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Abstract Saccharomyces cerevisiae is a superb ethanol
producer, yet is also sensitive to higher ethanol concen-
trations especially under high gravity or very high gravity
fermentation conditions. Ethanol tolerance is associated
with interplay of complex networks at the genome level.
Although significant efforts have been made to study
ethanol stress response in past decades, mechanisms of
ethanol tolerance are not well known. With developments
of genome sequencing and genomic technologies, our
understanding of yeast biology has been revolutionarily
advanced. More evidence of mechanisms of ethanol
tolerance have been discovered involving multiple loci,
multi-stress, and complex interactions as well as signal
transduction pathways and regulatory networks. Transcrip-
tion dynamics and profiling studies of key gene sets
including heat shock proteins provided insight into toler-
ance mechanisms. A transient gene expression response or
a stress response to ethanol does not necessarily lead to
ethanol tolerance in yeast. Reprogrammed pathways and
interactions of cofactor regeneration and redox balance
observed from studies of tolerant yeast demonstrated the
significant importance of a time-course study for ethanol
tolerance. In this review, we focus on current advances of
our understanding for ethanol-tolerance mechanisms of S.
cerevisiae including gene expression responses, pathway-
based analysis, signal transduction and regulatory networks.
A prototype of global system model for mechanisms of
ethanol tolerance is presented.
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Introduction

Yeasts have been widely used for alcohol related brewing
and fermentation in all of human civilization history. With
renewed interest in ethanol as a sustainable and clean
transportation fuel, economic cellulosic ethanol production
has recently become a focal point of considerable research
and development effort worldwide (Outlaw et al. 2005;
Sanchez and Cardona 2008; Wall et al. 2008; Vertes et al.
2010). Low-cost and high-titer of ethanol production are
significant challenges in developing a bio-based economy.
Saccharomyces cerevisiae is a superb ethanol producer
among numerous fermentative microorganisms (Lin and
Tanaka 2006; Liu et al. 2008). Although it is a traditional
ethanol-producing microbe, yeast is also sensitive to higher
concentrations of ethanol, especially for high gravity or
very high gravity fermentation conditions. Accumulation of
ethanol in a medium inhibits cell growth and viability,
affects different transport systems, and reduces ethanol titer
in the culture (Casey and Ingledew 1986; D’Amore and
Stewart 1987; D’Amore et al. 1990; Bai et al. 2004; Pina et
al. 2004). High levels of ethanol affect the integrity of cell
membrane, damage permeability to numerous ionic species,
decrease fluidity of plasma membrane leading to dissipation
of transmembrane electrochemical potential, and subse-
quently acidify intracellular and vacuolar conditions (Van
Uden 1985; Salgueiro et al. 1988; Rosa and Sá-Correia
1996; Teixeira et al. 2009). At high concentrations, ethanol
has also been shown to perturb protein conformation
causing protein denaturation and dysfunction, for example,
key glycolytic enzymes pyruvate kinase and hexokinase
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(Millar et al. 1982; Pascual et al. 1988). High ethanol
affects uptake of glucose, maltose, ammonium and amino
acid and causes cell leakage of nucleotides, amino acids,
and potassium (Piper 1995).

Several hundred genes were identified associated with
ethanol tolerance involving a broad range of functional
categories including protein biosynthesis, amino acid
metabolism, nucleotide metabolism, transport, cell cycle
and growth, lipid metabolism, fatty acid and ergosterol
metabolism, membrane and cell wall organization, proline
biosynthesis, and tryptophan biosynthesis (Gasch et al.
2000; Alexandre et al. 2001; Chandler et al. 2004; Kubota
et al. 2004; Fujita et al. 2006; van Voorst et al. 2006;
Gibson et al. 2007; Auesukaree et al. 2009; Dinh et al.
2009; Teixeira et al. 2009; Yoshikawa et al. 2009; Ma and
Liu (submitted)). As classified by different functional
categories, every single gene induced by ethanol has more
than one function (Table 1). This greatly complicates
delineating interactions of gene relationships. Although
extensive efforts have been made, mechanisms of ethanol
tolerance are not fully understood. The large number of
genes involved, multiple layers of functions and interac-
tions, complexity of yeast network response, and frequent
reprogrammed pathways made the task difficult regardless
of how the tolerance was controversially defined. Compo-
sitions and functions of plasma membrane related to
ethanol tolerance in yeast have been recently summarized,
as well as stress responses of some genes (Ding et al.
2009). This review focuses on the most up-to-date
knowledge in ethanol-tolerance mechanisms based on
comprehensive gene expression analysis, pathway-based
and integrated resistance, and regulatory networks. In
addition, our improved understanding in mechanisms of
ethanol tolerance in yeast uncovered new aspects in
dynamic studies of the tolerance over time. Snap shots of
transient expression responses are not necessarily meaning-
ful and may not lead to a tolerance response in yeast. A
prototype of the global system model of mechanisms for
ethanol tolerance in yeast is presented.

Membrane and cell wall

Many genes identified in association with ethanol tolerance
are involved in membrane composition. For example,
ETR1, OAR1, SUR4, FEN1, and HTD2 related to saturated
fatty acid metabolism, COQ1, CDS1, KCS1, ARG82, AYR1,
LCB5, LIP5, PDX3, LDB19, and OPI3 for lipid and
phospholipid metabolism, and DEP1, FEN2, UME6,
HAC1, and PEX15 involved in regulation of lipid, fatty
acid and isoprenoid metabolism are commonly observed
(Kubota et al. 2004; Fujita et al. 2006; Van Voorst et al.
2006; Auesukaree et al. 2009; Teixeira et al. 2009;

Yoshikawa et al. 2009). In addition, ETR1, GPD1, DAK1,
PCT1, OPI3, MCR1, FAA1, and GRE2 involved in fatty
acid, lipid, and isoprenoid metabolism were also reported to
be up-regulated under ethanol stress (Ogawa et al. 2000;
Alexandre et al. 2001; Chandler et al. 2004; Ma and Liu
(submitted)). Up-regulated genes related to cell wall
structure for ethanol tolerance include TIP1 for mannopro-
tein metabolism, SED1 for glycoprotein metabolism, SPI1
for weak acid resistance, and HSP150 for cell wall
organization (Ogawa et al. 2000; Chandler et al. 2004;
Ma and Liu (submitted)). Numerous cell wall genes were
reported to be associated with ethanol tolerance by gene
deletion mutation studies including SMI1 in the regulation
of cell wall synthesis, ANP1, MNN10, MNN11, and HOC1
encoding four of five subunits of mannosyltransferase
complex, LDB7 and VMA9 involved in mannoprotein
biosynthesis, KRE6 encoding β-glucan synthase for β-1,
6-glucan biosynthesis, WSC3, SLG1 and SLT2 encoding
sensor-transducer of the stress-activated PKC1-MPK1
kinase pathway involved in maintenance of cell wall
integrity, and MID2, ROM2, and SIT4 related to cell wall
organization (Kubota et al. 2004; Fujita et al. 2006; Van
Voorst et al. 2006; Auesukaree et al. 2009; Teixeira et al.
2009; Yoshikawa et al. 2009).

Although many genes involved in membrane and cell
wall composition are important as suggested by deletion
mutation assays, most of them are down-regulated under
ethanol stress. It is possible that membrane and cell wall
structures may undergo significant remodeling processes in
response to ethanol stress. Changes of membrane and
ergosterol composition in response to ethanol-induced stress
have been observed including unsaturated fatty acids (UFAs)
index and phospholipids (Alexandre et al. 1994; Chi and
Arneborg 1999; You et al. 2003; Aguilera et al. 2006).
Remodeling of yeast cell wall during ethanol shock was
suggested by 1,3-β-glucanase sensitivity assay (Teixeira
et al. 2009). Yeast cells grown on a culture medium in the
absence of ethanol were more susceptible to lyticase
activity than cells pre-exposed to ethanol. Ethanol-tolerant
mutants K11 and SR4-3, tolerant to ∼20% ethanol, showed
strong resistance to K1 killer toxin and a cell wall lysis
enzyme zymolyase (Ogawa et al. 2000).

The mono-unsaturated fatty acids palmitoleic acid and
oleic acid are key plasma membrane components in S.
cerevisiae to compensate deficits caused by ethanol stress
through increased fluidity of plasma membrane. The
amount of these two UFAs in cellular lipids was higher in
ethanol-tolerant strains (Sajbidor et al. 1995; You et al.
2003). Oleic acid is considered as the main determinant of
ethanol tolerance in S. cerevisiae. However, both palmito-
leic acid and oleic acid were formed by the same catabolic
membrane desaturase encoded by OLE1 through oxygen-
and NADH-dependant desaturation of palmitic acid and
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Table 1 Gene ontology (GO) categories and terms for induced genes by ethanol challenge from Saccharomyces cerevisiae

GO ID Term Genea

Cellular component

GO:0005737 Cytoplasm SSA1, CDC19, PRX1, SSA3, ATG8, NTH2, ETR1, YRO2, HSP26, TPS1, YBR139W,
ADH5, RTC2, TOS1, SSE2, SDS24, YBR287W, GRX1, GLK1, YCL042W, PDI1,
CIT2, PGK1, GPM2, GPD1, YDL124W, STF1, SFA1, COS7, NTH1, TPS2, SED1,
HSP42, SDH4, YDR248C, HSP78, CCC2, HXT7, HXT6, GRX2, EMI2, EUG1, GLC3,
UBC8, SPF1, CYC7, YEL047C, PRB1, YAT2, PIC2, GIP2, HOR2, RGI1, SER3, SSA4,
COX15, HSP12, GSY1, HXK1, PNC1, PKP2, PYC1, STF2, CTT1, RTS3, TDH3, PDX1,
PCT1, SOL4, ENO1, GND2, COS6, AIM17, SOD2, ARG4, GRE3, ENO2, CTR2,
OYE2, PFK26, YJL016W, TDH1, MPM1, KHA1, OPI3, UGP1, LHS1, LAP4, MCR1,
YKL151C, SSA2, HSP104, TPO1, UBI4, AHP1, PUT1, CPR6, GSY2, ATP14, DAK1,
ATP18, TSL1, ERO1, ADH3, PGM2, ALD2, ICY1, HOR7, ADH2, PBI2, APJ1,
YNL134C, CIT1, DDR2, ATP19, ADH1, MCH4, GRE2, GCY1, SRL1, RDL1, FAA1,
ALD4, IRC15, SSE1, HSP82, ATH1, GPH1, GDB1

GO:0005739 Mitochondrion PRX1, NTH2, ETR1, YRO2, RTC2, CIT2, PGK1, STF1, SFA1, COS7, TPS2, SED1,
SDH4, HSP78, HXT7, HXT6, GRX2, SPF1, CYC7, YEL047C, PIC2, COX15, GSY1,
HXK1, PKP2, STF2, TDH3, PDX1, ENO1, AIM17, SOD2, ENO2, OYE2, TDH1,
MPM1, KHA1, OPI3, MCR1, SSA2, PUT1, ATP14, ATP18, ADH3, APJ1, CIT1,
ATP19, RDL1, FAA1, ALD4, GDB1

