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ABSTRACT

Saccharomyces cerevisiae is the most widely used fermentation organism for ethanol production. However, the gene
expression regulatory networks behind the ethanol fermentation are still not fully understood. Using a static fermentation
model, we examined the ethanol yields on biomass of deletion mutants for 77 yeast genes encoding nonessential
transcription factors, and found that deletion mutants for ACE2 and SWI5 showed dramatically increased ethanol yields.
Overexpression of ACE2 or SWI5 in wild type cells reduced their ethanol yields. Furthermore, among the 34 target genes
regulated by Ace2 and Swi5, deletion of CTS1, RPS4a, SIC1, EGT2, DSE2, or SCP160 led to increased ethanol yields, with the
former two showing higher effects. Overexpression of CTS1 or RPS4a in both ace2/ace2 and swi5/swi5 mutants reduced their
ethanol yields. In contrast, deletion of MCR1 or HO significantly decreased ethanol yields, with the former one showing the
highest effect. Therefore, Ace2 and Swi5 are two negative regulators of ethanol yield during static fermentation of yeast
cells, and both CTS1 and RPS4a are major effectors mediating these two transcription factors in regulating ethanol
production.
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INTRODUCTION nology, the ethanol concentration of 15% (v/v) can be achieved
at the end of fermentation (Puligundla et al. 2011). Production
of ethanol is under the control of many metabolic genes, and
ethanol yield is a polygenic trait. In S. cerevisiae, genetic analysis
of polygenic traits remains an important challenge, although ge-
nomic approaches have been successfully used to map multiple
quantitative trait loci involved in ethanol tolerance, sporulation

Saccharomyces cerevisiae is the most widely used fermentation or-
ganism used for the production of ethanol. However, the ethanol
concentrations at the end of fermentation are limited to be
generally 10%-12% (v/v) in most distilleries all over the world.
With the aid of emerging very high gravity fermentation tech-
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efficiency and acetic acid production (Swinnen et al. 2012; Swin-
nen, Thevelein and Nevoigt 2012).

The exploration of anaerobic niches and later on the com-
petition with other microorganisms in the environment are hy-
pothesized to be the driving forces behind the remodeling of car-
bon metabolism through the evolution of ethanol fermentation
in yeast cells. However, the complexity of gene expression reg-
ulatory networks behind the ethanol fermentation is still not
fully appreciated (Dashko et al. 2014). Transcription factors are
proteins that bind to specific DNA sequences, thereby control-
ling the rate of transcription of genes. They perform this func-
tion alone or with other proteins in a complex, by promoting
(as an activator) or blocking (as a repressor) the recruitment of
RNA polymerase to specific genes. Phenotypic changes are often
involved in alterations in transcriptional regulation. Recent ad-
vances in DNA sequencing technology and functional genomics
have enabled genome-wide comparative analyses of transcrip-
tional circuits across different yeast species, which reveals that
transcription networks are remarkably plastic (Li and Johnson
2010). In recent years, introduction of novel pathways and op-
timization of endogenous cellular processes through metabolic
engineering have been rapidly applied for the microbial produc-
tion of biofuels and chemicals (Nielsen et al. 2013). However,
the production of desirable compounds from microbes often re-
quires simultaneous modifications of many genes, which may
not be achievable by sequential gene modifications. Therefore,
simultaneous alteration of many genes through one transcrip-
tion factor becomes an alternate route. This has been demon-
strated to be successful in both prokaryotic and eukaryotic cells
through a global transcription machinery engineering approach
(Alper et al. 2006). In addition, a number of specific transcrip-
tion factors have been reported to be associated with ethanol
tolerance and production. Overexpression of a truncated form of
MSN2, encoding a stress-responsive transcriptional activator, re-
sulted in increased tolerance to ethanol (Hong et al. 2010). In con-
trast, overexpression of a full-length MSN2 led to an increased
sensitivity to ethanol (Sasano et al. 2012). Ger1 is a transcription
factor that controls carbohydrate metabolism in the presence of

Table 1. Key strains used in this study.

glucose by inducing glycolytic gene expression, and GCR1 is in-
volved in ethanol tolerance (Teixeira et al. 2009, 2010).

As a model organism, the budding yeast S. cerevisiae is the
first eukaryote with its genome sequence reported. Collections
of its gene deletion mutants have been successfully used in the
characterization of gene-drug and pathway-drug interactions
(Zhao et al. 2010, 2013b; Arias et al. 2011; Zhang et al. 2013; Jiang
et al. 2014; Xiong et al. 2015) as well as in the elucidation of novel
regulatory mechanisms for various metabolic pathways (Fujita
et al. 2006; Martin et al. 2011; Chin et al. 2012; Zhao et al. 2013a;
Nair et al. 2014). In this study, we have screened 77 gene mutants
for nonessential transcription factors from the diploid collection
of yeast gene deletion mutants for their ethanol production per-
formance during static fermentation, and identified Ace2 and its
paralog Swi5 as negative regulators of ethanol production. Fur-
ther analysis of their target genes reveals that Ctsl and Rps4a
are the major effectors mediating their functions in regulating
ethanol production during fermentation.

