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Preface

The development of sustainable and renewable biofuels has attracted growing
interests with concerns on increased oil demands and a cleaner environment
worldwide after decades of attempts since 1950s. Biofuels conversion from renew-
able biomass including lignocellulosic materials and agricultural residues is
considered as the second generation of transportation biofuels. The success of a
bio-based economy requests not only the development of an appropriate infrastruc-
ture but also the meeting of significant technical challenges for a sustainable
industry. The economy of fermentation-based bioprocess including bioethanol
production relies extensively on the performance of fermentative microbes. It is
vital to develop robust microbial strains for the next generation biocatalysts that are
able to function under multiple stress conditions presented in the lignocellulosic
biomass-based fermentation systems.

This volume is intended to provide a comprehensive study on microbial stress
tolerance using a systems biology approach. It has no means to claim a complete
coverage of all important aspects on such a complicated subject by this limited
space. The urgency and necessity to address microbial stress tolerance in biofuels
applications using comprehensive approaches of systems biology simply cannot be
underestimated. In addition to outlining the most advanced knowledge in the
respective fields, each chapter provides conclusive remarks and future perspectives
intriguing active discussions and proposals. We are humbled to learn that a vast
amount of unknown factors exist in detailed life events for microbial stress at the
genome level. High levels of integrated interdisciplinary studies are expected to
advance basic science on microbial stress tolerance and its applications of success-
ful biofuels productions.

The book consists of two parts of topics around the subject. The first part,
comprising the first eight chapters, covers advances and mechanisms of our current
understanding on microbial stress tolerance. The second part, comprising the
last four chapters, provides approaches and methodology recently developed in
related fields with relevant application examples. In the section on advances and
mechanisms, genomics aspects are first outlined for yeast tolerance and in situ
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detoxification of inhibitory compounds generated during biomass pretreatment.
New gene functions, multiple functions of a characterized gene, complex interplay,
reprogrammed pathways, and overlapping gene regulatory networks are clearly
involved in yeast tolerance at the genome level. A detailed discussion on genetics
and regulation of glycogen and trehalose metabolism, important elements for yeast
tolerance involved in glycolysis pathways and yeast function, are followed. The
sophisticated regulatory system provides insight into yeast tolerance studies not
only for nutrition supply but also significant for stressed physiological and toxic
status. The next chapter describes molecular mechanisms of programmed cell death
as a defensive function against acetic acid, another stress factor concerned about in
biofuels fermentation process. Continued pursuing on signal transduction will
further advance our understanding on the tolerance to acid stress conditions. The
classic yeast Saccharomyces cerevisiae is a superb ethanol producing agent, yet it is
sensitive to ethanol stress based on varied definitions. A comprehensive discussion
on molecular mechanisms of ethanol tolerance by yeast is provided including new
data obtained from comparable temporal dynamics of quantitative gene expression
analyses. A prototype of molecular mechanisms on ethanol tolerance is presented.
From the industrial bioprocessing point of view, the following chapter touches
various stress conditions regarding high gravity ethanol fermentation. Bioprocess
engineering appears to be a significant component that cannot be overlooked for
large scale productions given multiple stress conditions recognized by lignocellu-
losic biomass conversion. Yeast tolerance has been observed to be closely related to
balanced sugar utilizations. An inevitable topic on improving divergent biomass
sugar utilization by engineered S. cerevisiae is attended in the next chapter. New
strategies to improve xylose uptake and utilization by the yeast using synthesized
genes and heterologous xylose transporter genes are presented. This advance is
expected to lead flourishes of desirable second generation biocatalyst development.
These chapters conclude the main coverage on ethanologenic yeast. For bacteria,
genomics approaches on tolerance to biomass pretreatment inhibitors by ethanolo-
genic bacterium Zymomonas mobilis are summarized. Accurate annotation strategy
of the bacterial genome resulted in discoveries of new genes and functions con-
tributing to acetate stress tolerance. Case studies of selected genes involving
tolerance and a paradigm of strain development are discussed. In understanding
microbial physiology of biofuels production, mechanisms and applications of
microbial solvent tolerance are comprehensively addressed in a wide range of
bacterial species as well as yeast.

The section on approaches and methodology starts with metabolic engineering
using bacterial host for biofuels production in the light of stress tolerance controls.
Concerns in developing biofuels producing agents regarding biosynthetic pathways
and tolerance mechanisms are discussed with application examples. Such a toler-
ance is designed against both pretreatment inhibitors and toxic end products.
At this end, robust strains encoded by chromosomal integration and free of antibi-
otic resistant markers are desirable. The next chapter describes basic principles
and applications of metabolomics approaches including sample preparation, meta-
bolomic analysis, identification and quantification of metabolites, data mining, and



Preface vii

biological interpretation for gas chromatography coupled to mass spectrometry
(GC-MS) and liquid chromatography coupled to mass spectrometry (LC-MS)
based strategies. A better understanding of metabolomics of microbial stress is
expected to benefit optimization of biofuels fermentation processes. The following
chapter introduces an automated plasmid-based functional proteomics system. The
high throughput platform enables rapid clone and expression of heterologous genes
for library screening and improved strain development. The closing chapter pre-
sents robust mRNA quantification references that can be used for unified and
comparable gene expression data analyses under stress conditions. The fundamen-
tal biological process of gene expression raises useful phenotypes in mechanism
studies of stress tolerance. Principles and applications as well as critical issues in
unification of expression data analysis within and across different platforms of
qRT-PCR array and microarray assays are discussed.

We would like to thank all contributing authors for their expertise, efforts, and
commitment in this interested project through the entire course of this study, which
were essential for the production of this book. We are grateful to Springer for
publishing this monograph and special thanks are due to Jutta Lindenborn for her
assistance and support. We are also indebted to our families for their unconditional
love and support as well as sacrifices of time and leisure during the preparation of
this volume.

Peoria, IL, USA Zonglin Lewis Liu
Miinster, Germany Alexander Steinbiichel
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Abstract Inhibitory compounds generated by pretreatment of lignocellulose
biomass interfere with microbial growth and subsequent fermentation. Remediation
of the inhibitors by current physical, chemical, and biological abatement means is
economically impractical. Overcoming the inhibitory effects of lignocellulose
hydrolysate poses a significant technical challenge for economical cellulosic
biofuel production. Development of tolerant ethanologenic yeast has demonstrated
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a potential of in situ detoxification for numerous aldehyde inhibitors derived from
the biomass pretreatment and conversion. In the last decade, significant progress
has been made in understanding mechanisms of yeast tolerance for tolerant strain
development. At least, important candidate genes for tolerance have been identi-
fied. Enriched genetic backgrounds, enhanced expression, interplay, and global
integration of many key genes enable yeast tolerance. Reprogrammed pathways
support yeast functions to withstand the inhibitor stress, detoxify the toxic
compounds, maintain energy and redox balance, and complete active metabolism
for ethanol fermentation. Complex gene interactions and regulatory networks as
well as co-regulation are recognized as being involved in yeast adaptation and
tolerance. This chapter outlines our current understanding of the yeast tolerance
using genome-based approaches.