GO:0016020 Membrane SSA1, ATG8, AGP1, HSP30, PMP1, STF1, SDH4, CCC2, HXT7, HXT6, PDR15,
SPF1, COX15, DDI1, HSP12, STF2, ENO2, CTR2, KHA1, MCR1, PTR2, SSA2,
TPO1, YPS3, ATP14, ATP18, ICY1, HOR7, MEP2, ATP19, MCH4, RDL1, FAA1,
SSU1, DIP5

GO:0005634 Nucleus SSA1, APN2, HSP26, ADH5, GRX1, RPN4, YDL124W, HOR2, RGI1, SSA4, GRX4,
HSP12, PNC1, NQM1, RTS3, PCT1, SOL4, COS8, PCL5, GRE3, OYE2, PHD1,
HSP104, HHT2, APJ1, YNL134C, GRE2, GCY1, GSP2

GO:0005624 Membrane fraction SSA1, CDC19, GLK1, PGK1, HSP30, YDL124W, HXT7, HXT6, YEL047C, HSP12,
TDH3, ENO1, GND2, ENO2, TDH1, MPM1, UGP1, PTR2, SSA2, AHP1, HOR7,
ADH1, FAA1

GO:0005773 Vacuole SSA1, ATG8, YBR139W, TOS1, PRB1, ENO1, COS6, ENO2, CTR2, LAP4, SSA2,
TPO1, ICY1, PBI2, DDR2, MCH4, SRL1, ATH1

GO:0005886 Plasma membrane AGP1, HSP30, PMP1, HXT7, HXT6, DDI1, HSP12, ENO2, PTR2, TPO1, YPS3,
HOR7, MEP2, SSU1, DIP5

GO:0005618 Cell wall SSA1, TIP1, TOS1, SED1, SPI1, TDH3, FLO5, TDH1, HSP150, SSA2, YPS1, HOR7,
SRL1, ATH1

GO:0005740 Mitochondrial envelope STF1, SDH4, CYC7, COX15, STF2, MCR1, ATP14, ATP18, ATP19, RDL1, FAA1

GO:0005783 Endoplasmic reticulum YBR287W, PDI1, EUG1, SPF1, OPI3, LHS1, ERO1, HOR7, RDL1

GO:0012505 Endomembrane system CCC2, SPF1, PCT1, COS8

GO:0005777 Peroxisome CIT2, GPD1, PNC1

GO:0005794 Golgi apparatus CCC2, PCT1, KHA1

GO:0005933 Cellular bud YRO2, TPO1, SRL1

GO:0005840 Ribosome SED1, YEL047C

GO:0005856 Cytoskeleton HSP42, IRC15

GO:0005576 Extracellular region HSP150, YGP1

GO:0016023 Cytoplasmic membrane-bounded
vesicle

CCC2

GO:0030427 Site of polarized growth SRL1

GO:0005694 Chromosome HHT2

GO:0005575 Cellular component unknown YCR013C, YDR133C, YFL066C, YGL117W, YGR146C, PAU13, YHL050C,
YKL044W, GLG1, YMR018W, YOL157C, SIA1, OYE3, HSP32

Other Other ADH7, HSP31, UGA1

Biological process

GO:0006950 Response to stress SSA1, APN2, PRX1, SSA3, ATG8, HSP26, TPS1, GRX1, HSP30, RPN4, GPD1,
YDL124W, NTH1, TPS2, HSP42, HSP78, GRX2, PRB1, HOR2, SSA4, GRX4, HSP12,
STF2, CTT1, SOD2, GRE3, LHS1, MCR1, SSA2, HSP104, UBI4, AHP1,
DAK1, TSL1, HOR7, DDR2, GRE2, GCY1, HSP82, ATH1
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Table 1 (continued)

GO ID Term Genea

GO:0044262 Cellular carbohydrate
metabolic process

CDC19, NTH2, TPS1, GLK1, CIT2, PGK1, NTH1, TPS2, YDR248C, GLC3, UBC8,
SPF1, GIP2, HOR2, GSY1, HXK1, PYC1, TDH3, SOL4, ENO1, GND2, ENO2, PFK26,
TDH1, UGP1, GLG1, HSP104, GSY2, DAK1, TSL1, PGM2, ATH1, GPH1, GDB1

GO:0006810 Transport SSA1, SSA3, ATG8, SDS24, AGP1, GLK1, PMP1, HSP78, CCC2, HXT7, HXT6,
PDR15, SPF1, PIC2, SSA4, DDI1, HXK1, CTR2, KHA1, LHS1, PTR2, SSA2, TPO1,
ATP14, ATP18, MEP2, ATP19, MCH4, SIA1, FAA1, SSU1, HSP82, DIP5

GO:0006091 Generation of precursor
metabolites and energy

CDC19, ETR1, ADH5, GLK1, PGK1, SDH4, GLC3, CYC7, GIP2, HOR2, GSY1,
HXK1, TDH3, ENO1, ENO2, PFK26, TDH1, UGP1, GLG1, GSY2, ATP14, ATP18,
ADH3, PGM2, ADH2, CIT1, ATP19, ADH1, GPH1, GDB1

GO:0042221 Response to chemical stimulus PRX1, TPS1, TOS1, GRX1, RPN4, YDL124W, PDR15, GRX2, EMI2, SPI1, GRX4,
HSP12, CTT1, SOD2, GRE3, LHS1, MCR1, HSP104, AHP1, GCY1

GO:0006519 Cellular amino acid and
derivative metabolic process

ADH5, CIT2, SFA1, YAT2, SER3, UGA1, PCT1, ARG4, OPI3, PUT1, ADH3,
ALD2, ADH2, CIT1, ADH1

GO:0006457 Protein folding SSA1, SSA3, HSP26, SSE2, PDI1, HSP78, EUG1, SSA4, SSA2, HSP104, CPR6,
ERO1, SSE1, HSP82

GO:0051186 Cofactor metabolic process ADH5, GPD1, SDH4, COX15, PNC1, PYC1, PDX1, SOL4, GND2, ADH3, ADH2,
CIT1, ADH1, ALD4

GO:0006766 Vitamin metabolic process ADH5, GPD1, YAT2, PNC1, PYC1, SOL4, GND2, ADH3, ADH2, ADH1, ALD4

GO:0019725 Cellular homeostasis PRX1, GRX1, GPD1, CCC2, GRX2, SPF1, GRX4, AHP1, PGM2

GO:0006464 Protein modification process UBC8, SPF1, GIP2, PKP2, UGP1, UBI4, ERO1, FAA1

GO:004255 Cellular lipid metabolic process ETR1, PCT1, OPI3, MCR1, GRE2, FAA1

GO:0046483 Heterocycle metabolic process SFA1, COX15, PUT1, ATP14, ATP18, ATP19

GO:0006350 Transcription RPN4, EMI2, PNC1, PCL5, PHD1

GO:0016044 Membrane organization ATG8, SDS24, ENO1, ENO2, PBI2

GO:0045333 Cellular respiration ETR1, SDH4, CYC7, CIT1

GO:0007005 Mitochondrion organization SSA1, SED1, HSP78, HSP82

GO:0007047 Cell wall organization TIP1, SED1, HSP150, YPS3

GO:0006259 DNA metabolic process APN2, RPN4, IRC15, HSP82

GO:0044257 Cellular protein catabolic process UBC8, PRB1, DDI1, LAP4

GO:0007033 Vacuole organization ENO1, ENO2, PBI2

GO:0051276 Chromosome organization HHT2, IRC15, HSP82

GO:0030435 Sporulation resulting in
formation of a cellular spore

EMI2, PRB1, UBI4

GO:0016070 RNA metabolic process EMI2, PNC1, PHD1

GO:0016192 Vesicle-mediated transport ATG8, SDS24, DDI1

GO:0007010 Cytoskeleton organization HSP42, IRC15

GO:0007049 Cell cycle RPN4, IRC15

GO:0007124 Pseudohyphal growth PHD1, MEP2

GO:0006412 Translation SSA1, HSP78

GO:0000910 Cytokinesis SDS24

GO:0007059 Chromosome segregation IRC15

GO:0007126 Meiosis IRC15

GO:0016050 Vesicle organization ATG8

GO:0006997 Nucleus organization GSP2

GO:0070271 Protein complex biogenesis HSP82

GO:0006725 Cellular aromatic compound
metabolic process

YDL124W

GO:0008150 Biological process unknown YRO2, RTC2, YBR287W, YCL042W, YCR013C, GPM2, COS7, YDR133C, HSP31,
RGI1, YFL066C, YGL117W, NQM1, YGR146C, RTS3, COS6, AIM17, PAU13,
COS8, YHL050C, OYE2, YJL016W, MPM1, YKL044W, YKL151C, YMR018W,
ICY1, APJ1, YNL134C, YOL157C, RDL1, OYE3, HSP32

Other Other YBR139W, ADH7, STF1, YEL047C, FLO5, YPS1, YGP1, SRL1
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stearic acid, respectively (Stukey et al. 1989, 1990). The
important role of UFAs in ethanol tolerance was confirmed
by synthetic mono-unsaturated fatty acids and expression of
insect desaturase TniNPVE in yeast (You et al. 2003). On
the other hand, no significant difference of mRNA
abundance was observed for OLE1 under ethanol chal-
lenges (Chandler et al. 2004; Ma and Liu (submitted)). It is
possible that UFAs biosynthesis, in addition to transcription
levels, is regulated by the levels of mRNA stability and
translation as well as enzyme reactions with carbon and
oxygen sources (Martin et al. 2007).

Ergosterol is another major component of cellular
membranes associated with plasma membrane fluidity.
Higher ergosterol content in yeast was found to be
associated with higher ethanol tolerance (del Castillo
Agudo 1992). Deletion mutants of ERG2, ERG3, ERG5,

ERG6, ERG24, and ERG28 involved in ergosterol biosyn-
thesis showed defective growth under ethanol stress
(Kubota et al. 2004; Fujita et al. 2006; Van Voorst et al.
2006; Auesukaree et al. 2009; Teixeira et al. 2009;
Yoshikawa et al. 2009). However, all these genes involved
in ergosterol biosynthesis showed down-regulation under
ethanol challenges (Alexandre et al. 2001; Chandler et al.
2004; Ma and Liu (submitted)). These structural genes
appeared to be important for cell tolerance functions but
may not be regulated at transcriptional abundance levels.