MATERIALS AND METHODS
Strains, media and primers

The wild-type (WT) S. cerevisiae strain BY4743 (ura3A0/ura3A0;
his3A1/his3A1; leu2A0/leu2A0) and its isogenic deletion mutant
strains were from the diploid deletion mutant library purchased
from Invitrogen Inc. and used in our previous studies (Zhao et al.
2010, 2013b; Zhang et al. 2013; Jiang et al. 2014; Du, Cao and Jiang
2015). YPD medium contains 20 g/L glucose, 20 g/L peptone and
10 g/L yeast extract. Fermentation medium contains 100 g/L
glucose, 7.5 g/L (NH4),SO4, 3.5 g/L KHyPO,4, 0.75 g/L MgSO4
7H,0, 0.1 g/L leucine, 0.02 g/L histidine and 0.02 g/L uracil. Key
strains used in this study are listed in Table 1. All primers used
in this study are listed in Supplementary Table 1 (Supporting
Information).

In order to ‘marker match’ the WT strain with members of
the deletion library, we constructed the WT control strain BG
(BY4743 with the kanMX4 marker of G418 resistance). Briefly,

Name Genotype Description

WYSC4 BY4743 HIS3MX6 The wild type (WT) strain (BH) with the HIS3MX6 allele integrated
between —216 and —107 base region upstream of one his3 locus

WYSC7 BY4743 Papu1-CTS1 The HIS3MX6-Papp; allele replaced the promoter of one CTS1 allele

WYSC8 BY4743 Papy1-RPS4A The HIS3MX6-Papp1 allele replaced the promoter of one RPS4A
allele

WYSC9 BY4743 Papy1-ACE2 The HIS3MX6-Papy; allele replaced the promoter of one ACE2 allele

WYSC12 BY4743 Papy1-SWIS The HIS3MX6-Papp; allele replaced the promoter of one SWIS allele

WYSC11 BY4743 kanMX6 The wild type (WT) strain (BG) with the kanMX6 allele integrated
between —400 and —260 base region upstream of one his3 locus

WYSC22 ace2::kanMX4/ace2::kanMX4 Papy1-RPS4A The HIS3MX6-Pap1 allele replaced the promoter of one RPS4A
allele in the ace2/ace2 deletion mutant

WYSC23 ace2::kanMX4/ace2::kanMX4 Papy1-CTS1 The HIS3MX6-Papp1 allele replaced the promoter of one CTS1 allele
in the ace2/ace2 deletion mutant

WYSC24 swi5::kanMX4/swi5::kanMX4 Papy1 -RPS4A The HIS3MX6-Papp1 allele replaced the promoter of one RPS4A
allele in the swi5/swi5 deletion mutant

WYSC25 swi5::kanMX4/swi5::kanMX4 Papy1-CTS1 The HIS3MX6-Papy1 allele replaced the promoter of one CTS1 allele
in the swi5/swi5 deletion mutant

WYSC26 BG PADH1-CTS1 The HIS3MX6-Papp: allele replaced the promoter of one CTS1 allele
in the WT strain BG

WYSC27 BG PADH1-RPS4A The HIS3MX6-Papp1 allele replaced the promoter of one RPS4A

allele in the WT strain BG
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we integrated the kanMX4 allele between —400 and —260 base
region upstream of the his3 locus by homologous recombina-
tion with a 1626-bp PCR fragment, which was amplified with
primers kanMX-F and kanMX-R from the genomic DNA of
the ace2::kanMX4 cells. Correct integration was confirmed by
PCR with primers kanMX-DF and kanMX-DR. Similarly, to con-
struct another WT control strain BH (BY4743 with the HIS3MX6
marker), we integrated the HIS3MX6 allele between —216 and
—107 base region upstream of the his3 locus by homologous
recombination with a 1498-bp PCR fragment, which was am-
plified with primers HIS3MX-F and HIS3MX-R from the plas-
mid pFA6a-HIS3MX6-pGAL1-GFP (Longtine et al. 1998). Correct
integration was confirmed by PCR with primers HIS3-DF and
HIS3-DR.

To overexpress the CTS1 gene under the control of ADH1 pro-
moter in the WT BG, the ace2/ace2 mutant and the swi5/swi5 mu-
tant, from the genomic DNA of BY4743 cells, we PCR amplified
the 821-bp ADH1 promoter fragment with primers ADH1p-F and
ADHp-R, and inserted it between BglIl and Pacl sites of pFA6a-
His3MX6-PGAL1-GFP (Longtine et al. 1998), yielding the pFA6a-
Papu1 plasmid that contains a HIS3-Papy; cassette. The insert in
this plasmid was confirmed by DNA sequencing. We then PCR
amplified the 2298-bp HIS3-Papy; cassette with primers CTS1-
ADH1p-INT-F and CTS1-ADH1p-INT-R, which was introduced
into the WT BG, the ace2/ace2 mutant and the swi5/swi5 mutant,
respectively, to replace the CTS1 promoter in these strains. This
generated three strains, BG Papu1-CTS1, ace2/ace2 Papy;-CTS1 and
swi5/swi5 Papyi-CTS1. Correct integrations were confirmed by
PCR with primers CTS1-DF and CTS1-DR. Similarly, we amplified
the HIS3-Papy; cassette with primers RPS4a-ADH1p-INT-F and
RPS4a-ADH1p-INT-R, and constructed other three strains, BG
Papu1-RPS4a, ace2/ace2 Papyi-RPS4a and swi5/swi5 Papyi-RPS4a,
which overexpress the RPS4a gene under the control of ADH1
promoter. Correct integrations in these strains were confirmed
by PCR with primers RPS4a-DF and RPS4a-DR.

