acid, HMF and furfural. a,c*. (D) Synthetic hydrolysate with furfural. a,d*. ‘P < 0.05.

Regarding the expression of RPB4, only at the LP of PE-2 fermen-
tations was it altered by the simultaneous presence of acetic acid,
furfural and HMF, where the synergistic effect of these inhibitors
induced its expression by 1.7-fold (Fig. 1C). On the other hand, at
the EP of the same fermentation, when only acetic acid was pre-
sent, the expression of RPB4 was unaltered (Fig. 1D). In fact, fur-
fural and HMF were found to repress translation initiation in S.
cerevisiae (Iwaki et al., 2013), a process that has been shown to
be stimulated by Rpb4p/Rpb7p (Harel-Sharvit et al., 2010). Rpb4p
also plays an important role in the transcription of genes involved
in some stress responses (Sampath and Sadhale, 2005). Together,
this may support the necessity for an up-regulated expression of
RPB4 at an early fermentation stage, when furfural and HMF were
present. However, in the CCUG53310 strain the RPB4 expression
was unaffected by the presence of these stressors, which shows
that different strains respond differently to the stress imposed by
the toxic compounds present in lignocellulosic hydrolysates.

Consistent with the fact that PRS3, RPB4 and ZWF1 play impor-
tant, but different, roles in yeast tolerance to the multiple stresses
present in lignocellulosic biomass fermentation (Pereira et al.,
2011, 2014Db), their expression was here shown to be differentially
susceptible to the presence of acetic acid, furfural and HMF
(Fig. 1C and D). The different inhibitor concentrations at different
fermentation stages were also shown to elicit distinct gene expres-
sion responses (Fig. 1B-D), which also varied between the two
strains studied. S. cerevisiae PE-2, which displayed a faster adapta-
tion to the inhibitory conditions here tested (Fig. 1A), as well as a
more efficient furfural and HMF detoxification capacity than S.
cerevisiie CCUG53310 (Fig. 1B), also presented a more highly
induced expression of ZWF1 and RPB4 in the presence of acetic
acid, furfural and HMF than the later (Fig. 1C), highlighting the
importance of these genes for maximal yeast tolerance to these
inhibitors.

3.2. Effect of PRS3, RPB4 and ZWF1 overexpression on the fermentation
performance of S. cerevisiae CCUG53310 in lignocellulosic
hydrolysates

Since the strain background and the hydrolysate inhibitory load
have been shown to differentially influence the outcome of genetic
manipulations targeting the improvement of strain resistance to
lignocellulose-derived inhibitors (Alriksson et al., 2010; Park
et al., 2011; Wallace-Salinas et al., 2014), we here assessed the
effect of PRS3, RPB4 and ZWF1 overexpression on the fermentation
performance of two already robust background strains under
process-like conditions.

The CO, production profiles of S. cerevisiae CCUG53310 inde-
pendently overexpressing PRS3, RPB4 or ZWF1 were compared with
the control fermentation profiles in different real and synthetic
hydrolysates (Fig. 3). For each hydrolysate, the lag phase, the max-
imum fermentation rate, the maximum CO, productivity and the
final ethanol concentration of each transformant are indicated in
Table 2.

PRS3 overexpression improved the S. cerevisiae CCUG53310 fer-
mentation performance in all the hydrolysates tested, with the
exception of EGW hydrolysate (Fig. 3, Table 2), where no signifi-
cant differences where observed between the fermentative profiles
of the PRS3-overexpressing strain and the control strain (Fig. 3A,
Table 2). However, in the synthetic hydrolysate containing acetic
acid, furfural and HMF in concentrations similar to those of the
EGW hydrolysate (Fig. 3C), the overexpression of this gene led to
a20% faster fermentation rate and to a 48% higher CO, productivity
than the control (Table 2). Similarly, PRS3 overexpression also led
to improved fermentation rate (32%) and CO, productivity (42%)
in corn cob hydrolysate (Fig. 3B, Table 2). The total inhibitory load
of the corn cob hydrolysate is lower than that of the EGW hydroly-
sate, particularly in what concerns acetic acid concentration
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Table 2

Lag phase, maximum fermentation rate (Pr), maximum CO, productivity (Qpmax) and final ethanol concentration of each S. cerevisite CCUG53310 transformant strains’
fermentation in synthetic and real hydrolysates. CCUG53310 transformed with the empty vector (control; CC-Yep), and overexpressing ZWF1 (CC-ZWF1), PRS3 (CC-PRS3) and
RPB4 (CC-RPB4). P <0.05; "P<0.01.