Amino acids

In yeast, proline exhibits multiple functions during the
fermentation process, including protection of cells from

Table 1 (continued)

GO ID Term Genea

Molecular function

GO:0016491 Oxidoreductase activity PRX1, ETR1, ADH5, GRX1, PDI1, ADH7, GPD1, YDL124W, SFA1, SDH4, GRX2,
EUG1, YEL047C, SER3, COX15, GRX4, CTT1, TDH3, GND2, SOD2, GRE3,
OYE2, TDH1, MCR1, AHP1, PUT1, ERO1, ADH3, ALD2, ADH2, YNL134C,
ADH1, GRE2, GCY1, ALD4, OYE3

GO:0016787 Hydrolase activity SSA1, APN2, SSA3, NTH2, TIP1, YBR139W, NTH1, TPS2, HSP78, CCC2, PDR15,
HSP31, SPF1, PRB1, HOR2, SSA4, PNC1, SOL4, YHL050C, LAP4, SSA2, HSP104,
YPS1, YPS3, ATP14, TSL1, GSP2, HSP82, HSP32, ATH1, GDB1

GO:0016740 Transferase activity CDC19, TPS1, GRX1, GLK1, CIT2, PGK1, YDR248C, GRX2, GLC3, YAT2, GSY1,
HXK1, PKP2, UGA1, NQM1, PCT1, PFK26, OPI3, UGP1, GLG1, GSY2, DAK1,
TSL1, CIT1, IRC15, GPH1, GDB1

GO:0005515 Protein binding SSA1, SSA3, HSP26, HSP42, HSP78, HSP31, SSA4, DDI1, PDX1, LHS1, SSA2,
HSP104, UBI4, CPR6, APJ1, IRC15, HSP82, HSP32

GO:0005215 Transporter activity AGP1, CCC2, HXT7, HXT6, PDR15, SPF1, PIC2, CTR2, KHA1, PTR2, TPO1, ATP14,
ATP18, MEP2, ATP19, MCH4, SSU1, DIP5

GO:0030234 Enzyme regulator activity SSE2, PMP1, GIP2, PCL5, LHS1, TSL1, PBI2, SSE1

GO:0008233 Peptidase activity YBR139W, HSP31, PRB1, LAP4, YPS1, YPS3, HSP32

GO:0016853 Iisomerase activity PDI1, GPM2, EUG1, CPR6, PGM2

GO:0016829 Lyase activity APN2, ENO1, ARG4, ENO2

GO:0005198 Structural molecule activity TIP1, SED1, HSP150, YPS3

GO:0016874 Ligase activity UBC8, PYC1, FAA1

GO:0003677 DNA binding RPN4, PHD1, HHT2

GO:0016779 Nucleotidyltransferase activity PCT1, UGP1

GO:0030528 Transcription regulator activity RPN4, PHD1

GO:0004672 Protein kinase activity PKP2

GO:0004871 Signal transducer activity COS7

GO:0004386 Helicase activity YHL050C

GO:0003674 Molecular function unknown ATG8, YRO2, RTC2, TOS1, SDS24, YBR287W, YCL042W, YCR013C, HSP30,
GPM2, STF1, YDR133C, EMI2, RGI1, SPI1, HSP12, YFL066C, YGL117W, STF2,
YGR146C, RTS3, COS6, AIM17, PAU13, COS8, YJL016W, MPM1, YKL044W,
YKL151C, YMR018W, ICY1, HOR7, YGP1, DDR2, YOL157C, SIA1, SRL1, RDL1

Other Other CYC7, FLO5

a Based on Ogawa et al. (2000); Alexandre et al. (2001); Chandler et al. (2004); Marks et al. (2008); Dinh et al. (2009); and Ma and Liu (submitted)
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damage by freezing, desiccation, or oxidative stress (Takagi
2008). It enhances stability of proteins and membranes, and
inhibits protein aggregation during protein refolding
(Rudolph and Crowe 1985; Samuel et al. 2000). When
the wild-type PRO1 gene was replaced by pro1D154N allele,
the yeast increased biosynthesis of proline and was more
tolerant to ethanol stress (Takagi et al. 2005). The function
of proline in ethanol tolerance is also supported by a PRO1-
deletion strain which is more sensitive to ethanol stress
(Kubota et al. 2004; Yoshikawa et al. 2009). Under ethanol
stress, expressions of PRO1, PRO2, and PRO3 involving de
novo biosynthesis of proline were not significantly induced
(Kaino and Takagi 2008; Ma and Liu (submitted)). A
delayed accumulation of proline in yeast cells was observed
and consistent with the up-regulated expression of PUT4
encoding a high-affinity proline transporter (Kaino and
Takagi 2008). However, over accumulation of intracellular
proline is associated with reduced growth rate in S.
cerevisiae and delayed yeast cell growth in the presence
of ethanol (Maggio et al. 2002; Takagi et al. 2007). It
appeared that the amount of intracellular proline needs to be
at well-controlled levels to properly cope with ethanol
stress and avoid side effects such as delayed growth.

Tryptophan is another amino acid that is believed to
contribute to ethanol tolerance. Deletion of genes TRP1,
TRP2, TRP3, TRP4, and TRP5 in any step of tryptophan
biosynthesis resulted in sensitive responses to ethanol stress
(Kubota et al. 2004; Fujita et al. 2006; Hirasawa et al. 2007;
Yoshikawa et al. 2009). A brewing yeast in general shows
higher expression levels of tryptophan biosynthesis genes
compared with a laboratory strain (Hirasawa et al. 2007).
Higher levels of overexpression of either tryptophan
biosynthesis genes (TRP1, TRP2, TRP3, TRP4, and
TRP5) or tryptophan permease gene (TAT2), especially
TRP2 and TRP5, are closely related to the increased ethanol
tolerance. Supplementation of tryptophan to culture medi-
um also appeared to enhance yeast tolerant levels to
ethanol.

V-ATPase and peroxisomal functions

It is known that ethanol increases membrane permeability
to protons causing increased proton influx and intracellular
acidification (Cartwright et al. 1987; Rosa and Sá-Correia
1996). The transport of intracellular H+ into vacuoles by H+

V-ATPase is important for yeast to maintain intracellular
pH homeostasis and therefore counteracting ethanol stress.
V-ATPase aids translocation of protons across the vacuolar
membrane through hydrolysis of ATP (Forgac 1998; Inoue
et al. 2005). The H+ translocation is considered as a
tolerance response to ethanol and supported by gene
deletion assays. Deletion mutants of 14 genes encoding

structural components of V-ATPase showed sensitive
response to ethanol challenges, including VMA1, VMA2,
VMA4, VMA5, VMA6, VMA7, VMA8, VMA9, VMA10,
VMA11, VMA13, VMA16, VPH1, and CUP5 (Kubota et
al. 2004; Fujita et al. 2006; Van Voorst et al. 2006;
Auesukaree et al. 2009; Teixeira et al. 2009; Yoshikawa et
al. 2009). Five other genes, VMA12, VMA21, VMA22,
RAV1, and RAV2, involved in the assembly of the V-
ATPase also appeared to be necessary for ethanol tolerance.
Theoretically, transportation of intracellular H+ into the
vacuole by H+ V-ATPase would cause vacuolar acidifica-
tion. In fact, vacuolar acidification by ethanol was recently
demonstrated to be dose-dependent (Teixeira et al. 2009).
Although expression of H+ V-ATPase genes were not
induced by ethanol, a set of genes involved in ATPase
regulation were up-regulated, such as STF2 encoding an
ATPase stabilizing factor (Alexandre et al. 2001). Many
other genes related to vacuolar protein sorting machinery,
vacuolar membrane structure and function were found to be
essential for ethanol stress tolerance, including at least the
following 44 genes: FAB1, MEH1, VAC14, VAM1, VAM3,
VPS2, VPS4, VPS5, VPS6, VPS9, VPS11, VPS15, VPS16,
VPS18, VPS20, VPS22, VPS23, VPS24, VPS25, VPS27,
VPS28, VPS29, VPS30, VPS31, VPS32, VPS33, VPS34,
VPS35, VPS36, VPS37, VPS38, VPS39, VPS41, VPS43,
VPS46, VPS52, VPS54, VPS60, VPS65, VPS66, VPS68,
VPS71, VPS72, and VPS74 (Kubota et al. 2004; Fujita et al.
2006; Van Voorst et al. 2006; Auesukaree et al. 2009;
Teixeira et al. 2009; Yoshikawa et al. 2009).

Peroxisomal function also appeared to be associated with
ethanol tolerance in yeast. Strains with gene deletions of
PEX1, PEX2, PEX3, PEX4, PEX5, PEX8, PEX10, PEX12,
PEX14, PEX15, PEX17, PEX19, and PEX22, encoding
proteins of peroxisome transport machinery and peroxi-
somal membrane protein import machinery required for
peroxisome organization and biogenesis, were found to be
sensitive to ethanol challenge (Teixeira et al. 2009;
Yoshikawa et al. 2009). Functions of peroxisomes involved
in metabolisms of peroxides and other reactive oxygen
species (ROS) have been recently recognized (Schrader and
Fahimi 2004; Du and Takagi 2007). Peroxisomal function
is important for synthesis or degradation of membrane
phospholipids in cell membrane remodeling (Lockshon et
al. 2007) and cells deficient in peroxisomal functions are
unable to effectively control fatty acid composition of
membrane phospholipids.

Heat shock proteins

Genes encoding HSPs that induced under ethanol stress
exhibited a broad overlapping with genes associated with
heat stress response (Piper et al. 1994). These induced
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expressions are reflected by typical up-regulated transcrip-
tion response. Commonly identified significant up-regulat-
ed transcripts include at least 10 HSP genes HSP12,
HSP26, HSP30, HSP31, HSP32, HSP42, HSP78, HSP82,
HSP104, and HSP150 (Ogawa et al. 2000; Alexandre et al.
2001; Chandler et al. 2004; Marks et al. 2008; Ma and Liu
(submitted)). The ethanol-induced expression can be con-
centration-dependent or strain-dependent based on varied
definitions of the tolerance. For example, the induced
expression of HSP26 was undetectable with the addition of
2% ethanol, barely detectable at 4% ethanol, and more
abundant with further increased ethanol concentrations
(Piper et al. 1994). Most HSP genes, for example, HSP30,
HSP42, and HSP104, can be detected at earlier time points
for yeast strains (Piper et al. 1994; Alexandre et al. 2001;
Chandler et al. 2004; Marks et al. 2008; Ma and Liu
(submitted)). However, the lack of continued function of
these genes and interaction with other relevant gene
expressions led to no further metabolic functions for a
wild-type strain. Only those HSP genes continuously
expressed under ethanol stress over time, for example,
HSP12, HSP32, HSP42, HSP78, HSP82 and HSP150, as
observed for tolerant strain Y-500316, allowed yeast to
establish a viable culture in the presence of 8% ethanol,
displaying a meaningful tolerance (Ma and Liu (submit-
ted)). This indicated that tolerance response of yeast is a
series of dynamic metabolic events rather than a transient
response by ethanol challenge (Fig. 1). Also, interactions of
many genes at multiple loci over time are important for cell
functions under the stress. Isolated induced gene expres-
sions not leading to successfully reprogrammed metabolism
for cell survival and ethanol production may not be
accounted as a tolerance response. It is in fact merely a
stress response. In addition, numerous genes of the tolerant
strain demonstrated significantly enriched transcriptional
abundance, including HSP genes such as HSP31 and
HSP82, without ethanol challenges (Ma and Liu (submit-
ted)). These genes are regulons of commonly recognized
transcription factors Msn4p, Msn2p, Yap1p, and Hsf1p.