Similarly, to overexpress the ACE2, SWI5, CTS1 or RPS4a gene
under the control of ADH1 promoter in the WT BY4743, we PCR
amplified the 2298-bp HIS3-Papy; cassettes with primer pairs
ACE2-ADH1p-INT-F/ACE2-ADH1p-INT-R, SWI5-ADH1p-INT-
F/SWI5-ADH1p-INT-R, CTS1-ADH1p-INT-F/CTS1-ADH1p-INT-R
and RPS4a-ADHI1p-INT-F/RPS4a-ADH1p-INT-R, respectively,
and introduced them into the WT BY4743 to replace their
endogenous promoters, respectively. Correct integrations were
confirmed by PCR with their primer pairs ACE2-DF/ACE2-R and
SWIS5-DF/SWI5-DR, CTS1-DF/CTS1-DR and RPS4a-DF/RPS4a-DR.
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Seed cultures were obtained by growing yeast strains in 50 ml
of YPD or selective SD media overnight at 30°C. Overnight cul-
tures were inoculated to 50 ml fermentation medium with an
initial ODgoonm Of 1.5 in 250-mL flasks, which was followed by a
8-hour ventilated shake with a speed of 220 rpm at 30°C to obtain
sufficient biomass, before these aerobic cultures were switched
to static cultures in the same incubator where they were kept
for additional 52 h (Fig. 1). Fermentation samples of 1 ml were
taken at different time points, with static cell cultures mixed
well by a vigorous shake immediately before being sampled,
examined for their ODgoonm Vvalues with a spectrophotometer
(Eppendorf BioPhotometer Plus, Germany), and subsequently
centrifuged at 10 000 rpm for 1 min. Cell pellets were used for
measuring their biomasses (dry weights), while supernatants
were pretreated with 5% TCA before being filtered with a pa-
per filter of 0.22-um pore size. Filtrates were used to exam-
ine ethanol and glucose concentrations by high-pressure liquid
chromatography, using a Shodex SUGAR SH1011 column eluted
with 5 mM H,S0, at a flow rate of 1.0 ml/min and at 50°C. Ethanol
and glucose were detected with a Waters 2717 refractive index
detector in the Waters (Model 1515) apparatus. Data were from
three independent experiments.

Determination of fermentation culture dry weight

To determine dry weights of culture samples, we used 0.45-pm
membrane filters to remove the medium by filtration. The filters
were washed once with deionized water and dried in an oven for
15 min as described previously (Postma et al. 1989).

Colony morphology and cell sedimentation assays

Colony morphology and cell sedimentation assays for yeast
strains were carried out on solid and liquid YPD media, respec-
tively, as described previously (Voth et al. 2005).

Semi-quantitation of band intensity

Digital signals of band intensity in RT-PCR gels were quantified
and analyzed using the Bio-Rad Gel DocTM XR+ System and
the Image Lab software (Version 4.0.1) (Hercules, USA) as we de-
scribed previously (Xiong et al. 2015).
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Figure 1. Static fermentation profiles of the wild type (WT) and its isogenic deletion mutant for GPD1. Optical density (OD) values at 600 nm (lines) and ethanol titers
(bars) (A) as well as ethanol yields on biomass (B) of these two strains during aerobic and static growth phases at 30°C for indicated time.
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Statistical analysis

Significant differences were analyzed by the paired-samples t-
test with SPSS version 16.0 (USA). P-values of <0.05 were con-
sidered to be significant.

RESULTS
Establishment of an experimental fermentation model

A previous study showed that deletion of GPD1, encoding NAD-
dependent glycerol-3-phosphate dehydrogenase that is the key
enzyme of glycerol synthesis, reduced glycerol yield and in-
creased ethanol yield in anaerobic batch fermentations of S.
cerevisiae (Guo et al. 2011). To determine an ideal model for us
to compare the ethanol fermentation capabilities of gene dele-
tion mutants for all nonessential transcription factors, we de-
signed an experimental fermentation model using the WT and
its isogenic gpd1/gpdl mutant (Fig. 1; see details in ‘Static fer-
mentation model’ of the Methods section). Under these fermen-
tation conditions, both ethanol titers and yields on biomass of
the gpd1/gpd1 mutant were higher than those of the WT (Fig. 1).
The ethanol yields of two strains started to differentiate at the
time point of 20 h, and seemed to reach their plateaus by the
time point of 52 h (Fig. 1B). This result is consistent with previ-
ous studies that deletion of GPD1 leads to higher ethanol yields
in S. cerevisiae (Guo et al. 2011; He et al. 2014). Therefore, our fer-
mentation model is suitable for the objective in this study.

Genetic screen for transcription factors involved
in ethanol production during fermentation

Using the phrase ‘transcription factor’ as a query, from the Sac-
charomyces genome database (SGD) we identified a total of 114
transcription factor genes, and 94 of them are nonessential
genes. We retrieved 77 deletion mutants for these genes from
our gene deletion library in the diploid BY4743 background (Sup-
plementary Table 2, Supporting Information). Based on the fer-
mentation model described above, we examined the ethanol
production of these 77 individual gene deletion mutants. To fa-
cilitate the comparison between different mutants, we arbitrar-
ily chose two fermentation time points of 32 and 52 h, which
represent the increasing and plateau phases, respectively, of
ethanol production in the WT and the gpd1/gpd1 mutant (Fig. 1B),
for measuring the biomasses and ethanol concentrations of
these 77 mutants. As compared to the WT, we identified two
deletion mutants for ACE2 and its paralog SWI5 (Dohrmann et al.
1992), whose ethanol yields were significantly elevated at both
32 and 52 h time points during fermentation (Fig. 2A; Data not
shown).