Strains Lag phase (h) Pr(h™1) QPmax (g/(Lh)) Ethanol (g/L)
EGW hydrolysate: 2.33 g/L acetic acid, 1.77 g/L furfural, 0.26 g/L HMF and 113 g/L glucose
CC-Yep 18.3+0.0 0.0352 £ 0.0002 0.254+0.016 52.0+5.6
CC-ZWF1 18.3+0.0 0.0319 + 0.0002** 0.224 + 0.004 50.7 +0.7
CC-PRS3 183 +0.0 0.0298 + 0.0066 0.213 +£0.003 469 +0.6
CC-RPB4 18.3+0.0 0.0238 £0.0018 0.144 + 0.005* 472+13
Corn cob hydrolysate: 1.57 g/L acetic acid, 1.54 g/L furfural, 0.12 g/L HMF and 112 g/L glucose
CC-YEp 16.3+0.0 0.0570 + 0.0048 0.384 + 0.006 452+13
CC-ZWF1 16.3£0.0 0.0484 + 0.0005 0.313 £ 0.005** 44.1+0.7
CC-PRS3 16.3+0.0 0.0750 + 0.0010* 0.544 + 0.007** 45.0+04
CC-RPB4 16.3+0.0 0.0505 + 0.0014 0.347 +0.005* 45.0+0.8
Syntethic hydrolysate 1: 2.71 g/L acetic acid, 1.28 g/L furfural, 0.34 g/L HMF and 120 g/L glucose
CC-YEp 15.8+0.0 0.102 + 0.000 0.486 +0.013 43113
CC-ZWF1 15.8+0.0 0.0995 £ 0.0023 0.474 + 0.009 42.1+0.8
CC-PRS3 15.8+0.0 0.122 +0.004* 0.721 +0.010** 45.0+0.9
CC-RPB4 15.8+0.0 0.0973 £ 0.0005** 0.481 £ 0.024 43.1+2.2
Syntethic hydrolysate 2: 1.95 g/L furfural and 112 g/L glucose
CC-YEp 7.7+0.0 0.137 £0.007 0.680 £ 0.001 458+0.3
CC-ZWF1 7.7+0.0 0.133 £0.002 0.673 £0.001* 45200
CC-PRS3 7.7+0.0 0.144 +0.001 0.934 £ 0.041" 47.8+23
CC-RPB4 7.7+0.0 0.179 £ 0.004* 1.07 £0.02** 46.1+0.0
Syntethic hydrolysate base: minimal medium with 120 g/L glucose
CC-Yep 3.6+0.0 0.297 £0.013 1.95+0.01 46.2+0.2
CC-ZWF1 3.6+0.0 0.286 +0.005 1.91+£0.07 453+1.8
CC-PRS3 3.6+x0.0 0.283 +£0.009 1.95+0.01 46.1+0.3
CC-RPB4 3.6+x0.0 0.284 +0.001 1.90 +£0.02 454+ 0.6
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Fig. 4. CO, production profiles of S. cerevisiae PE-2 transformants (Empty Vector, and overexpressing PRS3, RPB4 and ZWF1) in synthetic and real lignocellulosic hydrolysates
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Table 3

Lag phase, maximum fermentation rate (Pr), maximum CO, productivity (Qpmax) and final ethanol concentration of each S. cerevisiae PE-2 transformant strains’ fermentation in
synthetic and real hydrolysates. PE-2 transformed with the empty vector (control; PE-Yep), and overexpressing ZWF1 (PE-ZWF1), PRS3 (PE-PRS3) and RPB4 (PE-RPB4). ‘P < 0.05;

“P<0.01; "'P<0.001.

Strain Lag phase (h) Pr(h™") QPmax (g/(Lh)) Ethanol (g/L)
EGW hydrolysate: 1.80 g/L acetic acid, 1.11 g/L furfural, 0.24 g/L HMF and 111 g/L glucose

PE-Yep 28.4+0.0 0.0400 + 0.0000 0.254 +0.007 43.8+0.7
PE-ZWF1 284+0.0 0.0338 +0.0017* 0.219+0.011 41.8+2.0
PE-PRS3 28.4+0.0 0.0471 +0.0021* 0.290 + 0.004* 44.1+0.1
PE-RPB4 28.4+0.0 0.0422 +0.0001** 0.256 + 0.000 44.0+0.3
Corn cob hydrolysate: 1.57 g/L acetic acid, 1.54 g/L furfural, 0.12 g/L HMF and 112 g/L glucose