HSPs, mainly acting as chaperones, can insure proper
folding or refolding of nascent or denatured proteins and
enzymes in order to maintain a functional conformation
(Table 2) (Parsell et al. 1994; Ruepp et al. 2004; Young et
al. 2004; McClellan et al. 2007; Gong et al. 2009). Besides
HSPs, other genes encoding chaperones, such as SSA1,
SSA2, SSA3, SSA4, SSE1, SSE2, APJ1, and LHS1, involved
in protein folding and refolding, are also up-regulated under
ethanol stress conditions (Alexandre et al. 2001; Chandler
et al. 2004; Marks et al. 2008). Interactions between
chaperones exist widely and correct folding or stability of
certain proteins may require more than two chaperones in
participation for efficient function (Gong et al. 2009).
Therefore, induction of multiple chaperones may be

necessary to counteract ethanol stress. At the same time,
certain duel function chaperones are required for more
difficult-to-fold proteins from nascent polypeptides into
biologically active structures as well as for the refolding of
denatured proteins back into native conformations (Fig. 1).
For example, HSP82 was up-regulated by ethanol in
ethanol-tolerant strain Y-500316 (Ma and Liu (submitted)).
Its protein Hsp82p has been reported to activate many other
key proteins having cellular regulatory and signaling
functions, including transcription factors and regulatory
kinases (Picard 2002; Prodromou and Pearl 2003; Young et
al. 2004; McClellan et al. 2007). Since ethanol perturbs
protein conformation and causes accumulation of denatured
proteins, protein repair functions mediated by multiple
chaperones appear to be critical for yeast tolerance to
ethanol.

In addition to functioning as chaperones, HSPs have
numerous other functions contributing to ethanol tolerance.
For example, Hsp30p, a hydrophobic plasma membrane
protein, was reported as a regulator of H+-ATPase Pma1p
(Piper et al. 1997). Hsp31p and Hsp32p function as
hydrolase and peptidase (Wilson et al. 2004). Hsp150 has
been identified as a necessary protein for cell wall stability
and remodeling (Moukadiri and Zueco 2001). Recently,
HSP31, HSP32, and HSP150 were newly identified as
tolerance candidate genes (Ma and Liu (submitted)).
Significantly enhanced expressions of these genes for
tolerant yeast over time support their multi-functional roles
under ethanol stress (Fig. 1). Many HSP genes induced by
ethanol stress are present in the cytoplasm as well as in the
nucleus and mitochondrion (Table 1). Up-regulated HSP
genes influence cell functions at multiple locations includ-
ing facilitating the functions of transcription factors in
nucleus, improving ATP energy generation in metabolic
processes, maintaining enzyme functions involving biosyn-
thesis, catabolism, and ethanol production in cytoplasm.
The subset of genes responsible for ethanol tolerance is
likely to vary with strains and conditions studied. Inves-
tigations on comprehensive interactions at the genome level
are needed to provide more detailed networks involving
ethanol tolerance in yeast. However, a core set of genes for
HSP-mediated functions along with the reprogrammed
glucose metabolic pathways are likely a center piece
interacting with many other genes supporting the ethanol
tolerance in yeast.

Trehalose and glycogen metabolisms

Storage carbohydrates such as trehalose are compatible
solutes that can prevent influx of excess salts into
irreversible dehydration of yeast cells. Yeasts are able to
accumulate trehalose up to 15% of cell dry mass when
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growing under a stress environment (Francois and Parrou
2001). Trehalose accumulation was observed under ethanol
stress, and cells unable to accumulate trehalose displayed
retarded growth under ethanol challenges (Mansure et al.
1994; Ogawa et al. 2000; Kaino and Takagi 2008).
Accumulation of trehalose is reflected by up-regulated
genes involved in trehalose synthesis, including TPS1,
TPS2, TSL1, PGM2, and UGP1, under ethanol stress
(Ogawa et al. 2000; Alexandre et al. 2001; Chandler et al.
2004; Ma and Liu (submitted)). Trehalose has been
reported to function by reducing membrane permeability
as well as ensuring proper folding of proteins (Mansure et
al. 1994; Singer and Lindquist 1998). The co-induction of

trehalose genes and HSP genes were commonly observed
in yeast response to ethanol challenges (Alexandre et al.
2001; Chandler et al. 2004; Ma and Liu (submitted)). In this
close interplay, trehalose prevents protein denaturation as a
first step, and subsequently HSPs stop protein aggregation
and promote refolding into functional conformations
(Singer and Lindquist 1998). Trehalose accumulation by
enhanced gene expression responsible for trehalose synthe-
sis may create an optimal intracellular environment under
ethanol stress conditions.

The intermediate trehalose-6-phosphate is a regulator of
yeast glycolysis that inhibits hexokinase (Blazquez et al.
1993). Such an inhibition can avoid depletion of intracel-
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Fig. 1 A schematic diagram showing a prototype of ethanol tolerance
mechanisms in S. cerevisiae. Proteins encoded by significantly up-
regulated genes are located in cell wall, membrane, nucleus,
mitochondrion, and cytoplasm. Heat shock proteins are mainly
detailed as chaperones protecting and maintaining proteins functions

at multiple loci. Function of gene products are classified based on
gene ontology. A list of legends is provided under the illustration. This
figure is based on Ma and Liu (submitted) with modifications using
additional data from Ogawa et al. (2000), Alexandre et al. (2001),
Chandler et al. (2004), Marks et al. (2008), and Dinh et al. (2009)
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lular Pi and ATP by over-phosphorylation of glucose and
hereby maintains ATP consuming-regeneration balance in
glycolysis (Francois and Parrou 2001). Interestingly, genes
involved in trehalose degradation, including NTH1, NTH2,
and ATH1, were also induced by ethanol challenge
(Alexandre et al. 2001; Chandler et al. 2004; Ma and Liu
(submitted)). The persistence of high levels of trehalose
after recovery from stress may lead to the inactivation of
important yeast enzymes, such as glutathione reductase,

cytosolic pyrophosphatase and glucose 6-phosphate dehy-
drogenase (Sebollela et al. 2004). Thus, co-induction of
trehalose degradation genes may mediate optimal concen-
trations of trehalose for its proper functions. Similarly,
simultaneously induced expression of other genes involved
in glycogen biosynthesis such as GSY1 and GSY2 and
glycogen degradation such as GPH1 were also observed
under ethanol stress (Ma and Liu (submitted)). Whether
variations of intracellular glycogen concentrations are

Table 2 Functional categories and terms of proteins for induced genes by ethanol challenge from Saccharomyces cerevisiae based on gene
products classified according to functional catalogue described in Munich Information Center for Protein Sequences (MIPS) database

MIPS ID Functionary category p value Proteina

01.05.02.04 Sugar, glucoside, polyol and
carboxylate anabolism

2.70E−07 NTH2, TPS1, NTH1, NQM1, PFK26, UGP1, TSL1, PGM2, ATH1

01.05.02.07 Sugar, glucoside, polyol and
carboxylate catabolism

2.26E−11 CDC19, NTH2, TPS1, PGK1, NTH1, SDH4, NQM1, TDH3, ENO1,
GRE3, ENO2, PFK26, TDH1, UGP1, PGM2, CIT1, ATH1

01.05.03.01 Glycogen metabolism 1.94E−04 GSY1, GLG1, GSY2

2.01 Glycolysis and gluconeogenesis 1.96E−12 CDC19, GLK1, PGK1, ADH7, UBC8, HXK1, PYC1, TDH3, PDX1,
ENO1, ENO2, PFK26, TDH1, PGM2, YNL134c, GRE2

2.07 Pentose phosphate pathway 3.77E−03 NQM1, SOL4, GND2, PGM2

2.11 Electron transport and membrane-
associated energy conservation

2.30E−04 STF1, SDH4, CYC7, STF2, MCR1, ATP14, ATP18, ATP19

2.13 Respiration 3.69E−04 ETR1, STF1, SDH4, CYC7, YEL047c, COX15, STF2, MCR1, ATP14,
ATP18, ATP19, ALD4

2.16 Fermentation 2.56E−04 ADH5, ADH7, ADH3, ALD2, ADH2, ADH1, ALD4

2.19 Metabolism of energy reserves
(e.g. glycogen, trehalose)

4.79E−14 NTH2, TPS1, NTH1, TPS2, GLC3, GIP2, GSY1, UGP1, GLG1, GSY2,
TSL1, PGM2, YOL157c, HSP82, ATH1, GPH1, GDB1

2.45 Energy conversion and
regeneration

2.06E−05 STF1, STF2, OYE2, ATP14, ATP18, ALD2, ATP19, OYE3

14.01 Protein folding and stabilization 3.51E−10 SSA1, SSA3, HSP26, SSE2, PDI1, HSP42, HSP78, EUG1, SSA4, LHS1,
SSA2, HSP104, CRP6, ERO1, APJ1, SSE1, HSP82

16.21 Complex cofactor/ cosubstrate/
vitamine binding

1.61E−04 GPD1, YDL124w, SDH4, SER3, GND2, OYE2, MCR1, OYE3

20.01.0×1 Ion transport 2.47E−03 PMP1, CCC2, SPF1, PIC2, CTR2, KHA1, ATP14, ATP18, MEP2,
ATP19, SSU1

20.01.15 Electron transport 5.21E−10 GRX1, STF1, SDH4, GRX2, CYC7, YEL047c, GRX4, STF2, OYE2,
MCR1, ATP14, ATP18, ERO1, ATP19, SIA1, OYE3

32.01 Stress response 1.48E−19 SSA1, PRX1, SSA3, NTH2, YRO2, TIP1, HSP26, TPS1, SSE2, GRX1,
HSP30, GPD1, NTH1, TPS2, SED1, HSP42, HSP78, GRX2, HSP31,
CYC7, PRB1, HOR2, SSA4, DDI1, GRX4, HSP12, STF2, NQM1,
PAU13, COS8, SOD2, GRE3, HSP150, LHS1, MCR1, HSP104, UBI4,
AHP1, CRP6, DAK1, TSL1, HOR7, APJ1, YGP1, DDR2, GRE2,
GCY1, SSE1, HSP82, HSP32, ATH1

32.01.01 Oxidative stress response 1.84E−06 PRX1, GRX1, GRX2, GRX4, HSP12, NQM1, SOD2, MCR1, AHP1,
GRE2

32.01.07 Unfolded protein response 2.75E−07 SSA1, HSP26, HSP42, HSP78, HSP31, SSA4, COS8, LHS1, CRP6,
APJ1, SSE1, HSP32

32.07 Detoxification 1.61E−05 PRX1, ADH5, GRX1, SFA1, GRX2, GRX4, NQM1, SOD2, TPO1,
AHP1, GRE2, SRL1, SSU1

a Based on data from Ogawa et al. (2000); Alexandre et al. (2001); Chandler et al. (2004); Marks et al. (2008); Dinh et al. (2009); and Ma and Liu
(submitted). Proteins underlined indicate more than one function have been described
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related to increased ethanol tolerance remains to be
confirmed. However, these coincident observations may
suggest a common adaptation response in yeast. With
increased trehalose levels in cells, it is possible that yeast
cells have to adapt the newly evolved intracellular
environment by actively balancing trehalose or glycogen
concentrations to backing proper cellular functions and
enhanced glucose metabolism (Fig. 2). Since glycogen
metabolism is very close to trehalose pathway, trehalose
biosynthesis could be subtly affected by glycogen biosyn-
thesis and catabolism.

NAD(P)H regeneration and redox balance

Cofactors NADH and NADPH play important roles in yeast
metabolism and biosynthesis of amino acids, lipids, and

nucleotides (Bruinenberg et al. 1983; Hou et al. 2009).
Under ethanol stress, most genes involved in NADH/
NADPH regeneration reaction steps were up-regulated,
including GND2, ZWF1, ALD4, GCY1, TDH1, and TDH3
(Fig. 2) (Alexandre et al. 2001; Chandler et al. 2004; Ma
and Liu (submitted)).