We further characterized the fermentation profiles of these
two mutants. As compared to the WT, the ace2/ace2 mutant
showed a slower growth during the aerobic growth phase, and its
optical density (OD) value remained dramatically lower during
the plateau phase. In contrast, the swi5/swi5 mutant showed a
similar growth rate to the WT, but its OD value remained slightly
lower than that of the WT during the plateau phase (Fig. 3A).
However, as compared to the WT, the ethanol yields on biomass
of these two mutants remained higher during almost the en-
tire fermentation period, with the ace2/ace2 mutant being higher
than the swi5/swi5 mutant (Fig. 3B).

Next, we examined if overexpression of ACE2 or SWI5 would
have an effect on ethanol fermentation. Both ACE2 and SWIS5 are
cell cycle-regulated genes (Dohrmann et al. 1992). We replaced

the promoters of these two genes with the ADH1 promoter in
the BY4743 background, which led to elevated transcriptional
expression levels of ACE2 or SWI5 by 1.73 and 1.63 times, respec-
tively, as compared to that in the WT (Supplementary Fig. 1A,
Supporting Information). Ethanol yields of the WT cells overex-
pressing ACE2 were decreased by 40% at both 32 and 52 h, while
those of the WT cells overexpressing SWI5 were decreased by
90% and 83%, respectively, at 32 and 52 h, in comparison to those
in the WT control cells (Fig. 4A). Taken together, these results in-
dicate that Ace2 and its paralog Swi5 are negative regulators of
ethanol production during static fermentation of yeast cells. In
contrast, a recent work has shown that Ace2 and Swi5 are two
of the 20 transcription factors, with Ace2 being the most impor-
tant one, that are involved in regulating yeast response to acetic
acid and furfural stresses during ethanol fermentation from lig-
nocellulosic biomass, and that overexpression of ACE2 improves
specific ethanol productivity of yeast cells by three times in the
presence of acetic acid and furfural (Chen et al. 2016).

Cts1 and Rps4a are major effectors for mediating
functions of Ace2 and Swi5 in ethanol production

From the SGD database, Ace2 and Swi5 are known to con-
trol transcriptional expression of 76 and 127 genes, respec-
tively (http://www.yeastgenome.org/). We tested deletion mu-
tants of 15 genes being specific targets of Ace2, 6 genes being
specific targets of Swi5, and 13 genes being common targets of
Ace2 and Swi5 (Supplementary Table 3, Supporting Information;
McBride, Yu and Stillman 1999). Similar to the deletion mutant of
ACE2, the deletion mutant for CTS1 showed significantly higher
ethanol yields/biomass at both 32 and 52 h time points, while the
deletion mutants for SIC1, EGT2, DSE2, SCP160 and RPS4a showed
higher ethanol yields/biomass at either 32 or 52 h time points,
than those of the WT (Fig. 2B). In contrast, the deletion mutant
for MCR1 showed significantly lower ethanol yields/biomass at
both 32 and 52 h time points, while the deletion mutant for HO
showed lower ethanol yields/biomass at 52 h time point than
those of the WT (Fig. 2B).

We further characterized the fermentation profile of the
ctsl/ctsl mutant. As compared to the WT, the ctsl/cts1 mutant
showed a similar growth rate to the WT, but its OD value re-
mained slightly lower than that of the WT during the plateau
phase (Fig. 3A). However, its ethanol yield reached higher even
than those of the ace2/ace2 and the swi5/swi5 mutants after 52 h
(Fig. 3B). Similar to deletion of ACE2 or CTS1, deletion of Ace2 tar-
get gene RPS4a led to dramatic increase of ethanol yield at 32 h,
albeit not at 52 h, time points than that of the WT (Fig. 2B). Next,
we examined the effects of overexpressing CTS1 or RPS4a on
ethanol fermentation. We replaced the promoters of these two
genes with the ADH1 promoter in the BY4743 background, which
led to increased expression levels of CTS1 and RPS4a by 1.22 and
1.98 times, respectively, as compared to that in the WT BH cells
(Supplementary Fig. 1A, Supporting Information). Ethanol yields
of the WT cells overexpressing CTS1 were decreased by 32% and
24%, respectively, at 32 and 52 h, while those of the WT cells
overexpressing RPS4a were decreased by 29% and 24%, respec-
tively, at 32 and 52 h, in comparison to that in the WT BH control
cells (Fig. 4A). These results confirm that like their transcription
regulator Ace2, Cts1 and Rps4a are negative regulators of ethanol
production during static fermentation of yeast cells.

Genetically, overexpression of a downstream target can sup-
press the deletion effect of its upstream regulator. Therefore,
we next examined the effect of overexpressing CTS1 or RPS4a
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Figure 2. Ethanol yields on biomass at 32 and 52 h time points during the static fermentation. (A) Ethanol yields of the WT BG and its isogenic gene deletion mutants
for 17 transcription factors. These mutants were numbered as in Supplementary Table 2 (Supporting Information). The arithmetic mean values of ethanol yields for
the WT and all 77 mutants examined at 32 h (6.15 £ 0.32) and 52 h (8.36 + 0.56) are indicated with two solid lines, respectively, as indicated. (B) Ethanol yields of the WT
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< 0.05) between the WT and mutants indicated. The gene names of mutants showing significant difference from the WT are shown above their corresponding bars.
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were DIC images, and bottom panels were images visualized under a Nikon ECLIPSE 80i fluorescent microscope equipped with Plan fluor 100/1.3 oil objective and cube
filter (EX340-380, EM435-485).
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genes in the deletion mutants for ACE2 or its paralog gene SWI5
on ethanol yield. We replaced the promoters of CTS1 or RPS4a
with the ADH1 promoter in the deletion mutants for ACE2 or
SWIS5. This led to an increased expression of CTS1 in ace2/ace2
and swi5/swi5 mutants by 2.30 and 1.22 times, respectively, and
an increased expression of RPS4a in ace2/ace2 and swi5/swi5 mu-
tants by 2.03 and 1.54 times, respectively (Supplementary Fig. 1B,
Supporting Information). Static fermentation data showed that
overexpression of CTS1 also reduced the production of ethanol
by 13% and 14% in the another WT BG as in Fig. 2, and com-
pletely suppressed the effect of either ace2 or swi5 deletion on
the increase of ethanol yield, at both 32 and 52 h time points
during fermentation (Fig. 4B). Similarly, overexpression of RPS4a
decreased the production of ethanol by 14% and 7% in the WT
at 32 and 52 h, respectively, and suppressed the ethanol yield
of the ace2/ace2 mutant, at the 52 h time point but not at the
32 h time point (Fig. 4B). In contrast, overexpression of RPS4a
suppressed the ethanol yield of the swi5/swi5 mutant at the 32
h time point, but not at the 52 h time point, during fermenta-
tion (Fig. 4B). Taken together, these data suggest that both Ctsl
and Rps4a are downstream targets of Ace2 and Swi5, with Cts1
playing a bigger role than Rps4a, in mediating their regulatory
functions in ethanol production.