PE-YEp 16.3+0.0 0.132 +0.002 0.869 + 0.007 45.1+04
PE-ZWF1 16.3+0.0 0.123 + 0.005 0.844 +0.003* 46.2+1.1
PE-PRS3 16.3+0.0 0.129 + 0.003 0.865 +0.027 452 +1.5
PE-RPB4 16.3+0.0 0.128 +0.001 0.854 +0.018 448+1.0
Syntethic hydrolysate 1: 3.00 g/L acetic acid, 1.46 g/L furfural, 0.37 g/L HVF and 120 g/L glucose

PE-YEp 13.4+0.0 0.0977 +0.0017 0.553 +0.001 47.4+0.1
PE-ZWF1 20.8+0.0 0.0900 + 0.0007* 0.546 + 0.006 43.7+£0.5
PE-PRS3 13.4+0.0 0.103 +0.001 0.532 +0.005* 45.6 £0.5"
PE-RPB4 20.8+0.0 0.0893 +0.0001* 0.524 +0.001** 449 +0.1*
Syntethic hydrolysate 2: 2.52 g/L furfural and 106 g/L glucose

PE-YEp 12.3+0.0 0.0535 +0.0050 0.417 £ 0.009 49.2+1.0
PE-ZWF1 12.3+0.0 0.0895 + 0.0010** 0.620 + 0.005** 48.0+£0.3
PE-PRS3 12.3+0.0 0.0632 +0.0034 0.518 £0.011** 489+0.3
PE-RPB4 15.3+0.0 0.0555 +0.0057 0.406 + 0.012 479+14
Syntethic hydrolysate base: minimal medium with 120 g/L glucose

PE-YEp 6.5 +0.0 0.168 + 0.003 1.12+0.01 454+04
PE-ZWF1 6.5 +0.0 0.176 + 0.002 1.15+0.01 47.1+£04*
PE-PRS3 6.5+0.0 0.169 + 0.008 1.13+0.05 458 £2.5
PE-RPB4 6.5 +0.0 0.170 +0.002 1.13+0.01 45.8+0.4

(Table 2). As mentioned above, PRS3 overexpression may con-
tribute to increase the carbon flux in favour of metabolic pathways
important for the regeneration of NADH, a cofactor required for the
detoxification of furfural and HMF, and for ethanol production
(Fig. 2). However, some of these pathways compete for ATP with
cellular mechanisms that are activated to counteract the cytoplas-
mic acidification promoted by the inflow of acetic acid (Russell,
1992). Therefore, in the presence of relatively high concentrations
of acetic acid, PRS3 overexpression may not be particularly
advantageous.

The overexpression of RPB4 had contrasting effects over the fer-
mentation performance of S. cerevisiae CCUG53310 in different
inhibitory media (Fig. 3). Its overexpression was advantageous
for the fermentation in synthetic hydrolysate containing only fur-
fural (Fig. 3D), allowing a 57% higher CO, productivity and a 31%
faster fermentation rate than the control. However, RPB4 overex-
pression negatively affected the fermentation performance of S.
cerevisiae CCUG53310 in more complex hydrolysates (Table 2). In
the synthetic hydrolysate containing acetic acid, furfural and
HMF (Fig. 3C), the overexpression of RPB4 slowed down the
CCUG53310 fermentation rate (Table 2). RPB4 overexpression also
reduced the CCUG53310 fermentation rate in EGW hydrolysate by
48%. Furthermore, the CO, productivity in corn cob and EGW
hydrolysate fermentations was also negatively affected by the
overexpression of RPB4 (Table 2). Therefore, although RPB4 overex-
pression was advantageous for the fermentation performance of S.
cerevisiae CCUG53310 at relatively high initial furfural concentra-
tions, under more complex inhibitory conditions it had a deleteri-
ous effect over this strain physiology.

ZWF1 overexpression in laboratorial S. cerevisiae strains was
previously described to allow growth in the presence of otherwise
lethal concentrations of furfural (Gorsich et al., 2006) and to
improve furfural and HMF conversion rates, with consequent
increase in ethanol production and cell growth (Park et al., 2011).
Nevertheless, ZWF1 overexpression was here shown to negatively
affect the fermentation performance of the S. cerevisiae

CCUG53310 strain in real hydrolysates (Fig. 3A and B, Table 2). It
is worth noting that this gene is already naturally overexpressed
by CCUG53310 upon exposure to lignocellulosic inhibitors
(Figs. 1C and D), and our results show that its additional overex-
pression brings no extra advantage.