1 Introduction

Despite the availability of tools and technologies over the last decade for geno-
mics studies, knowledge on real life events at genome level is limited. Genomics,
to a degree, is still in its exposure stage. The integration of gene functions,
interactions, and regulatory rules at the genome level are far more complex than
we can currently imagine. It is humble to learn that a vast amount of the unknown
on genomics exists. Yet, we are excited about moving each step forward toward
a better understanding of in situ detoxification of lignocellulosic inhibitors
involved in cellulosic ethanol conversion by the yeast Saccharomyces cerevisiae.
This chapter summarizes our current knowledge on mechanisms of the inhibitor
detoxification based on molecular studies and genomic-based approaches. Our
improved understandings of the in situ detoxification uncover new aspects of
global integration and regulation for yeast tolerance and provide insight into
phenotype-genotype relationships and strategies for more tolerant strain develop-
ment in biofuel applications. Two commonly encountered representative inhibitory
compounds, 2-furaldehyde (2-furancarbaldehyde; furfural) and 5-(hydroxymethyl)-
2-furaldehyde [5-(hydroxythyl)-2-furancarbaldehyde; 5-(hydroxymethyl)-2-furfural;
HMF], formed during depolymerization of cellulose and hemicellulose, are the main
target inhibitors discussed in this chapter. Background information and comprehensive
reviews on the effects of these and other inhibitors related to lignocellulose pretreat-
ment and biomass-to-ethanol conversion are available elsewhere (Larrson et al. 1999;
Palmqgvist and Hahn-Hagerdal 2000; Klinke et al. 2004; Liu and Blaschek 2010).
Pretreatment of lignocellulosic biomass generates inhibitory compounds that
interfere with microbial growth and fermentation and poses a significant challenge
for economical cellulosic biofuel production. Remediation of inhibitory compounds
by physical and chemical means has been determined to be too expensive for use in
practice (Liu et al. 2008a; Liu and Blaschek 2010). A bioabatement method was able
to remove aldehyde inhibitors such as furfural; however, additional sugar and carbon
source were consumed, and most abatement agents lack fermentation capability
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(Nichols et al. 2010). Tolerant ethanologenic yeast strains were found to be able
to convert furfural and HMF into less toxic compounds furanmethanol (FM) and
furan-2,5-dimethanol (FDM; 2,5-bis-hydroxymethylfuran) respectively while pro-
ducing ethanol (Liu et al. 2004, 2005, 2008b; Liu 2006; Talebnia and Taherzadeh
2006; Martin et al. 2007). The identification and clarification of FM and FDM as
metabolic conversion products of furfural and HMF suggested that the attached
aldehyde functional group on the furan ring is responsible for the toxicity but not
the furan since numerous other furan compounds are not toxic to yeast (Liu et al.
2004, 2008b; Liu 2006). Historically termed furan inhibitors, furfural and HMF are
in fact aldehyde inhibitors. The conversion of the aldehyde functional group into an
alcohol form reduces the chemical toxicity. This clarification has led to an attempt
to classify the inhibitors by the chemical functional groups to facilitate mechanism
studies of in situ detoxification. The current classification of inhibitors contains
aldehydes, ketones, phenols, and organic acids commonly associated with ligno-
cellulose hydrolysates and biomass pretreatment procedures (Klinke et al. 2004;
Liu and Blaschek 2010). The new classification of the inhibitors has facilitated
discoveries of new genes and new functions of known genes. For example, a newly
described aldehyde reductase enzyme encoded by ARI1, a previously uncharacterized
ORF YGLI57W of Saccharomyces cerevisiae, possesses reduction capabilities
toward at least 14 aldehydes, including common lignocellulose-derived inhibitors
such as furfural, HMF, vanillin, and cinnamaldehyde (Liu and Moon 2009).

2 Genome Expression Response

Gene expression is a fundamental biological process by which phenotype can be
recognized in association with genotype. Genome-wide expression responses pro-
vide a global view of gene interactions and regulatory network that are important
underlining molecular mechanisms of yeast tolerance.

2.1 Wild Type vs. Tolerant Strains

Most gene expression responses in laboratory yeast to environmental stimuli are
transient, and a concept of environmental stress response was suggested (Gasch et al.
2000; Gasch and Werner-Washburne 2002). In contrast, industrial ethanologenic
yeast gene expression responses appear to be more persistent. Several hundred
genes were identified having transcription expression response to furfural and HMF
(Liu 2006; Liu and Slininger 2005; 2006; Liu et al. 2009; Ma and Liu 2010; Li and
Yuan 2010). These genes are distributed across a wide range of functional categories
and pathways including stress-related high-osmolarity glycerol (HOG) pathway, heat
shock protein genes, and several important transcription factors (Lin et al. 2009a, b; Li
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and Yuan 2010; Ma and Liu 2010). Most studies on yeast response were characterized
using a wild-type strain. Recent comparative studies using a tolerant yeast strain,
for example, the response to aldehyde inhibitors, provide relevant insight into yeast
tolerance (Fig. 1). By comparison of expression profiles and dynamics over time
between a wild type and a tolerant strain, tolerance candidate genes can be
identified. Such approaches aid studies on mechanisms of tolerance.

2.2 Induced Expression

The inhibitor-induced expression of tolerant yeast consists of only a small portion
of genes at the genome level. However, many of these induced genes have multiple
functions. Some notable functional categories involve cytoplasm, nucleus, mem-
brane, mitochondrion, cellular protein catabolic process, transport, response to
stress, amino acid and derivative metabolic process, hydrolase activity, peptide
activity, oxidoreductase activity, protein binding, protein fate, cellular transport,
as well as several groups of unknown functions (Tables 1 and 2). At least seven
transcription factor genes, YAPI, YAPS5, YAP6, PDRI, PDR3, RPN4, and HSFI,
were identified as key regulators for the induced expression response in adaptation
to HMF challenge by a tolerant yeast (Song et al. 2009; Ma and Liu 2010). Most
of these regulatory genes displayed greater than twofold increase of mRNA abun-
dance after challenges by furfural and HMF. Protein binding motif analysis
revealed that each of these transcription factor genes harbors multiple protein
binding sites for Pdr3p, Yaplp, Yap5p, Yap6p, Rpndp, and Hsflp. For example,
DNA binding motifs of Pdrl/3p are present in promoter regions of PDR3, YAPS,
YAP6, and RPN4 (Ma and Liu 2010) (Fig. 2). DNA binding sites of Yaplp and
Hsflp exist in all five transcription factor genes except for PDRI, having one
Yaplp site, and PDR3, two Hsflp sites. Most transcription factor genes have
multiple binding sites for multiple transcription factors. For example, RPN4 has
13 binding sites of four transcription factors, and PDR3 has six sites for two. These
observations suggest that potential interactions involving multiple transcription
factors exist for inhibitor tolerance. High expression of RPN4 by HMF treatment
was suggested to be regulated by Yaplp, Pdrlp, Pdr3p, and Hsf1p based on ChIP-
chip assay data, genome expression, and microarray assays of transcription factor
mutations (Lee et al. 2002; Harbison et al. 2004; Hahn et al. 2006; Larochelle et al.
2006; Workman et al. 2006; Salin et al. 2008; Ma and Liu 2010). Numerous studies
also demonstrated positive feedback of enhanced expression of RPN4 to its
regulators of Yaplp and Pdrlp (Harbison et al. 2004; Haugen et al. 2004; Salin
et al. 2008). In addition, DNA binding motif of a transcription factor’s own is
present in its promoter region, such as PDR3, YAPI, and HSFI (Fig. 2). These
suggest a possible self-regulated expression interaction involved in yeast tolerance
response as well as co-regulation and interactions of multiple transcription factors
under the stressed condition.
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Fig. 1 Comparative interactions of selective genes differentially expressed by HMF challenge
over time as examined by genome expression using 70-mer DNA oligo microarray for Saccharo-
myces cerevisiae. Yellow indicates an equally expressed mRNA abundance. Varied colors between
yellow and red or yellow and blue as shown in a colored bar at the far right, indicate varied
quantitative measurements of mRNA expression levels for each gene in a log scale



Z.L. Liu

Table 1 Gene Ontology (GO) categories and terms for significantly induced genes by HMF
during the lag phase in Saccharomyces cerevisiae (Ma and Liu 2010)