Cts1 but not Rps4a mediates the regulatory function
of Ace2 in cell separation

Previous studies have shown that deletion, genome duplication
or truncation mutations of ACE2 leads to a defect in mother-
daughter cell separation (Voth et al. 2005; Oud et al. 2013).
We next examined the cell morphologies of the WT and the
ace2/ace? mutant overexpressing CTS1 or RPS4a. Similar to the
previous observation (Voth et al. 2005), log-phase growing cells
of the WT showed a single-cell morphology, while cells of the
ace2/ace? mutant showed a multicellular morphology (Fig. 4C
and D). Overexpressing CTS1 significantly, but overexpressing

YPD YPD+2.5% Ethanol

YPD+5% Ethanol
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RPS4a barely, suppressed the multicellular morphology of the
ace2/ace? mutant (Fig. 4E and F). This result suggests that
Cts1 is the major downstream target of Ace2 for mediating its
regulatory function in the mother-daughter cell separation after
mitosis.

Deletion of ACE2, SWI5, CTS1 or RPS4a increases
ethanol tolerance of yeast cells

Ethanol tolerance is one of the limitation factors for ethanol
yield during yeast fermentation. We next examined the ethanol
tolerance of the ace2/ace2, the swi5/swi5, the cts1/cts1 and the
rps4a/rps4a mutants. As compared to the WT, the ace2/ace2 mu-
tant showed the highest ethanol tolerance, which is followed by
the swi5/swi5, the cts1/cts1 and the rps4a/rps4a mutants at lower
degrees, on YPD plate containing 10% ethanol (Fig. 5A).

Cell and colony morphologies as well as cell
sedimentation assays of mutants

In the W303 strain background, the ace2 and swi5 mutations
have a defect in cell separation, resulting in clumpy clusters
of cells and an altered colony morphology (Voth et al. 2005).
Therefore, we examined the cell and colony morphologies of
the ace2/ace2, the swi5/swi5, the ctsl/ctsl, the dsel/dsel, the
dse2/dse2, the dse4/dse4 and the egt2/egt2 mutants in the BY4743
strain background. Consistent with the previous study (Voth
et al. 2005), we found that the ace2/ace2 mutant, but not other
mutants, showed an altered colony morphology as compared to
the WT on YPD plates (Fig. 5B), although both the ace2/ace2 and
the swi5/swi5 mutants, and not other mutants, showed clumpy
clusters of cells under the microscope (Supplementary Fig. 2,
Supporting Information).

To quantify the cell separation defects, we measured the
cell sedimentation rates for these mutants. As compared to
the WT, the ace2/ace2 mutant culture clears rapidly, with a

YPD+15% Ethanol

YPD+10% Ethanol
WT

ace2/ace2
swib5/swib

cts1/cts1
rps4a/rps4a

ace2/ace2 E 08 -@-wr
(=3
. . 3 —@— ace2/ace2
swib/swiS § 0.6 == SWi5/SWI5
cts1/cts1 ° —d- ctstlcts?
3 —f— dsel/dsel
dset/dse1 = 04 @+ dse2/dse2
g —@— dsed/dsed
dse2/dse2 g 0.2 - egt2/egt2
dsed/dse4
0.0 M 1 M 1 L M L L M i i L M 1 M 1 1 M " M 1 L N Time (min)
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Figure 5. Ethanol tolerance, colony morphologies and cell sedimentation assays. (A) Ethanol tolerant phenotypes of the wild type BG (WT), the ace2/ace2, the swi5/swi5,
the cts1/cts1 and the rps4a/rps4a mutants on YPD plates containing indicated concentrations of ethanol. Plates were incubated at 30°C for 2 days. Colony morphologies
(B) and cell sedimentation assays (C) of the wild type BG (WT), the ace2/ace2, the swi5/swi5, the cts1/cts1, the dsel/dsel, the dse2/dse2, the dse4/dse4 and the egt2/egt2 mu-
tants. For the colony morphology assay, we inoculated three replicates for each yeast strain. For the cell sedimentation assay, the data are average of three independent

experiments.
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sedimentation half-time of 20 min, In contrast, there was sig-
nificant decrease for the swi5/swi5 and the cts1/cts1 mutants at
similar degrees and for the dsel/dselmutant at a lower degree,
but little change for the dse2/dse2, the dse4/dse4 and the egt2/egt2
mutants, in the OD until after 120 min (Fig. 5C).