Comparative analyses of expression dynamics and
metabolic profiling between a tolerant strain and its parental
wild-type strain uncovered pathway relationships under
stressed conditions (Liu et al. 2009; Ma and Liu (submit-
ted)). Highly integrated expression of genes involved in
glycolysis and pentose phosphate pathways, especially after
the exponential phase for the ethanol-tolerant Y-50316,
appeared to promote accelerated glucose-to-ethanol con-
version (Fig. 2). Strain Y-50316 maintained its tolerance to
numerous fermentation inhibitors and displayed expression
patterns very similar to its inhibitor-tolerance parental strain
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Fig. 2 Illustrative expression
pathways of ethanol- and
inhibitor-tolerant mutant S. cer-
evisiae NRRLY-50316 involved
in glycolysis, pentose phosphate
pathway, glycerol metabolism,
trehalose metabolism, and gly-
cogen metabolism in response to
ethanol challenges inferred by
dynamic quantitative mRNA
expression analysis and
metabolic profiling analysis
compared with its parental strain
NRRL Y-50049. Bold lines and
letters indicate the levels of
expression are statistically sig-
nificant at P≤0.05
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(Liu et al. 2009; Ma and Liu (submitted)). Under ethanol
stress condition, up-regulated GND2 and ZWF1 in oxida-
tive phase of pentose phosphate pathway, ALD4 in acetic
acid production, and GCY1 in glycerol metabolism were
distinct characteristics of the tolerant yeast. Products of
enhanced expression of ZWF1, SOL4, and YDR248C would
also provide sufficient substrate and accelerate downstream
decarboxylation reactions to regenerate more NADPH by 6-
phosphogluconate dehydrogenase encoded by GND2. Sim-
ilarly, highly induced TDH1 is anticipated to support
another necessary NADH regenerating step in the pathway.
The enhanced expression of alcohol dehydrogenase genes
ADH1, ADH2, ADH3, ADH7, and SFA1, together with
other normal or near normally expressed genes in the
intermediate steps of glycolysis are necessary to complete
ethanol fermentation.

For the wild-type control, most of these genes were
initially induced but failed to be expressed continuously
after 6 h under the ethanol challenges (Ma and Liu
(submitted)). As a result, the wild type strain was unable
to establish a viable culture. Therefore, sufficient NAD(P)H
supply and a well maintained redox balance appeared to be
essential for active cell metabolism and inhibitor- and
ethanol-tolerance functions in yeast (Liu et al. 2009; Ma
and Liu (submitted)). It is important to distinguish a
tolerance response from a stress response of yeast to the
ethanol challenge. The commonly observed stress response
is not always a tolerance characteristic and does not
necessarily lead to a tolerance withstanding the ethanol
stress. Only the tolerance response and active functional
characteristics that are able to result in successful ethanol
fermentation are accountable for a strain performance
against ethanol stress.

Signal transduction pathways

Understanding signal transduction and transcriptional re-
sponse is necessary in order to dissect the mechanisms of
ethanol tolerance and aid tolerant strain development. The
first signal transduction pathway implicated in Msn2p/
Msn4p localization is cAMP-protein kinase pathway
(PKA). The cAMP-PKA pathway has been studied exten-
sively (Colombo et al. 1998; Estruch 2000; Costa and
Moradas-Ferreira 2001; Hohmann 2002; Müller et al. 2003;
Nikolaou et al. 2009) and a summary update is presented
(Fig. 3). Adenylate cyclase encoded by CYR1 can be
activated by the G protein-coupled receptor system Gpr1p-
Gpa2p or Ras1p/2p. Under normal physiological condi-
tions, glucose triggers G protein-coupled receptor system to
activate adenylate cyclase for higher levels of cAMP
generation, which activates PKA and inhibits general stress
response regulated by Msn2p/Msn4p, and specific stress

responses regulated by Yap1p and Skn7p (reviewed in
Estruch 2000; Costa and Moradas-Ferreira 2001). However,
under stress conditions, cAMP levels are down-regulated
through the Ras-cAMP pathways. Members of the HSP70
protein family, such as Ssa1p, can interact with Cdc25p to
activate Ras1p/2p and cAMP-PKA pathway (Geymonat et
al. 1998). These HSPs are recruited to participate in
refolding proteins that were denatured by ethanol and to
maintain the protein native conformation for normal
functions (Young et al. 2004; McClellan et al. 2007; Gong
et al. 2009). This process reduces interactions of HSPs with
Cdc25p and thereafter slows down activities involved in the
cAMP-PKA pathway (Thevelein and de Winde 1999).
Down-regulation of the cAMP-PKA pathway releases
inhibition to stress responses and causes transfer of
Msn2p/Msn4p, as well as Yap1p, from the cytosol to the
nucleus to trigger the stress responses.

Intracellular acidification is also a possible signal to
trigger signal transduction pathways for ethanol tolerance
response. Intracellular acidification and its interactions with
Ira1/2p can also negatively affect the function of Ras
proteins to trigger stress responses (Thevelein 1991). High
culture ethanol concentrations cause osmotic stress to yeast
cells. The HOG-MAPK signal transduction pathway may
also be involved in ethanol stress response (Alexandre et al.
2001). It is simply because Msn2p/Msn4p can be activated
by the HOG-MAPK pathway (Fig. 3). In addition, up-
regulated expressions of GPD1, HOR2, HOR7, DAK1, and
GRE3 by ethanol were all dependent on the HOG-MAPK
signal transduction pathways (Rep et al. 2000). Ethanol has
also been shown to induce ROS, thus oxidative stress is
also possibly imposed on cells indirectly (Du and Takagi
2007). The subsequently generated ROS may damage
almost all cellular components, including DNA, protein,
lipid, and membranes (Costa and Moradas-Ferreira 2001).
Consequently, many genes associated with oxidative stress
are up-regulated under the Yap1p transcription factor
control under ethanol stress conditions.

An alcohol-sensitive ring/PHD finger 1 protein (Asr1p)
of S. cerevisiae was thought as a signal transduction signal
element but was documented later to have no significant
affect on ethanol tolerance (Betz et al. 2004; Izawa et al.
2006). Recently, Asr1p has been demonstrated to be a
RING finger ubiquitin-ligase that binds directly to RNA
polymerase II via the carboxyl-terminal domain of the
largest subunit and is associated with inactivation of
polymerase function (Daulny et al. 2008).

Transcription factors and stress response element

Many genes up-regulated by ethanol challenges were found
sharing transcription factor binding motifs of Msn2p/
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Msn4p, Yap1p, and Hsf1p in their upstream sequence
(Teixeira et al. 2006; Ma and Liu (submitted)). For nearly
200 up-regulated genes reported under the ethanol stress, a
total of 58 genes were co-regulated by these three
transcription factors (Table 1, Fig. 4). A recent study on
quantitative transcription dynamics of an ethanol-tolerant

yeast revealed Msn4p as a key regulator for ethanol
tolerance and production under stress (Ma and Liu
(submitted)). Transcription factors Msn2p, Msn4p, Yap1p,
and Hsf1p are likely key regulators worthy of further
investigation for ethanol tolerance in yeast.

Yeasts are capable of adapting and developing general
responses to adverse environmental conditions including
ethanol, heat shock, chemical toxic, osmotic stress, oxida-
tive, and numerous other factors. Under ethanol stress,
activation of transcription factors Msn2p and Msn4p by
signal transduction pathways can trigger a so-called
environmental-stress response (Fig. 3). It has been demon-
strated that Msn2p and Msn4p induces gene expression via
a stress response element (STRE) and triggers transcrip-
tional response of downstream genes (Marchler et al. 1993;
Schuller et al. 1994). STRE has a core pentameric cis-
acting sequence CCCCT and is located in promoter regions
of the induced genes (Marchler et al. 1993; Kobayashi and
McEntee 1993). STRE functions in both orientations of
CCCCT or AGGGG and was found in most ethanol-
induced genes. A recent comparative study showed that
MSN2 and MSN4 actually displayed different expression
responses over time for the tolerant yeast under ethanol
stress (Ma and Liu (submitted)). This raises a concern that
mechanism in tolerance to ethanol and regulatory functions
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Fig. 4 AVenn diagram showing potential regulatory relationships for
genes up-regulated under ethanol stress sharing common protein
binding sites of transcription factors Msn4p, Msn2p, Yap1p, and
Hsf1p based on data from Ogawa et al (2000), Alexandre et al (2001),
Chandler et al (2004), Marks et al (2008), Dinh et al (2009), and Ma
and Liu (submitted)
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between the two genes may not be identical. Based on the
unique transcription dynamics of MSN4 in tolerant yeast,
Msn4p is likely a key regulator accountable for the ethanol
tolerance beyond an ethanol stress response. Further studies
on functional mechanisms of Msn4p in regulatory inter-
actions and networks are needed.

Although a single copy of STRE is sufficient to activate
expression of a reporter gene by a stress factor, two or more
copies of this sequence induced a greater expression of
stress response genes (Kobayashi and McEntee 1993).
However, more copy numbers of STRE do not necessarily
lead to greater expression than low copy numbers do. For
example, HSP26 was highly induced by an ethanol
challenge (Ma and Liu (submitted)) but has only four
STRE elements in its upstream sequence, far less than the
seven STRE elements found for HSP12, a less expressed
HSP gene. Furthermore, the presence of a STRE-like
element in a promoter region does not imply the function-
ality of this sequence either. A comprehensive evaluation
should be undertaken to relate a STRE-containing gene in
the context of the STRE position, its copy numbers and
other associated transcription factors.

A double gene deletion msn2msn4-mutant showed
hypersensitivity to environmental stress conditions includ-
ing higher ethanol concentrations (Moskvina et al. 1998).
Genetic disruption of MSN2 decreases expression of the
reporter gene lacZ under the control of STRE from the
promoter region of HSP12 implicating Msn2p as a
necessary regulator for the STRE-controlled gene expres-
sion (Watanabe et al. 2007). Overexpression of MSN2
under the control of constitutive promoters such as TDH3
has been shown to increase tolerance to ethanol (Cardona et
al. 2007; Watanabe et al. 2009). However, cell growth is
usually affected by either activation of Msn2p or its
overexpression under the control of a constitutive promoter
(Martínez-Pastor et al. 1996; Durchschlag et al. 2004).
Ethanol-tolerant strain K11 and Y-50316 in fact also
showed slower growth than their parental strains (Hara et
al. 1976b; Ma and Liu (submitted)). The difference between
the tolerant strains and the wild type is their capability to
grow continuously under higher ethanol concentrations
(Dinh et al. 2008; Ma and Liu (submitted)). Cell growth
inhibited by ethanol is partly mediated via the cAMP-PKA
signal transduction pathway to negatively regulate RIM15
gene expression and influenced by Yak1p kinase through
transcription factor Msn2p (Hartley et al. 1994; Reinders et
al. 1998; Herman 2002). Recent discovery of induced
expression of Msn2p under SPI1 gene promoter control
appears interesting (Cardona et al. 2007). SPI1 is a regulon
of Msn2p having three STRE sequences in its promoter
region (Puig and Pérez-Ortín 2000). When a promoter of
MSN2 was replaced by that of SPI1 allowing self-induction
of MSN2 expression, the harboring strain showed improved

resistance to multiple stress conditions and nearly normal
growth.