GO ID GO term Gene(s)
Cellular
component
GO:0005737 Cytoplasm SHPI®,ATGS8, YBLI107C, HSP26, NPL4, CHAI,
GPM2, SNQ2, RPNY, SLF1, SSA4, OTU1,
RPNI12, PYCI, ARI1, YGRI11IW, ECM29,
PUT2, PRE3, MET3, MET14, TPOI1, ALT]I,
PUTI1, YAPI, PGA3, ERO1, YNLI55W,
PREG, GRE2, SGT2, RSB1, YOR059C,
PDR5, TPO4, PRE10, ALD4, CARI
GO0:0005634 Nucleus SHPI, YBLI0OW-A, HSP26, RAD16, RPT2,
RPN4, YDR210W-B, YDR316W-B,
YDR365W-B, PRE1, SSA4, MAGI, OTUI,
ARII, YGRI1IW, ECM29, YKROI1IC,
YAPI, YNL155W, GRE2, YOR052C, RPT4
G0:0016020 Membrane ATGS8, NPL4, SNQ2, PDR15, DDI1, YORI,
TPOI, PGA3, RSBI1, PDR5, TPO4, MCHS5,
PDRI12, PRM4
GO:0005575 Cellular component IMDI, YBR0O62C, YBR255C-A, YDR034W-B,
unknown YERI37C, YGRO35C, YHRI138C, YLLO56C,
ICTI, OYE3
GO0:0005886 Plasma membrane SNQ2, DDI1, YORI1, TPO1, PGA3, RSBI,
PDR5, TPO4, MCHS5, PDRI12
GO:0005739 Mitochondrion CHAI, SNQ2, PUT2, MET3, ALT1, PUTI,
PREG, PDR5, ALD4
GO0:0005783 Endoplasmic reticulum NPL4, PGA3, ERO1, RSB1
GO:0005773 Vacuole ATGS, TPOI1, TPO4
GO0:0005624 Membrane fraction SNQ2, YORI1
G0:0005933 Cellular bud TPO1
GO0:0005618 Cell wall TIR4
GO0:0012505 Endomembrane system NPL4
GO:0030427 Cite of polarized growth ~ CARI
Other Other PRE7, ADH7, RPT3, PUP3
Biological
process
GO:0008150 Biological process IMD1, YBL107C, YBRO62C, YBR255C-A,
unknown GPM?2, YDR034W-B, YERI37C, ARII,
YGRO035C, YKRO11C, YLLO56C, YNLI55W,
TIR4, YOR052C, YOR059C, PRM4, OYE3
GO0:0044257 Cellular protein catabolic =~ PRE7, SHPI, RAD16, NPL4, RPT2, RPT3,
process RPNY9, PREI, PUP3, DDI1, RPN12, PRE3,
PREG, RPT4, PREI0
GO:0006810 Transport ATGS, PDRI15, SSA4, DDII1, YORI, TPO1,
PGA3, RSBI1, PDR5, TPO4, MCHS, PDR12
GO0:0006950 Response to stress ATGS8, HSP26, RAD16, RPN4, SNQ2, PREI,
SSA4, MAG1, PRE3, YAPI, SGT?2
G0:0042221 Response to chemical RPN4, SNQ2, PDR15, YORI, MET14,
stimulus YAPI, PDR5
GO:0006519 Cellular amino acid and CHAI, PUT2, MET3, MET14, ALTI1, PUTI,
derivative metabolic CARI
process
G0:0032196 Transposition YBLI100W-A, YDR210W-B, YDR316W-B,

YDR365W-B

(continued)
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Table 1 (continued)

GO ID GO term Gene(s)
GO:0006457 Protein folding HSP26, SSA4, ERO1
GO:0006350 Transcription RPN4, OTU1, YAPI
GO:0006464 Protein modification RADIG6, OTUI, ERO1
process
GO0:0030435 Sporulation resulting in SHPI1, PREI1, PRE3
formation of a cellular
spore
G0O:0006259 DNA metabolic process RADI16, RPN4, MAG1
GO:0016044 Membrane organization ATGS8, YHRI138C, RSB1
GO0O:0007033 Vacuole organization ATGS8, YHRI138C
G0:0044262 Cellular carbohydrate SHPI, PYC1
metabolic process
G0:0044255 Cellular lipid metabolic ICTI, GRE2
process
G0O:0006766 Vitamin metabolic process PYCI, ALD4
GO0:0046483 Heterocycle metabolic PUT2, PUTI1
process
GO0O:0051186 Cofactor metabolic process PYCI, ALD4
GO0:0016192 Vesicle-mediated transport ATGS8, DDI1
GO:0051276 Chromosome organization RADI6
G0:0016070 RNA metabolic process YAPI
GO:0006412 Translation SLF1
G0O:0006091 Generation of precursor SHP1
metabolites and energy
GO:0070271 Protein complex RPNY
biogenesis
GO0:0007049 Cell cycle RPN4
GO:0019725 Cellular homeostasis SLF1
Other Other ADH7,YGRI111IW, ECM29
Molecular
function
GO:0016787 Hydrolase activity PRE7, RADI16, RPT2, SNQ2, YDR210W-B,
YDR316W-B, YDR365W-B, RPT3, PDRI15,
PREI, PUP3, SSA4, MAGI, OTU1, RPN12,
YORI, PRE3, PREG6, RSB1, PDR5, RPT4,
PRE10, PDRI12, CARI
GO:0003674 Molecular function IMDI, ATGS8, YBLI107C, YBR062C, NPL4,
unknown YBR255C-A, GPM2, YDR0O34W-B, YERI37C,
YGRO35C, YGRI11IW, YKROI1C, YLLO56C,
PGA3, YNLI55W, SGT2, TIR4, YOR052C,
YORO059C, PRM4
GO:0008233 Peptidase activity PRE7, RPT2, YDR210W-B, YDR316W-B,
YDR365W-B, RPT3, PREI, PUP3, OTUl,
RPNI12, PRE3, PREG, RPT4, PRE10
GO0:0005215 Transporter activity SNQ2, PDRI15, YORI1, TPO1, RSB1, PDRS,
TPO4, MCHS5, PDRI12
GO0:0016491 Oxidoreductase activity ADH7, ARIl1, PUT2, PUT1, EROI1, GRE2,
ALD4, OYE3
GO:0005515 Protein binding YBL100W-A, HSP26, YDR210W-B,

YDR316W-B, YDR365W-B, SSA4,
DDI1, ECM29

(continued)
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Table 1 (continued)

GO ID GO term Gene(s)

GO:0016740 Transferase activity YDR210W-B, YDR316W-B, YDR365W-B,
MET3, MET14, ALT1, ICT1

GO0:0003723 RNA binding YBL100W-A, YDR210W-B, YDR316W-B,

YDR365W-B, SLF1
GO:0016779 Nucleotidyltransferase YDR210W-B, YDR316W-B, YDR365W-B,

activity MET3
GO0:0003677 DNA binding RADI16, RPN4, YAPI
GO:0016874 Ligase activity RADIG6, PYC1
GO:0030528 Transcription regulator RPN4, YAPI

activity
G0:0030234 Enzyme regulator activity SHPI, YHRI38C
G0O:0016829 Lyase activity CHA1
GO0:0005198 Structural molecule RPNY

activity
GO0:0016853 Isomerase activity GPM?2

“Genes in bold indicate that their encoding proteins or enzymes are involved in more than one
function

Table 2 Protein functional categories for significantly induced genes by HMF during the lag
phase in Saccharomyces cerevisiae (Ma and Liu 2010)

MIPS ID Functionary category p-value Entries

01 Metabolism

01.01.03.03.02 Degradation of proline 7.82E-04 PUT2, PUT1*

01.01.03.05.02 Degradation of arginine 3.94E-04 PUT1, CARI

01.02.03.01 Sulfate assimilation 3.54E-03 MET3, MET14

14 Protein fate

(folding, modification, destination)