DISCUSSION

Cts1 and Rps4a are shared targets of Ace2 and Swi5
during ethanol fermentation

In this study, we have identified that both Ace2 and Swi5 neg-
atively regulate ethanol production during static fermentation
of yeast cells. To our knowledge, this is the first report that cell
cycle-regulating transcription factors are involved in the regula-
tion of ethanol production during yeast fermentation. Ace2 is a
transcriptional activator of a cell-cycle regulated Cts1, an endo-
chitinase, which is required for septum destruction and cell sep-
aration after mitosis (Dohrmann et al. 1992; O’Conallain 1999),
while its paralog Swi5 is the transcriptional activator of another
cell-cycle regulated protein, the HO endonuclease (Dohrmann
et al. 1992). However, their downstream targets Cts1 and HO ap-
peared to show opposite functions, with the former showing a
negative role and the latter showing a positive role, in regulating
ethanol production during fermentation (Fig. 2B).

Although Ace2 and its paralog Swi5 are required for maximal
expression of some genes, they act antagonistically at the pro-
moters of other genes; they also regulate some genes indepen-
dently (Doolin et al. 2001). Overexpression of CTS1 suppresses
the ethanol yield increase due to deletion of either ACE2 or SWI5
at both 32 and 52 h time points, while overexpression of RPS4a
suppresses the ethanol yield increase due to deletion of ACE2
and SWI5 at only 52 or 32 h time points, respectively, during fer-
mentation (Fig. 4B). These data suggest that Cts1 and Rps4a are
shared targets of Ace2 and Swi5 during ethanol fermentation of
yeast cells.

As compared to the WT, the ace2/ace2 mutant has a lower
biomass accumulation although its ethanol yield on biomass
remains higher during the entire fermentation period (Fig. 3).
Interestingly, we have shown that the ace2/ace2 mutant has a
dramatically higher ethanol tolerance than the WT, so are the
swi5/swi5, the ctsl/cts1 and the rps4a/rps4a mutants with less
degrees (Fig. 5A). This ethanol tolerance should at least partially
contribute to the ethanol yields on biomass for these mutants.
Nevertheless, the link between cell cycle and ethanol production
remains to be elucidated.

Like the deletion mutant for ACE2, five mutants for its tar-
get genes, CTS1, EGT2, DSE1, DSE2 and DSE4 in either W303a or
$1278b backgrounds were shown to have a defect in cell sepa-
ration with different degrees (Doolin et al. 2001; Baladrén et al.
2002). However, except of deletion mutants for ACE2, SWI5, CTS1
and DSE1, three mutants for Ace2 target genes, EGT2, DSE2 and
DSE4 in BY4743 background did not show a defect in cell separa-
tion (Fig. 5; Supplementary Fig. 2, Supporting Information). Un-
like ACE2, CTS1, EGT2 and DSE2, deletion of either DSE1 or DSE4
did not affect the ethanol yields at both 32 and 52 h time points
during yeast fermentation (No. 9 and No. 54 in Fig. 2B). There-
fore, the defect in cell separation due to deletion of these genes
seems not correlated to the ethanol yield of yeast cells during
fermentation.

Other target genes of Ace2 involved in the ethanol
fermentation

Sicl is a cyclin-dependent inhibitor of Cdc28-Clb kinase com-
plexes that controls G1/S phase transition, and its expression
could be induced by both Ace2 and Swi5 (Toyn et al. 1997). There-
fore, it is not surprising to note that deletion of SIC1 increases
the ethanol yield of yeast cells during fermentation as its two
regulators do. SCP160 encodes an RNA-binding and polysome-
associated protein in the endoplasmic reticulum, and is involved
in protein translation through interacting with Eap1, an eIF4E-
binding protein (Guo et al. 2003; Mendelsohn et al. 2003). In
S. cerevisiae, only two G proteins Gpa2 and Ras mediating two
branches of a glucose-sensing pathway have been demonstrated
(Conrad et al. 2014). The cAMP/PKA pathway mediated by Ras
and Gpa2 plays a prominent role in responding to glucose levels
and initiating the signaling processes that promote cell growth
and division (Busti et al. 2010).Interestingly, signaling by acti-
vated Gpal requires its direct coupling to Scp160 in mating re-
sponse pathway (Guo et al. 2003). Therefore, a similar mecha-
nism how Scp160 is linked to ethanol production might exist in
yeast cells and remains to be elucidated.

Under anaerobic conditions, yeast cells have to modify
metabolic network to generate substrates (intermediates) for de
novo reactions, such as the amino acid synthetic pathways, in
a way independent of the respiratory chain and a normal Krebs
cycle (Dashko et al. 2014). MCR1 encodes NADH-cytochrome b(5)
reductase and plays an important role in the response to oxida-
tive damage in yeast cells (Lee et al. 2001). Loss of MCR1 would
lead to a higher levels of free radicals that would be an additional
stress factor for yeast cells that are already exposed to ethanol
stress, which might explain why there is a decreased ethanol
yield at both 32 and 52 h time points for yeast cells lacking
MCRI1.