3.3. Effect of PRS3, RPB4 and ZWF1 overexpression on the fermentation
performance of S. cerevisiae PE-2 in lignocellulosic hydrolysates

The CO, production profiles of S. cerevisiae PE-2 independently
overexpressing PRS3, RPB4 or ZWF1 were also compared with con-
trol fermentation profiles in different real and synthetic hydroly-
sates (Fig. 4). For each hydrolysate, the lag phase, the maximum
fermentation rate, the maximum CO, productivity and the final
ethanol concentration of each transformant are indicated in
Table 3.

As seen in Fig. 4A and Table 3, the overexpression of PRS3
improved the S. cerevisiae PE-2 fermentation rate (18%) and CO-,
productivity (14%) in EGW hydrolysate. A 24% increase on the
CO, productivity of the PE-2 PRS3-overexpressing strain was also
observed in synthetic hydrolysate containing only furfural at a rel-
atively high concentration (Fig. 4D, Table 3). Similarly, the PE-2
CO, productivity in this hydrolysate was also significantly
improved (49%) by the overexpression of ZWF1, as was its fermen-
tation rate (Fig. 4D, Table 3). However, ZWF1 overexpression had a
negative effect over the S. cerevisiae PE-2 fermentation perfor-
mance in all the other hydrolysates tested (Fig. 4, Table 3).
Depending on the inhibitory composition of the hydrolysate, the
overexpression of RPB4 also had contrasting outcomes in the fer-
mentation performance of PE-2. While in synthetic hydrolysates
its overexpression increased the lag-phase, in EGW hydrolysate it
slightly improved the PE-2 fermentation rate (Table 3).

Similarly to what was observed in the S. cerevisiae CCUG53310
strain, ZWF1 and RPB4 overexpression in PE-2 also resulted mainly
in negative or no effects over its fermentation performance. On the
other hand, PRS3 overexpression produced more consistent and
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advantageous effects over the fermentation capacities of these
strains.

The overexpression of PRS3, RPB4 and ZWF1 was here shown to
present different outcomes that were clearly dependent on the
inhibitory composition of the fermentation media, but also on
the background strain. For instance, in the hydrolysate containing
only furfural, the overexpression of RPB4 had a positive effect in
CCUG53310 (Fig. 3D), but a negative effect in the PE-2 strain
(Fig. 4D). Since Rpb4p has been suggested to be involved in the reg-
ulation of the cellular response to certain stress conditions
(Sampath and Sadhale, 2005), our results hint at the existence of
regulatory differences between these strains. In fact, an alignment
of the promoter region of PRS3, RPB4 and ZWF1 from several labo-
ratory and industrial background S. cerevisiae strains (S288,
SIGMA1278b, CEN.PK113-7D, AWRI1631, EC1118, CBS7960 and
JAY291, haploid derivative of PE-2) revealed relevant differences
between strains, namely in terms of TATA box location and tran-
scription factors’ binding sites. Moreover, slight differences in the
amino acid sequence of Zwflp were also found between these
strains and Moon and Liu (2012) showed that even slight alter-
ations in the coding sequence of another gene involved in furfural
and HMF detoxification, GRE2, resulted in increased growth rates in
the presence of HMF. Although the CCUG53310 genome sequence
is not publically available, similar differences may also exist
between this strain and PE-2, which may help explain the different
responses of CCUG53310 and PE-2 to similar fermentation condi-
tions and to the overexpression of PRS3, RPB4 and ZWF1.

Considering the results presented here, it is clear that the engi-
neering of yeast strains for increased tolerance to inhibitory ligno-
cellulosic biomass must be carefully addressed, considering the
different background of each S. cerevisiae strain and the specific
composition of the raw material and hydrolysate to use.

4. Conclusions

S. cerevisiae CCUG53310 and PE-2 were here shown to differen-
tially express PRS3, RPB4 and ZWF1 in response to different ligno-
cellulosic inhibitor loads. Increased expression of ZWF1 and RPB4
in the presence of acetic acid, furfural and HMF was found to con-
tribute to yeast adaptation to these inhibitors, but their overex-
pression did not improve the fermentation performance in real
lignocellulosic hydrolysates. In contrast, PRS3 overexpression
improved the fermentation rate and productivity of both strains.
The heterogeneous outcomes of these genes overexpression in dif-
ferent hydrolysates show that tolerance engineering must be cus-
tomized to the strain background and hydrolysate used in the
process.
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