14.07.11 Protein processing (proteolytic) 4.05E-09 PRE7, ATGS, RPT2, RPT3, PRE1,
PUP3, RPN12, PRE3, PREG,
RPT4, PRE10

14.13 Protein/peptide degradation 3.97E-11 PRE7, SHP1, ATGS, NPL4, RPT2,

RPN4, RPT3, RPN9, PREL1,
PUP3, DDII, OTUI1, RPN12,
ECM29, YHR138c, PRE3,
PREG6, RPT4, PRE10

16 Protein with
binding function or cofactor requirement (structural or catalytic)
16.19.03 ATP binding 1.52E-03 RPT2, SNQ2, RPT3, PDR15,
YORI1, PDRS, RPT4, PDR12

20 Cellular
transport, transport facilities, and transport routes
20.01.27 Drug/toxin transport 4.70E-06 SNQ2, YORI1, TPOI, PDRS, TPO4,
PDR12
20.03.22 Transport ATPases 3.68E-04 SNQ2, YORI, RSB1, PDRS,
PDR12
20.03.25 ABC transporters 1.44E-05 SNQ2, PDR15, YORI1, PDRS5,
PDR12
32 Cell rescue,
defense, and virulence
32.05.01.03 Chemical agent resistance 1.73E-05 SNQ2, MAG1, YORI1, YAPI1,
PDRS

“Proteins in bold indicate functions involved in more than one category
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Fig. 2 DNA binding sites in the promoter regions from —1,000 to —1 for seven selective
transcription factor genes YAPI, YAPS, YAP6, PDRI, PDR3, RPN4, and HSF1 of Saccharomyces
cerevisiae, showing overlapping and multiple binding sites that indicate gene co-regulation roles
of key transcription factor genes (Ma and Liu 2010)

2.3 Repressed Response

Most differentially expressed genes show repressed response to inhibitor challenges
regardless of strain and the treatment methods used. The difference lies in that
repressed genes in certain categories are able to recover over time while others
remain repressed as demonstrated by comparative transcription dynamic analyses
(Liu et al. 2009; Ma and Liu 2010). The importance of repressed genes is often
neglected in contrast to overwhelmingly emphasized attention to the induced genes.
In fact, many of these “overlooked” genes play necessary roles in yeast adaptation
as they are able to recover and function under stress. As mentioned, the lack of such
functional genes can result in nonviable biological processes, including ethanol
fermentation. Under certain conditions, down-regulated expression could be an
efficient means of energy utilization for economic pathway development (Ma and
Liu 2010). The repressed genes are mainly involved in the functional categories of
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ribosome biogenesis, amino acid and derivative metabolic process, RNA synthesis,
RNA metabolic process, transport, transcriptional and translation controls, mito-
chondrial, and others (Ma and Liu 2010; Li and Yuan 2010). For many repressed
genes, at least five important regulatory genes, including ARG80, ARG81, GCN4,
RAPI, and FHLI, were found to be involved in the significantly down-regulated
expression. For example, ARGI, ARG3, ARG4, ARG5S, ARG6, ARG7, and ARGS8
involved in arginine biosynthesis and repressed by HMF were regulated by the
transcription factor genes ARG80 and ARG81 as well as GCN4 (De Rijcke et al.
1992; Natarajan et al. 2001; Ma and Liu 2010). In addition to regulation of arginine
biosynthesis, GCN4 regulates expression of many other genes related to amino acid
biosynthesis, such as a number of genes involved in biosynthesis of histidine,
leucine, and lysine (Natarajan et al. 2001; Ma and Liu 2010). Among the many
genes repressed by HMF, a large number of genes are involved in ribosome
biogenesis and protein translation processes, which were predicted to be regulated
by transcription factor genes RAPI and FHLI.

3 Aldehyde Reduction Enzymes

Classification and clarification of furfural and HMF as aldehyde inhibitors allowed
identification of aldehyde reduction enzymes. The aldehyde reduction function was
found not only in numerous previously reported genes but also for uncharacterized
OREFs. It appears as a common functional category for many oxidoreductase genes
in yeast.

3.1 New Aldehyde Reductase Genes

A novel gene encoding NADPH-dependent aldehyde reductase, AR/I, was char-
acterized recently (Liu and Moon 2009; Bowman et al. 2010; Saccharomyces
Genome Database http://www.yeastgenome.org/). The product of AR/ is the first
purified yeast protein reported as an aldehyde reductase involved in the detoxifica-
tion of inhibitors of lignocellulose hydrolysates. As mentioned, it has reduction
activities toward at least 14 aldehydes, including those frequently identified during
biomass pretreatment procedures. The optimum performance temperature of the
enzyme is 25°C at pH 7.0. The protein of ARI/ has an approximate molecular mass
of 38 kDa and is a member of the “intermediate” subclass of the SDR (short-chain
dehydrogenase/reductase) superfamily with the following typical characteristics:
The conserved catalytic site lies at Tyr;go-X-X-X-Lys;73; an indispensable reduc-
tion catalytic tetrad, at Asnjoe, Sery3;, Tyrig9, and Lys;73; and an approved cofactor
binding motif, at Gly;;-X-X-Gly4-X-X-Ala,; near the N-terminus. The function of
the gene was annotated by conserved functional sequence motifs, gene expression,
protein expression, and partially purified protein assays. This newly described gene
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possibly represents a group of uncharacterized multiple functional genes such as
other potential candidates YKLO7IW, Y62, Y76, Y81, and Y82 (Heer et al. 2009;
Liu and Blaschek 2010; Liu and Moon 2010).

3.2 New Functions of Characterized Genes

Understanding the importance of detoxification of the aldehyde functional group
has allowed recognition of numerous enzymes possessing aldehyde reductase activity
that contribute to the detoxification of the aldehyde inhibitors associated with
lignocellulose pretreatment, such as furfural, HMF, cinnamaldehyde, and vanillins.
Several previously reported genes were found to posses new functions of aldehyde
reduction. For example, yeast clones overexpressing ADH6 and ADH?7 displayed
high reduction capabilities toward furfural and HMF (Table 3). Although they were
characterized as alcohol dehydrogenases, the kinetic study of ADH6 and ADH7
showed that their reductive reactions were 50- to 100-fold more efficient than the
corresponding oxidations (Larroy et al. 2002a, b, 2003). It is possible that ADH6 or
ADHY7 act as an aldehyde reductase rather than as an alcohol dehydrogenase as their
major metabolic function. Cell protein extracts of mutated ADH-containing yeast

Table 3 Genes encoding enzymes possessing aldehyde reductase activities examined by the
enzyme specific activity using whole cell protein extract or partially purified proteins exampled
by furfural and HMF for ethanologenic strains of Saccharomyces cerevisiae

Gene Enzyme Cofactor Enzyme specific Reference
Commission activity (mU/mg
number Substrate protein)
ADH6  1.1.1.2 NADPH  Furfural 98—4,000 Petersson et al. 2006;
HMF 79-4,000 Liu et al. 2008b;
Almedia et al.,
2009
NADH Furfural 62-210 Petersson et al. 2006;
HMF ns® Liu et al. 2008b
ADH7 1.1.1.2 NADH Furfural 86 Liu et al. 2008b
HMF 158
ALD4 1.2.1.5 NADH Furfural 67 Liu et al. 2008b
HMF 93
GRE3  1.1.1.- NADH Furfural 115 Liu et al. 2008b
1.1.1.21 HMF 157
ADHI 1.1.1.1 NADH Furfural ~3,900 Almeida et al. 2008
1.1.1.190 HMF ~3,800
ARII 1.1.1.- NADPH  Furfural 4,290 Liu and Moon 2009
HMF 580
GRE2 1.1.1.283 NADH Furfural 540 Moon and Liu 2011
HMF 50
Y62 1.1.1.- NADH Furfural 349 Liu and Blaschek 2010
Y76 1.1.1.- NADH Furfural 353 Liu and Blaschek 2010