In conclusion, we have designed an experimental fermen-
tation model using the WT and its isogenic gpd1/gpdl mutant.
Out of 77 genes encoding nonessential transcription factors we
have identified two transcription factors Ace2 and its paralog
Swi5 as negative regulators of ethanol yields during static fer-
mentation. We have further examined the ethanol fermenta-
tion yields of deletion mutants for 34 target genes of Ace2 and
Swi5. Deletion of CTS1, RPS4a, SIC1, EGT2, DSE2, or SCP160 shows
increased ethanol yields, with the former two showing higher
effects. In contrast, deletion of MCR1 or HO significantly de-
creased ethanol yields, with the first showing the highest ef-
fect. Overexpression of CTS1 or RPS4a in both ace2/ace2 and
swi5/swi5 mutants reduced their ethanol yields. Therefore, CTS1
and RPS4a are the major effectors mediating the functions of
Ace2 and Swi5 in regulating ethanol production of yeast fermen-
tation. Deletion of these two transcription factor genes (ACE2
and SWI5) as well as their two target genes (CTS1 and RPS4a)
could be tested for their effects to improve ethanol produc-
tion in industrial yeast strains. These findings improve our un-
derstanding of the regulatory mechanism of ethanol produc-
tion and provide a basis for metabolic engineering of yeast
cells to improve ethanol production during static high-gravity
fermentation.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSYR online.

970z ‘G |1udy uo 159NnB Aq /B10'seulnolploixo iAsway//:dny woly papeojumoq


http://femsyr.oxfordjournals.org/lookup/suppl/doi:10.1093/femsyr/fow022/-/DC1
http://femsyr.oxfordjournals.org/

FUNDING

This work was partially supported by Jiangnan University key-
project grant (No. JUSRP51313B), the open project program for
Key Laboratory of Industrial Biotechnology (Ministry of Educa-
tion) (No. KLIB-KF201410), National Natural Science Foundation
of China (No. 31300027, No. 81371784 and No. 81571966), Jiangsu
Provincial Natural Science Foundation (No. BK20130136) and the
Jiangsu Key Projects for Agriculture (No. BE2014306).

Conflict of interest. None declared.

REFERENCES

Alper H, Moxley ], Nevoigt E et al. Engineering yeast transcription
machinery for improved ethanol tolerance and production.
Science 2006;314:1565-8.

Arias P, Diez-Muniz S, Garcia R et al. Genome-wide survey of
yeast mutations leading to activation of the yeast cell in-
tegrity MAPK pathway: novel insights into diverse MAPK out-
comes. BMC Genomics 2011;12:390.

Baladrén V, Ufano S, Duenas E et al. Englp, an endo-1,3-beta-
glucanase localized at the daughter side of the septum, is in-
volved in cell separation in Saccharomyces cerevisiae. Eukaryot
Cell 2002;1:774-86.

Busti S, Coccetti P, Alberghina L et al. Glucose signaling-mediated
coordination of cell growth and cell cycle in Saccharomyces
cerevisiae. Sensors (Basel). 2010;10:6195-240.

Chen Y, Sheng J, Jiang T et al. Transcriptional profiling reveals
molecular basis and novel genetic targets for improved re-
sistance to multiple fermentation inhibitors in Saccharomyces
cerevisiae. Biotechnol Biofuels 2016;9:9.

Chin BL, Ryan O, Lewitter F et al. Genetic variation in Saccha-
romyces cerevisiae: circuit diversification in a signal transduc-
tion network. Genetics 2012;192:1523-32.

Conrad M1, Schothorst J, Kankipati HN et al. Nutrient sensing
and signaling in the yeast Saccharomyces cerevisiae. FEMS Mi-
crobiol Rev 2014;38:254-99.

Dashko S, Zhou N, Compagno C et al. Why, when, and how
did yeast evolve alcoholic fermentation? FEMS Yeast Res
2014;14:826-32.

Dohrmann PR, Butler G, Tamai K et al. Parallel pathways of gene
regulation: homologous regulators SWI5 and ACE2 differen-
tially control transcription of HO and chitinase. Gene Dev
1992;6:93-104.

Doolin MT, Johnson AL, Johnston LH et al. Overlapping and dis-
tinct roles of the duplicated yeast transcription factors Ace2p
and Swi5p. Mol Microbiol 2001;40:422-32.

Du J, Cao C, Jiang L. Genome-scale genetic screen of lead ion-
sensitive gene deletion mutations in Saccharomyces cerevisiae.
Gene 2015;563:155-9.

Fujita K, Matsuyama A, Kobayashi, Y et al. The genome-wide
screening of yeast deletion mutants to identify the genes
required for tolerance to ethanol and other alcohols. FEMS
Yeast Res 2006;6:744-50.

Guo M, Aston C, Burchett SA et al. The yeast G protein alpha sub-
unit Gpal transmits a signal through an RNA binding effector
protein Scp160. Mol Cell 2003;12:517-24.

Guo ZP, Zhang L, Ding ZY et al. Minimization of glycerol syn-
thesis in industrial ethanol yeast without influencing its fer-
mentation performance. Metab Eng 2011; 13:49-59.

He W, Ye S, Xue T et al. Silencing the glycerol-3-phosphate de-
hydrogenase gene in Saccharomyces cerevisiae results in more
ethanol being produced and less glycerol. Biotechnol Lett.
2014;36:523-9.

Wuetal. | 9

Hong ME, Lee KS, Yu BJ et al. Identification of gene targets
eliciting improved alcohol tolerance in saccharomyces cere-
visiage through inverse metabolic engineering. J Biotechnol
2010;149:52-9.

Jiang L, Cao C, Zhang L et al. Cadmium-induced activation of
high osmolarity glycerol pathway through its Sln1 branch is
dependent on the MAP kinase kinase kinase Ssk2, but not
its paralog Ssk22, in budding yeast. FEMS Yeast Res 2014;14:
1263-72.

Lee JS, Huh WK, Lee BH et al. Mitochondrial NADH-cytochrome
b(5) reductase plays a crucial role in the reduction of
D-erythroascorbyl free radical in Saccharomyces cerevisiae.
Biochim Biophys Acta. 2001;1527:31-8.