As discussed above, oxidative stress is indirectly
imposed on cells under ethanol stress (Costa et al. 1997;
Du and Takagi 2007). Yap1p is a basic leucine zipper
transcription factor required for oxidative stress tolerance
that binds to several motifs including TTASTMA and
TTAGTMAGC (Fernandes et al. 1997; Harbison et al.
2004; Nguyên et al. 2001). These transcription factor
binding motifs exist in the upstream sequence of many
ethanol-induced genes. Functions of Yap1p in ethanol
tolerance are not well documented to date. Another
transcription factor Hsf1p could be a potential candidate
in regulation of ethanol tolerance since it is also associated
with many ethanol-induced genes overlapping with Msn2p
and Msn4p. It has been reported to regulate transcription of
hundreds of targets including genes involved in protein
folding, detoxification, energy generation, carbohydrate
metabolism, and cell wall organization (Hahn et al. 2004;
Eastmond and Nelson 2006). Hsf1p recognizes and binds to
conserved heat shock elements consisting of inverted
NGAAN repeats in promoter regions of its target genes
(Bonner et al. 1994; Harbison et al. 2004). In unstressed
cells, Hsf1p is constitutively phosphorylated, but under
certain stresses, it becomes hyperphosphorylated and
adopts to activate transcription of target genes (Hashikawa
et al. 2006; Lee et al. 2000). An HSF1-deletion mutant
showed repressed expression for its target genes usually
induced by ethanol (Takemori et al. 2006).

Evolutionary engineering

Since yeast tolerance, including tolerance to ethanol, is
associated with several hundreds of genes involving
multiple quantitative trait loci, a well programmed integra-
tion upon the stress at genome level is required (Liu 2006;
Hu et al. 2007; Liu et al. 2008; 2009; Ma and Liu
(submitted)). Evolutionary engineering is a common ap-
proach used to improve microbial performance using
methods of various types of mutagenesis and recombination
or gene shuffling and selection of desirable phenotypes
(Sauer 2001; Nevoigt 2008). For improved ethanol toler-
ance, several methods of evolutionary engineering have
been studied. Stepwise adaptation was reported to select
ethanol-tolerant mutants producing a higher concentration
of ethanol (Hara et al. 1976a; Cakar et al. 2005; Dinh et al.
2008). Since ethanol tolerance is also associated with
general stress tolerance, freeze–thaw treatment appeared to
enhance tolerant levels to ethanol and multiple stress
conditions (Cakar et al. 2005; Wei et al. 2007). Using
combined stepwise adaptation and the freeze–thaw method,
an ethanol-tolerant yeast Y-50316 was obtained that
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maintained fermentation inhibitor-tolerance as well (Ma
and Liu (submitted)). As mentioned earlier, a slower growth
rate that commonly accompanies ethanol tolerance needs to
be addressed. A recently developed global transcription
machinery engineering (gTME) method showed interesting
results. Components of general factor RNA Pol II tran-
scription factor D including TATA-binding protein (SPT15)
and 14 other associated factors (TAFs) are thought to be the
main DNA binding proteins regulating promoter specificity
in yeast (reviewed by Hahn 2004). Using the gTME
method, mutation libraries were generated from either
SPT15 encoding TATA-binding protein or one of the
TATA-binding protein-associated factors TAF25 by random
mutagenesis and expressed in the standard laboratory strain
BY4741 (Alper et al. 2006). Mutant spt15-300 with three
amino acid substitutions of Phe177 to Ser, Tyr 195 to His,
and Lys218 to Arg exhibited a phenotype of improved
ethanol tolerance. However, when the expression of the
SPT15-300 allele was examined for industrial significance,
it did not show improved ethanol tolerance for several
yeasts including S. cerevisiae (Baerends et al. 2009).

Conclusions and future prospects

It is clear that ethanol tolerance in yeast is not an isolated
event but involves interplay of many genes in complex
networks at the genome level. Many genes induced by
ethanol are associated with and overlapping with genes
involving other environmental factors such as osmotic, heat
shocking, chemical toxic, and oxidative stress. As presented
in our prototype model (Fig. 1), heat shock protein genes
and transcription factor Msn4p and Msn2p appeared to be
important for yeast to cope with the ethanol stress. Multiple
functions of a tolerance candidate gene at multiple loci
cannot be overlooked in dissection of ethanol tolerance.
Mechanisms of ethanol tolerance can only be better
understood when a comprehensive view of pathways and
network events are considered as functional dynamics. A
transient gene expression response to ethanol challenge
does not necessarily imply a functional characteristic of
ethanol tolerance in yeast. Our improved understanding on
the mechanisms of ethanol tolerance in yeast uncovered
new aspects in dynamic studies of tolerance over time. For
example, snap shots of expression responses by tolerant and
susceptible yeasts to ethanol may be similar, particularly at
the earlier stage. However, the tolerant yeast demonstrated
distinct dynamics of gene expression that lead to establish-
ment of viable cultures reflecting a tolerance phenotype to
ethanol. On the other hand, wild-type strains are unable to
survive regardless of how many genes were induced in the
earlier responses. Yeast tolerance is a processing procedure
of numerous interacting living events over time. It becomes

apparent that comparative studies on time-course based
studies reveal more relevant information to dissect mech-
anisms of ethanol tolerance. With many useful tools in
genomics, molecular biology and computational biology, it
will be interesting to see more systematic approaches and
models, addressing more detailed dynamics of pathway
interplay and network interactions. Every valid piece of
knowledge will be required to resolve the puzzle of ethanol
tolerance.

Acknowledgments The authors thank Michael A. Cotta for critical-
ly reading the manuscript and helpful suggestions. This study was
supported in part by the National Research Initiative of the USDA
Cooperative State Research, Education and Extension Service, grant
number 2006-35504-17359.

References

Aguilera F, Peinado RA, Millán C, Ortega JM, Mauricio JC (2006)
Relationship between ethanol tolerance, H+-ATPase activity and
the lipid composition of the plasma membrane in different wine
yeast strains. Int J Food Microbiol 110:34–42

Alexandre H, Rousseaux I, Charpentier C (1994) Relationship
between ethanol tolerance, lipid composition and plasma mem-
brane fluidity in Saccharomyces cerevisiae and Kloeckera
apiculata. FEMS Microbiol Lett 124:17–22

Alexandre H, Ansanay-Galeote V, Dequin S, Blondin S (2001) Global
gene expression during short-term ethanol stress in Saccharomy-
ces cerevisiae. FEBS Lett 498:98–103

Alper H, Moxley J, Nevoigt E, Fink GR, Stephanopoulos G (2006)
Engineering yeast transcription machinery for improved ethanol
tolerance and production. Science 314:1565–1568

Auesukaree C, Damnernsawad A, Kruatrachue M, Pokethitiyook P,
Boonchird C, Kaneko Y, Harashima S (2009) Genome-wide
identification of genes involved in tolerance to various environ-
mental stresses in Saccharomyces cerevisiae. J Appl Genet
50:301–310

Baerends RJS, Qiu JL, Rasmussen S, Nielsen HB, Brandt A (2009)
Impaired uptake and/or utilization of leucine by Saccharomy-
ces cerevisiae is suppressed by the SPT15-300 allele of the
TATA-binding protein gene. Appl Environ Microbiol 75:6055–
6061

Bai FW, Chen LJ, Zhang Z, Anderson WA, Moo-Young M (2004)
Continuous ethanol production and evaluation of yeast cell lysis
and viability loss under very high gravity medium conditions. J
Biotechnol 110:287–293

Betz C, Schlenstedt G, Bailer SM (2004) Asr1p, a novel yeast ring/
PHD finger protein, signals alcohol stress to the nucleus. J Biol
Chem 279:28174–28181

Blazquez MA, Lagunas R, Gancedo C, Gancedo JM (1993)
Trehalose-6-phosphate, a new regulator of yeast glycolysis that
inhibits hexokinase. FEBS Lett 329:51–54

Bonner JJ, Ballou C, Fackenthal DL (1994) Interactions between
DNA-bound trimers of the yeast heat shock factor. Mol Cell Biol
14:501–508

Bruinenberg PM, Van Dijken JP, Scheffers WA (1983) A theoretical
analysis of NADPH production and consumption in yeasts. J Gen
Microbiol 129:953–964

Cakar ZP, Seker UO, Tamerler C, Sonderegger M, Sauer U (2005)
Evolutionary engineering of multiple-stress resistant Saccharo-
myces cerevisiae. FEMS Yeast Res 5:569–578

842 Appl Microbiol Biotechnol (2010) 87:829–845



Cardona F, Carrasco P, Pérez-Ortín JE, del Olmo M, Aranda A (2007)
A novel approach for the improvement of stress resistance in
wine yeasts. Int J Food Microbiol 114:83–91

Cartwright CP, Veazey FJ, Rose AH (1987) Effect of ethanol on
activity of the plasma-membrane ATPase in, and accumulation of
glycine by, Saccharomyces cerevisiae. J Gen Microbiol 133:857–
865

Casey GP, Ingledew WM (1986) Ethanol tolerance in yeasts. Crit Rev
Microbial 13:219–280

Chandler M, Stanley GA, Rogers P, Chambers P (2004) A genomic
approach to defining the ethanol stress response in the yeast
Saccharomyces cerevisiae. Ann Microbiol 54:427–454

Chi Z, Arneborg N (1999) Relationship between lipid composition,
frequency of ethanol-induced respiratory deficient mutants, and
ethanol tolerance in Saccharomyces cerevisiae. J Appl Microbiol
86:1047–1052

Colombo S, Ma P, Cauwenberg L, Winderickx J, Crauwels M,
Teunissen A, Nauwelaers D, de Winde JH, Gorwa MF, Colavizza
D, Thevelein JM (1998) Involvement of distinct G-proteins,
Gpa2 and Ras, in glucose- and intracellular acidification-induced
cAMP signalling in the yeast Saccharomyces cerevisiae. EMBO
J 17:3326–3341

Costa V, Moradas-Ferreira P (2001) Oxidative stress and signal
transduction in Saccharomyces cerevisiae: insights into ageing,
apoptosis and diseases. Mol Aspects Med 22:217–246

Costa V, Amorim MA, Reis E, Quintanilha A, Moradas-Ferreira P
(1997) Mitochondrial superoxide dismutase is essential for
ethanol tolerance of Saccharomyces cerevisiae in the post-diauxic
phase. Microbiol 143:1649–1656

D’Amore T, Stewart GG (1987) Ethanol tolerance of yeast. Enzyme
Microb Technol 9:322–330

D’Amore T, Panchal CJ, Stewart GG (1990) A study of ethanol
tolerance in yeast. Crit Rev Biotechnol 9:287–304

Daulny A, Geng F, Muratani M, Geisinger JM, Salghetti SE, Tansey WP
(2008) Modulation of RNA polymerase II subunit composition by
ubiquitylation. Proc Natl Acad Sci USA 105:19649–19654

del Castillo AL (1992) Lipid content of Saccharomyces cerevisiae
strains with different degrees of ethanol tolerance. Appl Micro-
biol Biotechnol 37:647–651