“Not significant
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strains also showed significant aldehyde reductase activities (Almeida et al. 2008;
Laadan et al. 2008). ALD4 is a major mitochondrial aldehyde dehydrogenase that is
required for growth on ethanol and the conversion of acetaldehyde to acetate using
NADP* or NAD" as a coenzyme. This enzyme is also able to reduce HMF and
furfural utilizing NADH as a cofactor. Aldehyde dehydrogenase is known to play
an important role in yeast acetaldehyde metabolism. Thus, aldehyde dehydrogenase
could be another potential candidate gene for detoxification of aldehyde inhibitors.
Similarly, aldo-keto reductase and methylglyoxal-related reductases GRE3 and
GRE2 showed aldehyde reduction activities (Liu et al. 2008b; Liu and Moon
2009; Moon and Liu 2011). Xylose reductase from Pichia stipitis and expressed
in S. cerevisiae also possessed reduction activities toward furfural and HMF
(Almeida et al. 2008). In addition to their significant involvement under stress
conditions, these enzymes appeared to be important candidates facilitating inhibitor
reduction. The GRE3 has been deleted in an effort to reduce xylitol byproduct
production to improve xylose utilization efficiency of yeast (Traff et al. 2001;
Kuyper et al. 2005). Considering the significant interaction between inhibitor
tolerance and efficient pentose utilization, it is worthwhile to clarify the roles and
interplay among the important candidate gene groups for balanced metabolic
function in biofuel conversions by yeasts.

3.3 Multiple Functional Enzymes

Detoxification of the aldehyde inhibitors is accomplished by reduction activities
coupled with cofactors NADH and/or NADPH in multiple aldehyde reductase
enzymes (Morimoto and Murakami 1967; Nemirovskii et al. 1989; Villa et al.
1992; Wahlbom and Hahn-Hagerdal 2002; Liu et al. 2004, 2008b; Nilsson et al.
2005; Liu 2006; Petersson et al. 2006; Liu and Moon 2009; Almeida et al. 2008; Liu
and Blaschek 2010) (Fig. 3). Most in vitro enzyme assays for reduction of furfural
and HMF were evaluated using whole cell protein extracts; however, a few
examples using partially purified proteins are available (Liu and Moon 2009;
Moon and Liu 2010). Some notable enzymes, such as alcohol dehydrogenase
ADH7, ADH6, and ADHI, aldehyde dehydrogenase ALD4, and methylglyoxal
reductase GRE2 and GRE3, have been demonstrated to possess efficient aldehyde
reduction activities (Table 3). Comparative proteomic analysis of an industrial
yeast strain suggested AdhSp and Adhlp as the catalytic agents for furfural reduc-
tion (Lin et al. 2009a). Protein extracts from individual gene clones often show
distinct cofactor preference. However, whole cell protein extracts from a tolerant
ethanologenic yeast display strong aldehyde reduction activities with either NADH
or NADPH and do not appear to have a strong cofactor preference (Liu et al.
2008b). A single gene deletion of the related reductase does not appear to signifi-
cantly affect the detoxification capacity in yeast. It is likely that yeasts are able to
respond at multiple levels in biotransformation of the aldehyde inhibitors.
Transcriptome analysis indicated that many reductase genes were immediately
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induced by the toxic treatment, such as ADH7, ARI1, GRE2, and ALD4 (Ma and Liu
2010). Among these, ADH7 can have a greater than 30- to 80-fold increase
in transcript abundance after the HMF addition at 10 min and 1 h, respectively.
As demonstrated by '*C-labeled metabolic flux and transcription study, ADH7 and
ORF YKL0O71W, and possibly four other reductases, are associated with the yeast
resistance to the furfural challenge (Heer et al. 2009).

4 Detoxification Pathways

Yeast detoxification pathways for aldehyde inhibitors are recently established by
utilizing tolerant ethanologenic yeast that is able to in situ detoxify the inhibitors. In
addition to the specific steps for the aldehyde reduction, global gene response to the
inhibitory compounds, specifically for that cofactor regeneration, and glycolysis-
related genes play important roles in integrated gene interactions for tolerance.

4.1 Enhanced Genetic Background

A tolerant yeast is able to withstand challenges of high levels of furfural-HMF
inhibitor complex and produce normal yields of ethanol while the parental strain
fails to establish a viable culture under the same conditions (Liu et al. 2009). It is
clear that the tolerant yeast possesses different genetic mechanisms for in situ
detoxification of the toxic compounds that enable active metabolism for ethanol
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production. Characterization of gene expression dynamics of the tolerant yeast
strain suggested that the tolerant yeast appeared to have an inheritable genetic
makeup that is distinct from its parental strain. At least 16 gene transcripts involved
in glucose metabolism displayed significantly greater abundance in the inhibitor-
tolerant yeast compared with its parental strain even without the inhibitor treatment
(Liu et al. 2009). Many of these are key genes involved in the glucose metabolic
process, NAD(P)H metabolic and regeneration, and transferase activities such as
HXKI1, HXK2, GLKI, TDHI, TDH3, LATI, PDC6, ADH4, ALD2, ALD4, ZWF1,
SOL3,RBKI1,TALI,NQLI, and PRS2 (Table 1). Some of these key genes displayed
as high as 4 to 6-fold increased abundance, for example, the hexokinase encoding
genes HXKI and HXK?2, glyceraldehyde-3-phosphate dehydrogenase gene TDH1,
dihydrolipoamide acetyltransferase component (E2) of the pyruvate dehydrogenase
complex gene LAT, major mitochondrial aldehyde dehydrogenase gene ALD4, and
TALI that encodes transaldolase.

4.2 Reprogrammed Regulatory Networks and Redox Balance

Glycolysis and pentose phosphate pathway are closely related pathways in yeast
glucose metabolism. This close relationship is of such importance that the two
pathways cannot be viewed separately in discussing yeast tolerance and detoxifica-
tion of the lignocellulose inhibitors. Under the challenge of furfural-HMF complex,
yeast is unable to grow, and most genes involved in these pathways are severely
repressed. A tolerant yeast strain, on the other hand, demonstrated different expres-
sion dynamics and completed ethanol fermentation. Under inhibitor stress, high
levels of expression by HXK/, HXK2, and GLKI appeared to secure the initiation
stage of phosphorylation of glucose by these enzyme encoding genes (Liu et al.
2009). Then, the significantly induced expression of ZWFI, SOL3, GNDI, and
GND?2, as well as the repression of glycolytic enzyme phosphoglucose isomerase,
apparently drive the glucose metabolism toward pentose phosphate pathway.
Gene deletion mutations of ZWFI and GND/ are highly sensitive to furfural and
HMF (Gorsich et al. 2006). The enhanced expression of ZWFI at an early step is
key to shifting the glucose metabolism in favor of pentose phosphate pathway over
glycolysis (Liu et al. 2009) (Fig. 4). Consequently, all other cofactor NAD(P)
H-regenerating steps involving ZWF1, GND1, GND2, and TDHI were up-regulated
in the tolerant yeast. Aldehyde reduction enzyme encoding genes ALD4, ALDG,
ADHG6,ADH?7, and SFAI displayed significantly increased transcription at the early
time points in the presence of furfural-HMF complex. These accelerated NAD(P)
H-dependent reductions of acetaldehyde, furfural, and HMF would generate suffi-
cient NAD" and NADP", in return, to provide necessary cofactors needed for
oxidative reactions or NAD(P)H regenerations by Zwflp, Gnd1lp, Gnd2p, Tdhlp,
and Ald4p. Redox metabolism, in the form of interconversion of the pyridine-
nucleotide cofactors NADH/NAD™ and NADPH/NADP?, plays a key role in the
yeast metabolism. NADH is required in respiration and fermentative pathway in
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conversion of pyruvate to CO, and ethanol (Modig et al. 2002). NADPH is mainly
required for the biosynthesis of amino acids and nucleotides, and a major source of
NADPH production in yeast is through the oxidative phase of pentose phosphate
pathway. The up-regulated ZWF1, SOL3, GND1, and GND2, along with enhanced
expressed TDHI, are important for NAD(P)H regenerations to supply necessary
cofactors needed for acetaldehyde conversion and reduction of furfural and HMF.
Thus, a NAD(P)*/NAD(P)H-dependent redox balance is well maintained in the
altered pathways for the in situ detoxification of furfural and HMF by the tolerant
yeast.