Li H, Johnson AD. Evolution of transcription networks—lessons
from yeasts. Curr Biol 2010;20:R746-53.

Longtine MS, McKenzie A, III, Demarini DJ et al. Additional
modules for versatile and economical PCR-based gene
deletion and modification in Saccharomyces cerevisiae. Yeast
1998;14:953-61.

McBride HJ, Yu Y, Stillman DJ. Distinct regions of the Swi5 and
Ace2 transcription factors are required for specific gene ac-
tivation. J Biol Chem 1999;274:21029-36.

Martin DC, Kim H, Mackin NA et al. New regulators of a high
affinity Ca2" influx system revealed through a genome-wide
screen in yeast. ] Biol Chem 2011;286:10744-54.

Mendelsohn BA, Li AM, Vargas CA et al. Genetic and biochemical
interactions between SCP160 and EAP1 in yeast. Nucleic Acids
Res 2003;31:5838-47.

Nair S, Traini M, Dawes IW et al. Genome-wide analysis of Saccha-
romyces cerevisiae identifies cellular processes affecting intra-
cellular aggregation of Alzheimer’s amyloid-f42: importance
of lipid homeostasis. Mol Biol Cell 2014;25:2235-49.

Nielsen ], Larsson C, van Maris A et al. Metabolic engineering of
yeast for production of fuels and chemicals. Curr Opin Biotech
2013;24:398-404.

O’Conallain C, Doolin MT, Taggart C et al. Regulated nuclear lo-
calisation of the yeast transcription factor Ace2p controls ex-
pression of chitinase (CTS1) in Saccharomyces cerevisiae. Mol
Gen Genet 1999;262:275-82.

Oud B, Guadalupe-Medina V, Nijkamp JF et al. Genome du-
plication and mutations in ACE2 cause multicellular, fast-
sedimenting phenotypes in evolved Saccharomyces cerevisiae.
P Natl Acad Sci USA 2013;110:E4223-31.

Postma E, Verduyn C, Scheffers WA et al. Enzymic analysis of the
Crabtree effect in glucose-limited chemostat cultures of Sac-
charomyces cerevisiae. Appl Environ Microb 1989;55:468-77.

Puligundla P, Smogrovicova D, Obulam VS et al. Very high grav-
ity (VHG) ethanolic brewing and fermentation: a research up-
date. ] Ind Microbiol Biot 2011;38:1133-44.

Sasano Y, Watanabe D, Ukibe K et al. Overexpression of the yeast
transcription activator msn2 confers furfural resistance and
increases the initial fermentation rate in ethanol production.
] Biosci Bioeng 2012;113:451-5.

Swinnen S, Schaerlaekens K, Pais T et al. Identification of
novel causative genes determining the complex trait of high
ethanol tolerance in yeast using pooled-segregant whole-
genome sequence analysis. Genome Res 2012;22:975-84.

Swinnen S, Thevelein JM, Nevoigt E. Genetic mapping of quan-
titative phenotypic traits in Saccharomyces cerevisiae. FEMS
Yeast Res 2012;12:215-27.

Teixeira MC, Raposo LR, Mira NP et al. Genome-wide identifi-
cation of Saccharomyces cerevisiae genes required for max-
imal tolerance to ethanol. Appl Environ Microb 2009;75:
5761-72.

970z ‘G |1udy uo 159NnB Aq /B10'seulnolploixo iAsway//:dny woly papeojumoq


http://femsyr.oxfordjournals.org/

10 | FEMS Yeast Research, 2016, Vol. 16, No. 3

Teixeira MC, Raposo LR, Palma M et al. Identification of genes
required for maximal tolerance to high-glucose concen-
trations, as those present in industrial alcoholic fermen-
tation media, through a chemogenomics approach. Omics
2010;14:201-10.

Toyn JH, Johnson AL, Donovan JD et al. The Swi5 transcription
factor of Saccharomyces cerevisiae has a role in exit from mito-
sis through induction of the cdk-inhibitor Sicl in telophase.
Genetics 1997;145:85-96.

Voth WP, Olsen AE, Sbia M et al. ACE2, CBK1, and BUD4 in bud-
ding and cell separation. Eukaryot Cell 2005;4:1018-28.

Xiong B, Zhang L, Xu H et al. Cadmium induces the activation of
cell wall integrity pathway in budding yeast. Chem-Biol Inter-
act 2015;240:316-23.

Zhang L, Liu N, Ma X et al. The transcriptional control ma-
chinery as well as the cell wall integrity and its regula-

tion are involved in the detoxification of the organic solvent
dimethyl sulfoxide in Saccharomyces cerevisiae. FEMS Yeast Res
2013;13:200-18.

Zhao J, Lin W, Ma X et al. The protein kinase Hal5p is the high-
copy suppressor of lithium-sensitive mutations of genes in-
volved in the sporulation and meiosis as well as the er-
gosterol biosynthesis in Saccharomyces cerevisiae. Genomics
2010;95:290-8.

Zhao Y, Du ], Xiong B et al. ESCRT components regulate the ex-
pression of the ER/Golgi calcium pump gene PMR1 through
the Rim101/Nrgl pathway in budding yeast. ] Mol Cell Biol
2013a;5:336-44.

Zhao Y, Du J, Zhao G et al. Activation of calcineurin is
mainly responsible for the calcium sensitivity of gene dele-
tion mutations in the genome of budding yeast. Genomics
2013b;101:49-56.

970z ‘G |1udy uo 159NnB Aq /B10'seulnolploixo iAsway//:dny woly papeojumoq


http://femsyr.oxfordjournals.org/