Ding J, Huang X, Zhang L, Zhao N, Yang D, Zhang K (2009)
Tolerance and stress response to ethanol in the yeast Saccharo-
myces cerevisiae. Appl Microbiol Biotechnol 85:253–263

Dinh TN, Nagahisa K, Hirasawa T, Furusawa C, Shimizu H (2008)
Adaptation of Saccharomyces cerevisiae cells to high ethanol
concentration and changes in fatty acid composition of mem-
brane and cell size. PLoS ONE 3:e2623

Dinh TN, Nagahisa K, Yoshikawa K, Hirasawa T, Furusawa C,
Shimizu H (2009) Analysis of adaptation to high ethanol
concentration in Saccharomyces cerevisiae using DNA micro-
array. Bioprocess Biosyst Eng 32:681–688

Du X, Takagi H (2007) N-Acetyltransferase Mpr1 confers ethanol
tolerance on Saccharomyces cerevisiae by reducing reactive
oxygen species. Appl Microbiol Biotechnol 75:1343–1351

Durchschlag E, Reiter W, Ammerer G, Schuller C (2004) Nuclear
localization destabilizes the stress-regulated transcription factor
Msn2. J Biol Chem 279:55425–55432

Eastmond DL, Nelson HC (2006) Genome-wide analysis reveals new
roles for the activation domains of the Saccharomyces cerevisiae
heat shock transcription factor (Hsf1) during the transient heat
shock response. J Biol Chem 281:32909–32921

Estruch F (2000) Stress-controlled transcription factors, stress-induced
genes and stress tolerance in budding yeast. FEMS Microbiol
Rev 24:469–486

Fernandes L, Rodrigues-Pousada C, Struhl K (1997) Yap, a novel
family of eight bZIP proteins in Saccharomyces cerevisiae with
distinct biological functions. Mol Cell Biol 17:6982–6993

Forgac M (1998) Structure, function and regulation of the vacuolar
(H+)-ATPases. FEBS Lett 440:258–263

Francois J, Parrou JL (2001) Reserve carbohydrates metabolism in the
yeast Saccharomyces cerevisiae. FEMS Microbiol Rev 25:125–
145

Fujita K, Matsuyama A, Kobayashi Y, Iwahashi H (2006) The
genome-wide screening of yeast deletion mutants to identify the
genes required for tolerance to ethanol and other alcohols. FEMS
Yeast Res 6:744–750

Gasch AP, Spellman PT, Kao CM, Carmel-Harel O, Eisen MB, Storz
G, Botstein D, Brown PO (2000) Genomic expression programs
in the response of yeast cells to environmental changes. Mol Biol
Cell 11:4241–4257

Geymonat M, Wang L, Garreau H, Jacquet M (1998) Ssa1p chaperone
interacts with the guanine nucleotide exchange factor of Ras
Cdc25p and controls the cAMP pathway in Saccharomyces
cerevisiae. Mol Microbiol 30:855–864

Gibson BR, Lawrence SJ, Leclaire JP, Powell CD, Smart KA (2007)
Yeast responses to stresses associated with industrial brewery
handling. FEMS Microbiol Rev 31:535–569

Gong Y, Kakihara Y, Krogan N, Greenblatt J, Emili A, Zhang Z,
Houry WA (2009) An atlas of chaperone-protein interactions in
Saccharomyces cerevisiae: implications to protein folding path-
ways in the cell. Mol Syst Biol 5:275

Hahn JS, Hu Z, Thiele DJ, Iyer VR (2004) Genome-wide analysis of
the biology of stress responses through heat shock transcription
factor. Mol Cell Biol 24:5249–5256

Hahn S (2004) Structure and mechanism of the RNA polymerase II
transcription machinery. Nat Struct Mol Biol 11:394–403

Hara S, Sasaki M, Obata T, Noshiro K (1976a) Isolation of ethanol
tolerant mutants from sake yeast Kyotai no. 7. J Brew Soc Jpn
71:301–304

Hara S, Yamamoto N, Fukuda Y, Obata T, Noshiro K (1976b)
Comparison of physiological characteristics between sake yeast
Kyokai no. 7 and its ethanol tolerant mutant. J Brew Soc Jpn
71:564–568

Harbison CT, Gordon DB, Lee TI, Rinaldi NJ, Macisaac KD, Danford
TW, Hannett NM, Tagne JB, Reynolds DB, Yoo J, Jennings EG,
Zeitlinger J, Pokholok DK, Kellis M, Rolfe PA, Takusagawa KT,
Lander ES, Gifford DK, Fraenkel E, Young RA (2004)
Transcriptional regulatory code of a eukaryotic genome. Nature
431:99–104

Hartley AD, Ward MP, Garrett S (1994) The Yak1 protein kinase of
Saccharomyces cerevisiae moderates thermotolerance and inhib-
its growth by an Sch9 protein kinase-independent mechanism.
Genetics 136:465–474

Hashikawa N, Mizukami Y, Imazu H, Sakurai H (2006) Mutated
yeast heat shock transcription factor activates transcription
independently of hyperphosphorylation. J Biol Chem
281:3936–3942

Herman PK (2002) Stationary phase in yeast. Curr Opin Microbiol
5:602–607

Hirasawa T, Yoshikawa K, Nakakura Y, Nagahisa K, Furusawa C,
Katakura Y, Shimizu H, Shioya S (2007) Identification of target
genes conferring ethanol stress tolerance to Saccharomyces
cerevisiae based on DNA microarray data analysis. J Biotechnol
131:34–44

Hohmann S (2002) Osmotic stress signaling and osmoadaptation in
yeasts. Microbiol Mol Biol Rev 66:300–372

Hou J, Lages NF, Oldiges M, Vemuri GN (2009) Metabolic impact of
redox cofactor perturbations in Saccharomyces cerevisiae. Metab
Eng 11:253–261

Hu XH, Wang MH, Tan T, Li JR, Yang H, Leach L, Zhang RM,
Luo ZW (2007) Genetic dissection of ethanol tolerance in the
budding yeast Saccharomyces cerevisiae. Genetics 175:1479–
1487

Appl Microbiol Biotechnol (2010) 87:829–845 843



Inoue T, Wang Y, Jefferies K, Qi J, Hinton A, Forgac M (2005)
Structure and regulation of the V-ATPases. J Bioenerg Biomembr
37:393–398

Izawa S, Ikeda K, Kita T, Inoue Y (2006) Asr1, an alcohol-responsive
factor of Saccharomyces cerevisiae, is dispensable for alcoholic
fermentation. Appl Microbiol Biotechnol 72:560–565

Kaino T, Takagi H (2008) Gene expression profiles and intracellular
contents of stress protectants in Saccharomyces cerevisiae under
ethanol and sorbitol stresses. Appl Microbiol Biotechnol 79:273–
283

Kobayashi N, McEntee K (1993) Identification of cis and trans
components of a novel heat shock stress regulatory pathway in
Saccharomyces cerevisiae. Mol Cell Biol 13:248–256

Kubota S, Takeo I, Kume K, Kanai M, Shitamukai A, Mizunuma M,
Miyakawa T, Shimoi H, Iefuji H, Hirata D (2004) Effect of
ethanol on cell growth of budding yeast: genes that are important
for cell growth in the presence of ethanol. Biosci Biotechnol
Biochem 68:968–972

Lee S, Carlson T, Christian N, Lea K, Kedzie J, Reilly JP, Bonner JJ
(2000) The yeast heat shock transcription factor changes
conformation in response to superoxide and temperature. Mol
Biol Cell 11:1753–1764

Lin Y, Tanaka S (2006) Ethanol fermentation from biomass resources:
current state and prospects. Appl Microbiol Biotechnol 69:627–
642

Liu ZL (2006) Genomic adaptation of ethanologenic yeast to
biomass conversion inhibitors. Appl Microbiol Biotechnol
73:27–36

Liu ZL, Saha BC, Slininger PJ (2008) Lignocellulosic biomass
conversion to ethanol by Saccharomyces. In: Wall J, Harwood
C, Demain A (eds) Bioenergy. ASM, Washington, DC, pp 17–36

Liu ZL, Ma M, Song M (2009) Evolutionarily engineered ethanolo-
genic yeast detoxifies lignocellulosic biomass conversion inhib-
itors by reprogrammed pathways. Mol Genet Genomics
282:233–244

Lockshon D, Surface LE, Kerr EO, Kaeberlein M, Kennedy BK
(2007) The sensitivity of yeast mutants to oleic acid implicates
the peroxisome and other processes in membrane function.
Genetics 175:7–91

Maggio A, Miyazaki S, Veronese P, Fujita T, Ibeas JI, Damsz B,
Narasimhan ML, Hasegawa PM, Joly RJ, Bressan RA (2002)
Does proline accumulation play an active role in stress-induced
growth reduction. Plant J 31:699–712

Mansure JJC, Panek AD, Crowe LM, Crowe JH (1994) Trehalose
inhibits ethanol effects on intact yeast cells and liposomes.
Biochim Biophys Acta 1191:309–316

Marchler G, Schuller C, Adam G, Ruis H (1993) A Saccharomyces
cerevisiae UAS element controlled by protein kinase A activates
transcription in response to a variety of stress conditions. EMBO
J 12:1997–2003

Marks VD, Ho Sui SJ, Erasmus D, van der Merwe GK, Brumm J,
Wasserman WW, Bryan J, van Vuuren HJ (2008) Dynamics of
the yeast transcriptome during wine fermentation reveals a novel
fermentation stress response. FEMS Yeast Res 8:35–52

Martin CE, Oh CS, Jiang Y (2007) Regulation of long chain
unsaturated fatty acid synthesis in yeast. Biochim Biophys Acta
1771:271–285

Martínez-Pastor MT, Marchler G, Schuller C, Marchler-Bauer A, Ruis
H, Estruch F (1996) The Saccharomyces cerevisiae zinc finger
proteins Msn2p and Msn4p are required for transcriptional
induction through the stress response element (STRE). EMBO J
15:2227–2235

McClellan AJ, Xia Y, Deutschbauer AM, Davis RW, Gerstein M,
Frydman J (2007) Diverse cellular functions of the Hsp90
molecular chaperone uncovered using systems approaches. Cell
131:121–135

Millar DG, Griffiths-Smith K, Algar E, Scopes RK (1982) Activity
and stability of glycolytic enzymes in the presence of ethanol.
Biotechnol Lett 9:601–606

Moskvina E, Schuller C, Maurer CT, Mager WH, Ruis H (1998) A
search in the genome of Saccharomyces cerevisiae for genes
regulated via stress response elements. Yeast 14:1041–1050

Moukadiri I, Zueco J (2001) Evidence for the attachment of Hsp150/
Pir2 to the cell wall of Saccharomyces cerevisiae through
disulfide bridges. FEMS Yeast Res 1:241–245

Müller D, Exler S, Aguilera-Vázquez L, Guerrero-Martín E, Reuss M
(2003) Cyclic AMP mediates the cell cycle dynamics of energy
metabolism in Saccharomyces cerevisiae. Yeast 20:351–367

Nevoigt E (2008) Progress in metabolic engineering of Saccharomy-
ces cerevisiae. Microbiol Mol Biol Rev 72:379–412