Under the inhibitor challenge, tolerant yeast also appeared to be able to achieve
NAD(P)H regeneration through a shortcut to the TCA cycle. This process involves
many genes in amino acid metabolism pathways closely related to the TCA cycle,
including both induced genes such as CHAI, ALTI, PUTI, PUT2, and CARI, and
repressed genes such as ARGI, ARG3, ARG4, ARG5S, ARG6, ARG7, ARGS, LYS4,
LYSI4, and LYS20 (Ma and Liu 2010). The accelerated catabolism of proline,
serine, and alanine, together with the reduced biosynthesis of arginine, provides
a shortcut for ATP regeneration via the TCA cycle. Thus, efficient energy metabo-
lism can be maintained under the inhibitor stress. Apparently, enriched genetic
background by aforementioned genes and a well-maintained redox balance through
the reprogrammed expression responses involved in numerous pathways of the
tolerant yeast strain are accountable for the acquired yeast tolerance and the
detoxification of the inhibitors.

4.3 Integrated Multiple Gene Interactions

Yeasts exhibit an accelerated glucose conversion rate once they are recovered from
the furfural and/or HMF challenges, compared to what would normally occur
without the inhibitors (Taherzadeh et al. 2000; Liu et al. 2004, 2005). The inhibition
of glucose phosphorylation, together with repression of PFKI, PFK2, PYK2, and
CDC19, seemed responsible for the delayed glycolysis inhibited by furfural and
HMF treatment (Liu et al. 2009). Such a delayed biological process in yeast can also
be attributed to a lack of ATP, NAD(P)H, and intermediate metabolites necessary
to support cell growth and reproduction (Wahlbom and Hahn-Hagerdal 2002; Fisk
et al. 2006; Liu 2006). For the tolerant yeast, in addition to numerous induced
expressions, gene transcription levels of PGKI, ENOI, ENO2, PYK2, CDC19,

Fig. 4 (continued) analysis and quantitative mRNA expression analysis compared with its wild-
type strain NRRL Y-12632. Black arrowed lines and letters indicate normal or near-normal levels
of reactions, expressions, or pathways; green indicates enhanced; and red for repressed
expressions, reactions, or pathways. Bolded lines and letters indicate that the levels of expression
and pathways are statistically significant. Key steps of enhanced NAD(P)H regenerations are
circled in blue, and significant aldehyde reductions, circled in orange. Interactions of cofactor
regeneration and balanced utilization pathways are linked by dotted lines (Liu et al. 2009)
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PDAI, and PDBI encoding varied enzymes for pyruvate metabolisms did not
exhibit repressed effect in response to the inhibitor challenge at the early stage.
This allowed a smooth flow of the central metabolic pathways. Since the tolerant
yeast is able to in situ detoxify the aldehyde inhibitors, with the significant reduc-
tion in the concentration of the inhibitory aldehydes, more NADPH thus generated
could shift from detoxification to accelerate biosynthetic processes and cell growth.
In the meantime, alcohol dehydrogenase is favored for the conversion of acetalde-
hyde to ethanol with sufficient NADH supply, which contributes to the accelerated
glucose consumption.

It should be pointed out that many genes that initially were repressed but were
able to recover to their normal functional levels after the inhibitor challenges are
necessary components in these globally integrated interactions under the stress. The
functions of these genes allowed the tolerant yeast to maintain balanced biological
processes to complete ethanol fermentation. In the absence of such reprogrammed
transcription dynamics at the genome level, continued inhibition and repression by
furfural and HMF, as demonstrated by a wild-type strain, led to loss of cell function
and eventual death.

S Genomic Adaptation

The lag phase for cell growth in response to inhibitor challenges has been used as
ameasure of strain tolerance and to study the mechanisms of genomic adaptation (Liu
et al. 2004, 2005; Liu 2006). Recently, 365 candidate genes were identified
as involved in yeast adaptation and tolerance to HMF (Ma and Liu 2010). The
interventional networks and interplays, as detected by gene expression regulatory
networks, are complex and comprehensive. However, at least three important func-
tional components are recognized to be mediated by several key regulators, including
oxidoreductase activities, cellular transporter interactions, and protein modifications.

5.1 YAP Family and YAPI1-Regulated Networks

Numerous functional encoding genes such as ARII, ADH6, ADH7, and OYE3, as
well as gene interactions involved in the biotransformation and inhibitor detoxifi-
cation, are the direct driving force to reduce the HMF damage in cells for the
tolerant yeast. The yeast activator protein (Y AP) family contains eight transcription
factors with a b-ZIP protein at the DNA-binding domain (Rodrigues-Pousada et al.
2010). Transcription factor Yaplp, the major oxidative stress regulator, acts as
a sensor for oxidative molecules and activates the transcription response of antioxi-
dant genes by recognizing Yaplp response elements (YRE), 5'-TKACTMA-3', in
the promoter region (Harbison et al. 2004; Fernandes et al. 1997; Dubacq et al.
2006). Under HMF challenged conditions, YAP!I displayed consistently higher
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induced abundance of at least two- to three-fold increase during the lag phase
(Ma and Liu 2010). There are at least 41 HMF-induced genes possessing the
YRE sequence in their promoter region. Many genes were confirmed to be
regulated directly by YAP! or indirectly through YAP5 and YAP6 (Fig. 5).
Most YAPI-regulated genes were classified in the functional categories of redox
metabolism, amino acid metabolism, stress response, DNA repair, and others
(Table 1). For example, the highly induced oxidoreductase genes ADH7, GRE2,
and OYE3 were found as regulons of YAPI (Lee et al. 2002; Haugen et al. 2004;
Dubacq et al. 2006; Ma and Liu 2010). A recently characterized new aldehyde
reductase gene, ARII, was found to be regulated by Yap6p, which is a regulon of
YAPI (Harbison et al. 2004; Liu and Moon 2009; Ma and Liu 2010). ADH7 and
GRE2, two confirmed HMF-detoxification genes encoding reductase activities,
were co-regulated by YapS5p and Yap6p (Harbison et al. 2004; Workman et al.
2006; Ma and Liu 2010). A few enzyme encoding genes, for example, ALD4 and
GRE?2, were also co-regulated by Pdrlp. In addition, YAP/ and other YAP gene
family members were shown to co-regulate numerous genes in a wide range of
functional categories, such as PDR, heat shock protein, chaperones, and amino
acid metabolism (Fig. 5, Table 1). In addition, multiple functions of a gene are
commonly observed in tolerant yeast, and co-regulation of numerous genes can be
a reflection of the multifunctions of such genes.
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Single YAP gene deletion mutations are able to grow normally without HMF
treatment. However, in the presence of 15 mM HMF, mutations Ayapl, Ayap4,
Ayap5, and Ayap6 showed delayed growth compared with their parental strain
(Ma and Liu 2010). Mutant Ayapl displayed a 4-day-long lag phase and high
sensitivity, indicating a profound defect in function affected by the YAPI gene.
The deletion mutation of YAPI also showed increased sensitivity and decreased
reduction activity toward coniferyl aldehyde (Sundstrom et al. 2010). This evidence
supports the significant role of the YAP gene family in adaptation and tolerance to
HMF. Thus, YAPI-regulated networks involving the functional reductase enzymes
as described in a previous section are an important component for yeast tolerance
and in situ detoxification of aldehyde inhibitors such as furfural, HMF, and
coniferyl aldehyde. Excellent comprehensive reviews on Yaplp regulations
involved in yeast stress response are available elsewhere (Herrero et al. 2008;
Rodrigues-Pousada et al. 2010).

5.2 PDR Family and PDR1/3-Involved Cellular Transport
Interactions

Another significant element for yeast tolerance and in situ detoxification is the
PDR gene family-centered functions that are regulated by Pdr1/3p as well as other
co-regulator genes such as YAPI and HSF1(Fig. 5). The PDR genes encode plasma
membrane proteins and function as transporters of ATP-binding cassette (ABC)
proteins. These genes mediate membrane translocation of ions and a wide range
of substrates and often exhibit multiple functions in response to a large variety of
unrelated chemical stresses (Mamnun et al. 2002; Moye-Rowley 2003; Jungwirth
and Kuchler 2006; MacPherson et al. 2006). Many genes of the PDR family
displayed consistent expressions of 3- to 30-fold increases induced by furfural
and HMF treatment (Liu and sinha 2006; Song et al. 2009; Alriksson et al. 2010;
Ma and Liu 2010). Gene products of these increased transcripts are characterized in
a broad range of protein categories, such as drug/toxin transport for TPO/ and
TPO4, transport ATPase for RSB, and ABC transporters for PDRI5 (Tomitori
et al. 2001; Teixeira and Sa-Correia 2002; Ma and Liu 2010) (Table 2). SNQ2,
YORI, PDRS5, and PDRI2 encoding proteins shared functions of all these three
categories. These genes consist of a core set of candidate genes promoting cellular
survival and adaptation to the inhibitor stress. In addition, many PDR proteins have
functions as ATP-binding and chemical resistance agent.

Most of these genes have the pleiotropic drug response element (PDRE) in their
promoter regions. HMF-induced transcription factor genes PDRI and PDR3 regu-
late gene expression under a large variety of unrelated chemical stress conditions by
binding to the PDRE of target genes (Mamnun et al. 2002; Moye-Rowley 2003;
Jungwirth and Kuchler 2006; MacPherson et al. 2006). Both Pdrlp and Pdr3p
recognize CGG triplets oriented in opposite directions to form an inverted repeat
and are able to form homodimers or heterodimers to activate target gene expression
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(Mamnun et al. 2002; Hellauer et al. 1996). Many induced genes regulated by Pdr1p
and/or Pdr3p in this group are involved in export of both xenobiotic compounds and
endogenous toxic metabolites using ABC transporters (PdrSp, Pdr15p, Sng2p, and
Yorlp), lipid composition of the plasma membrane (Rsblp and Ictlp), export of
polyamines by polyamine transporters (Tpolp and Tpo4p), DNA repairing (Maglp
and Ddilp), and other functions (Katzmann et al. 1995; Mahé et al. 1996; Wolfger
et al. 1997; DeRisi et al. 2000; Onda et al.. 2004; Alenquer et al. 2006; Salin et al.
2008; Ma and Liu 2010). At least eight genes induced by HMF were regulated
by both Pdrlp and Pdr3p. These two regulators also recognize and activate other
subsets of genes. For example, Pdr3p participates in certain processes that do not
involve Pdrlp, such as regulating DNA damage-inducible genes MAG! and DDI1
(Zhu and Xiao 2004). Similarly, certain genes are only regulated by Pdrlp, such as
RSBI1,ADH7, and PRE3 (Lee et al. 2002; Harbison et al. 2004; Kihara and Igarashi
2004). The PDR3 promoter contains two PDRESs that can be autoregulated by itself
in addition to being a regulon of Pdrlp (Delahodde et al. 1995; DeRisi et al. 2000).
PDRI and PDR3 also demonstrated regulatory connections with a broad range of
functional category genes as well as most active regulatory genes.

Gene deletion of Apdrl affected reduced transcriptional abundance for many
genes, including PDR5, PDRI0, PDRI5, YORI, SNQ2, ICTI, GRE2, TPOI,
YMRI102C, and YGRO35C, compared with its parental strain (Ma and Liu 2010).
The mutation Apdr3 appeared to have a similar regulatory effect but to a lesser
degree except for a clear positive impact on PGA3. These results confirmed the
influence of PDRI and PDR3 on the expression of their potential regulons. It
is likely that ABC transporters play a key role to export toxic compounds such as
furfural and HMF, and endogenous toxic metabolites from intracellular environ-
ment brought about by the inhibitor damage. As mentioned above, the shortcut
through the TCA cycle could provide efficient energy for pumping HMF and toxic
metabolites by ABC transporters under the stress.

RSBI and ICTI are involved in phospholipid synthesis and transportation for
membrane structure and functions that are responsible for yeast tolerance to organic
solvents (Miura et al. 2000; Ghosh et al. 2008). It is possible that the induction of
these PDR genes prevents the fast influx of HMF into cytoplasm and important
organelles by membrane remodeling, thus, increasing the cell tolerance to HMF.
MAG] encodes a 3-methyladenine (3MeA) DNA glycosylase (Chen et al. 1990),
which acts in the first step of a multistage base excision repair pathway for the
removal of lethal lesions such as 3MeA and protects yeast cells from killing by
DNA-alkylating agents (Fu et al. 2008). DDII, located immediately upstream
of MAGI and transcribed in an opposite direction, encodes an ubiquitin-related
protein and is involved in a DNA-damage cell-cycle checkpoint (Clarke et al.
2001). Regulatory interactions of the PDR gene family are complex, and many
genes appeared to be regulated by multiple transcription factor genes involving
PDRI, PDR3, YAPI, and HSF1. Regulatory roles of PDRI and PDR3 to HMF
challenge were suggested by computational modeling (Song and Liu 2007; Song
et al. 2009).



Genomics of Yeast Tolerance and In Situ Detoxification 21

5.3 Protein Modification Interplay Mediated by RPN4,
HSF1, and Co-regulators

Degradation of damaged proteins and protein modifications consist of the third
important component of the yeast tolerance and its capability for in situ detoxifica-
tion. These are functioned by numerous genes such as SHPI and SSA4 and regulated
by transcription factor genes RPN4 and HSFI as well as interplay with other closely
related regulator genes such as YAP/ and PDRI (Fig. 5). Chemical stress causes
damage to protein conformation, leading to protein unfolding and aggregation
(Goldberg 2003). Small heat shock proteins, acting as chaperones, assist in folding
or refolding nascent proteins and enzymes to maintain a functional conformation
(Burnie et al. 2006). For example, HSP26 and SSA4 encoding chaperones were
significantly induced to counteract the furfural-HMF-complex damage to proteins.
A deletion mutation of SSA4 displayed a significant longer lag phase under the HMF
challenge, indicating its important role in adaptation and tolerance to HMF (Ma and
Liu 2010). While the presence of chaperones contributes protein protection,
prolonged inhibitor stress may result in irreversible protein damages. Misfolded or
damaged proteins, especially aggregated proteins, are highly toxic to cells (Goldberg
2003). Degradation of misfolded and damaged proteins by the ubiquitin-mediated
proteasome pathway plays an important role in maintaining normal cell function and
viability (Goldberg 2003; Wang et al. 2008, 2010). Denatured proteins are targeted
via the covalent attachment of ubiquitin to a lysine side chain, and polyubiquitinated
proteins are finally delivered to proteasome to be degraded. Strains with deletion
mutations of these genes are sensitive to HMF, such as OTUI and SHPI. It was
suggested that the degradation of proteins by the ubiquitin-mediated proteasome
pathway has regulatory roles on cell cycle, metabolic adaptations, gene regulation,
development, and differentiation (Glickman and Ciechanover 2002).