Nguyên DT, Alarco AM, Raymond M (2001) Multiple Yap1p-binding
sites mediate induction of the yeast major facilitator FLR1 gene
in response to drugs, oxidants, and alkylating agents. J Biol
Chem 276:1138–1145

Nikolaou E, Agrafioti I, Stumpf M, Quinn J, Stansfield I, Brown AJ
(2009) Phylogenetic diversity of stress signalling pathways in
fungi. BMC Evol Biol 9:44

Ogawa Y, Nitta A, Uchiyama H, Imamura T, Shiomoi H, Ito K (2000)
Tolerance mechanism of the ethanol-tolerant mutant of sake
yeast. J Biosci Bioeng 90:313–320

Outlaw J, Collins KJ, Duffield JA (2005) Agriculture as a producer
and consumer of energy. CABI, Oxfordshire

Parsell DA, Kowal AS, Singer MA, Lindquist S (1994) Protein
disaggregation mediated by heat-shock protein Hsp104. Nature
372:475–478

Pascual C, Alonso A, García I, Romay C (1988) Effect of ethanol on
glucose transport, key glycolitic enzymes and proton extrusion in
Saccharomyces cerevisiae. Biotechnol Bioeng 32:374–378

Picard D (2002) Heat-shock protein 90, a chaperone for folding and
regulation. Cell Mol Life Sci 59:1640–1648

Pina C, António J, Hogg T (2004) Inferring ethanol tolerance of
Saccharomyces and non-Saccharomyces yeasts by progressive
inactivation. Biotechnol Lett 26:1521–1527

Piper PW (1995) The heat shock and ethanol stress responses of yeast
exhibit extensive similarity and functional overlap. FEMS
Microbiol Lett 134:121–127

Piper PW, Talreja K, Panaretou B, Moradas-Ferreira P, Byrne K,
Praekelt UM, Meacock P, Récnacq M, Boucherie H (1994)
Induction of major heat-shock proteins of Saccharomyces
cerevisiae, including plasma membrane Hsp30, by ethanol levels
above a critical threshold. Microbiology 140:3031–3038

Piper PW, Ortiz-Calderon C, Holyoak C, Coote P, Cole M (1997)
Hsp30, the integral plasma membrane heat shock protein of
Saccharomyces cerevisiae, is a stress-inducible regulator of
plasma membrane H+-ATPase. Cell Stress Chaperones 2:12–24

Prodromou C, Pearl LH (2003) Structure and functional relationships
of Hsp90. Curr Cancer Drug Targets 3:301–323

Puig S, Pérez-Ortín JE (2000) Stress response and expression patterns
in wine fermentations of yeast genes induced at the diauxic shift.
Yeast 16:139–148

Reinders A, Burckert N, Boller T, Wiemken A, De Virgilio C (1998)
Saccharomyces cerevisiae cAMP dependent protein kinase
controls entry into stationary phase through the Rim15p protein
kinase. Genes Dev 12:2943–2955

Rep M, Krantz M, Thevelein JM, Hohmann S (2000) The transcrip-
tional response of Saccharomyces cerevisiae to osmotic shock.
Hot1p and Msn2p/Msn4p are required for the induction of
subsets of high osmolarity glycerol pathway-dependent genes. J
Biol Chem 275:8290–8300

Rosa MF, Sá-Correia I (1996) Intracellular acidification does not
account for inhibition of Saccharomyces cerevisiae growth in the
presence of ethanol. FEMS Microbiol Lett 135:271–274

844 Appl Microbiol Biotechnol (2010) 87:829–845



Rudolph AS, Crowe JH (1985) Membrane stabilization during
freezing: the role of two natural cryoprotectants, trehalose and
proline. Cryobiology 22:367–377

Ruepp A, Zollner A, Maier D, Albermann K, Hani J, Mokrejs M,
Tetko I, Güldener U, Mannhaupt G, Münsterkötter M, Mewes
HW (2004) The FunCat, a functional annotation scheme for
systematic classification of proteins from whole genomes.
Nucleic Acids Res 32:5539–5545

Sajbidor J, Ciesarova Z, Smogrovicova D (1995) Influence of ethanol
on the lipid content and fatty acid composition of Saccharomyces
cerevisiae. Folia Microbiol 40:508–510

Salgueiro SP, Sá-Correia I, Novais JM (1988) Ethanol induced-
leakage in Saccharomyces cerevisiae: kinetics and relationship to
yeast ethanol tolerance and alcohol fermentation productivity.
Appl Environ Microbiol 54:903–909

Samuel D, Kumar TKS, Ganesh G, Jayaraman G, Yang PW, Chang
MM, Trivedi VD, Wang SL, Hwang KC, Chang DK, Yu C
(2000) Proline inhibits aggregation during protein refolding.
Protein Sci 9:344–352

Sanchez OJ, Cardona CA (2008) Trends in biotechnological produc-
tion of fuel ethanol from different feedstocks. Bioresour Technol
99:5270–5295

Sauer U (2001) Evolutionary engineering of industrially important
microbial phenotypes. Adv Biochem Eng Biotechnol 73:129–169

Schrader M, Fahimi HD (2004) Mammalian peroxisomes and reactive
oxygen species. Histochem Cell Biol 122:383–393

Schuller C, Brewster JL, Alexander MR, Gustin MC, Ruis H (1994)
The HOG pathway controls osmotic regulation of transcription
via the stress response element (STRE) of the Saccharomyces
cerevisiae CTT1 gene. EMBO J 13:4382–4389

Sebollela A, Louzada PR, Sola-Penna M, Sarrone-Williams V, Coelho-
Sampaio T, Ferreira ST (2004) Inhibition of yeast glutathione
reductase by trehalose: possible implications in yeast survival and
recovery from stress. Int J Biochem Cell Biol 36:900–908

Singer MA, Lindquist S (1998) Multiple effects of trehalose on
protein folding in vitro and in vivo. Mol Cell 1:639–648

Stukey JE, McDonough VM, Martin CE (1989) Isolation and
characterization of OLE1, a gene affecting fatty acid desaturation
from Saccharomyces cerevisiae. J Biol Chem 264:16537–16544

Stukey JE, McDonough VM, Martin CE (1990) The OLE1 gene of
Saccharomyces cerevisiae encodes the Δ9 fatty acid desaturase
and can be functionally replaced by the rat stearoyl-CoA
desaturase gene. J Biol Chem 265:20144–20149

Takagi H (2008) Proline as a stress protectant in yeast: physiological
functions, metabolic regulations and biotechnological applica-
tions. Appl Microbiol Biotechnol 81:211–223

Takagi H, Takaoka M, Kawaguchi A, Kubo Y (2005) Effect of L-
proline on sake brewing and ethanol stress in Saccharomyces
cerevisiae. Appl Environ Microbiol 71:8656–8662

Takagi H, Matsui F, Kawaguchi A, Wu H, Shimoi H, Kubo Y (2007)
Construction and analysis of self-cloning sake yeasts that
accumulate proline. J Biosci Bioeng 103:377–380

Takemori Y, Sakaguchi A, Matsuda S, Mizukami Y, Sakurai H (2006)
Stress-induced transcription of the endoplasmic reticulum oxi-

doreductin gene ERO1 in the yeast Saccharomyces cerevisiae.
Mol Genet Genomics 275:89–96

Teixeira MC, Monteiro P, Jain P, Tenreiro S, Fernandes AR, Mira NP,
Alenquer M, Freitas AT, Oliveira AL, Sá-Correia I (2006) The
YEASTRACT database: a tool for the analysis of transcription
regulatory associations in Saccharomyces cerevisiae. Nucl Acids
Res 34:D446–D451

Teixeira MC, Raposo LR, Mira NP, Lourenço AB, Sá-Correia I (2009)
Genome-wide identification of Saccharomyces cerevisiae genes
required for maximal tolerance to ethanol. Appl Environ Micro-
biol 75:5761–5772

Thevelein JM (1991) Fermentable sugars and intracellular acidifica-
tion as specific activators of the RAS-adenylate cyclase signaling
pathway in yeast: the relationship to nutrient-induced cell cycle
control. Mol Microbiol 5:1301–1307

Thevelein JM, de Winde JH (1999) Novel sensing mechanisms and
targets for the cAMP-protein kinase A pathway in the yeast
Saccharomyces cerevisiae. Mol Microbiol 33:904–918

Van Uden N (1985) Ethanol toxicity and ethanol tolerance in yeasts.
Ann Rep Ferment Process 8:11–58

Van Voorst F, Houghton-Larsen J, Jønson L, Kielland-Brandt MC,
Brandt A (2006) Genome-wide identification of genes required
for growth of Saccharomyces cerevisiae under ethanol stress.
Yeast 23:351–359

Vertes A, Qureshi N, Yukawa H, Blaschek H (2010) Biomass to
biofuels. Wiley, West Sussex

Wall J, Harwood C, Demain A (2008) Bioenergy. ASM, Washington
Watanabe M, Tamura K, Magbanua JP, Takano K, Kitamoto K,

Kitagaki H, Akao T, Shimoi H (2007) Elevated expression of
genes under the control of stress response element (STRE) and
Msn2p in an ethanol-tolerance sake yeast Kyokai no. 11. J Biosci
Bioeng 104:163–170

Watanabe M, Watanabe D, Akao T, Shimoi H (2009) Overexpression
of MSN2 in a sake yeast strain promotes ethanol tolerance and
increases ethanol production in sake brewing. J Biosci Bioeng
107:516–518

Wei P, Li Z, Lin Y, He P, Jiang N (2007) Improvement of the
multiple-stress tolerance of an ethanologenic Saccharomyces
cerevisiae strain by freeze-thaw treatment. Biotechnol Lett
29:1501–1508

Wilson WA, St Amour CV, Collins JL, Ringe D, Petsko GA (2004)
The 1.8-A resolution crystal structure of YDR533Cp from
Saccharomyces cerevisiae: a member of the DJ-1/ThiJ/PfpI
superfamily. Pro Natl Acad Sci USA 101:1531–1536

Yoshikawa K, Tanaka T, Furusawa C, Nagahisa K, Hirasawa T,
Shimizu H (2009) Comprehensive phenotypic analysis for
identification of genes affecting growth under ethanol stress in
Saccharomyces cerevisiae. FEMS Yeast Res 9:32–44

You KM, Rosenfield CL, Knipple DC (2003) Ethanol tolerance in the
yeast Saccharomyces cerevisiae is dependent on cellular oleic
acid content. Appl Environ Microbiol 69:1499–1503

Young JC, Agashe VR, Siegers K, Hartl FU (2004) Pathways of
chaperone-mediated protein folding in the cytosol. Nat Rev Mol
Cell Biol 5:781–791

Appl Microbiol Biotechnol (2010) 87:829–845 845


	Mechanisms of ethanol tolerance in Saccharomyces cerevisiae
	Abstract
	Introduction
	Membrane and cell wall
	Amino acids
	V-ATPase and peroxisomal functions
	Heat shock proteins
	Trehalose and glycogen metabolisms
	NAD(P)H regeneration and redox balance
	Signal transduction pathways
	Transcription factors and stress response element
	Evolutionary engineering
	Conclusions and future prospects
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