At least 14 ubiquitin-related and proteasome genes (PREI, PRE3, PRE6, PRE7,
PREI0, PUP3, RPN9, RPNI12, ECM29, RPT2, RPT3, RPT4, SHP1, and OTU1) for
protein degradation were identified in relationship to HMF adaptation (Ma and Liu
2010). These genes encoding enzymes for degradation of damaged proteins main-
tain cell viability and functions under the inhibitor stress. The induction of these
genes was predicted to be under the control of the transcription factor Rpndp by
binding to the proteasome-associated control element (PACE, 5'- GGTGGCAAA-3'),
and the PACE was found in the promoter region of most ubiquitin-related and
proteasome genes induced by HMF (Mannhaupt et al. 1999; Ma and Liu 2010). The
expression of RPN4 was persistently enhanced over time during the lag phase.
Rpndp levels are regulated by 26S proteasome via a negative feedback control
mechanism (Xie and Varshavsky 2001). Regulation of genes involved in DNA
repair and other cellular processes is also required, such as DNA damage-inducible
genes MAGI and DDII (Harbison et al. 2004; Zhu and Xiao 2004). Interestingly,
Rpndp is a feedback regulator of YAP/ and PDRI (Salin et al. 2008). This was
further demonstrated by the comparative performance of the deletion mutant
response to HMF. While it was able to grow and establish a culture normally
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without HMF challenge, the strain harboring Arpn4 failed to recover in the
presence of HMF (Ma and Liu 2010). These results confirmed the vital role of
RPN4 involvement in yeast tolerance. The enhanced expression of HSFI by HMF
was consistent and statistically significantly greater. The up-regulated HSP26 and
SSA4 for protein folding and refolding have been reported to be regulated by Hsf1p
(Harbison et al. 2004; Ferguson et al. 2005; Ma and Liu 2010). Regulator gene
HSF1 is an essential gene and a positive regulator of other transcription factor
genes RPN4, PDR3, YAPS, and YAP6 (Lee et al. 2002; Harbison et al. 2004;
Hahn et al. 2006; Workman et al. 2006). Therefore, the significant roles of HSF1
involved in the complex co-regulation networks for the yeast tolerance cannot be
underestimated.

6 Conclusion and Perspectives

It is clear that yeast tolerance and in situ detoxification of lignocellulosic hydroly-
sate inhibitors such as aldehydes involve complex interplays of many genes in
multiple pathways at the genome scale. Functional reduction enzymes, largely
involved in oxidoreductase activities, are the direct driving force in biotransforma-
tion of aldehyde inhibitors, reducing the inhibitory damages. This group of genes
and their interactions are regulated by members of the yeast activator protein
gene family that is led by YAPI. These activities are closely related to the center
metabolic pathways and ethanol fermentation. Tolerant yeast can be obtained
with enhanced genetic background and reprogrammed pathways to overcome
furfural-HMF stress. Identification of the inhibitor functional group and the use
of a structure—function strategy led to a better understanding of yeast tolerance and
detoxification. Numerous members of the PDR gene family, showing consistently
high levels of transcription under the inhibitor stress, are considered as tolerance
candidate genes. They are actively involved in exporting xenobiotic materials
and endogenous toxic metabolites and regulated mainly by PDRI and PDR3.
These function-specific and multifunctional cellular transporters and ATP binding
agents located at cell wall and nuclear membranes are critical for cell survival and
adaptation in the presence of the inhibitors. Another necessary component of the
yeast tolerance involves genes functioning in protein folding, modification, and
destination that are essential to reduce degraded protein toxicity and restore protein
functions. Such genes are regulated by RPN4, HSF1, and other co-regulators.
Furthermore, all regulators rolling these three basic components are co-regulatory
and interactive. However, important elements of yeast tolerance are not limited to
those outlined above. As indicated by recent transcriptome and proteomic studies,
general stress response and several additional significant functional categories
are recognized, such as DNA repairing, oxidative stress, osmotic, and salt stress
(Lin et al. 2009a, b; Ma and Liu 2010). While characterization and annotation of
individual gene functions are necessary, identification of responsible functional
categories and their interplays is of more importance from a global point of view.
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Temporal dynamic approaches or time-course studies reveal relevant and informative
insight into a life-event response and should be used more widely for yeast tolerance
mechanism studies. The snap-shot kind of method needs to be limited and avoided.
As demonstrated by transcription factor gene-linked regulatory interactions using
systems biology approaches (Ma and Liu 2010), identification of major regulatory
networks backboned with key regulators will further our understanding of the
tolerance mechanisms. Fortunately, applying the advanced tools available in geno-
mics, proteomics, metabolomics, biological engineering, and chemical engineering,
a more complete understanding of molecular mechanisms and interplay for yeast
tolerance at genome level may soon be reached in the near future.
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Abstract Glycogen and trehalose are two important glucose stores of the yeast
Saccharomyces cerevisiae, and the content of which varies strongly and rapidly in
response to changing environmental conditions. Although the metabolic pathways
of these two glucose stores have been studied for decades, recent biochemical and
molecular studies have unraveled unexpected metabolic features, such as the ability
to accumulate glycogen in the absence of glycogenin, the demonstration that acid
trehalase encoded by ATH] is localized at the cell surface instead of the vacuole and
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allows cells to grow on trehalose. It is also clearly demonstrated that glycogen
and trehalose pathways are subject to hierarchical control dependent on major
nutrient-sensing protein kinases, namely TOR, PKA, Snfl kinase homologous to
mammalian AMP-activated protein kinase (AMPK), Pho85p, and the energy sensor
Pas kinase. The sophisticated control mechanisms highlight the importance of these
two glucose stores in the context of growth and cell cycle of the yeast.

1 Introduction

The budding yeast Saccharomyces cerevisiae accumulates two types of glucose
stores, glycogen and trehalose. Glycogen is a high molecular mass branched
polysaccharide of linear o-(1,4)-glucosyl chains with o-(1,6)-linkages, whereas
trehalose is a nonreducing disaccharide composed of two o-(1,1)-linked glucose
molecules. The content of these two glucose stores varies strongly and rapidly in
response to changing environmental conditions, which emphasizes their role as
energy and carbon resources in yeast cells. Detailed biochemical and molecular
studies over the past 10 years have shown that both glycogen and trehalose
metabolic pathways are subject to hierarchical control dependent on major nutrient-
sensing protein kinases, namely TOR, PKA, Snfl kinase homologous to mammalian
AMP-activated protein kinase (AMPK), Pho85p, and the energy sensor Pas kinase.
This chapter provides an overview of the genetic and metabolic control of storage
carbohydrate metabolism and discusses these mechanisms in the context of growth
and cell cycle of the yeast S. cerevisiae. For enzymatic systems participating in
glycogen or trehalose metabolism, readers can refer earlier reviews (Lomako et al.
2004; Gancedo and Flores 2004; Parrou et al. 2005).

2 Metabolic Pathways

This section describes pathways and regulation of glucose storage in the yeast
Saccharomyces cerevisiae. It includes new and unexpected features underlined
using combined approaches of genomics, genetics, and proteomics by researchers
over the last 10 years.

2.1 The Glycogen Metabolic Pathway

Glycogen is a highly branched polysaccharide of linear a-(1, 4)-glucosyl chains
with a-(1, 6)-linkages. Each linear chain has an average length of 13 glucose units
and contains two branching points by means of a-(1, 6) glycosidic bonds (Fig. 1).
This structural organization results in a spherical shape of the glycogen molecule
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Fig. 1 Structures of glycogen and trehalose and their metabolic routes from glucose in the yeast
S. cerevisiae

reaching a molecular mass >10° Da (Melendez et al. 1999). As it is the case for
the production of any polymers, the formation of glycogen requires enzymes for
initiation, elongation, and ramification. The initiation step is carried out by a protein
denoted “glycogenin” which preferentially uses UDP-GlIc but can accept CDP-Glc
or TDP-Glc as substrates (Alonso et al. 1995a) to produce a short o-(1,4)-glucosyl
chain covalently attached to a tyrosine residue by autoglucosylation activity.
This initiation step is specific for all eukaryotic cells and has not been identified
in bacteria in which the glycogen synthase is responsible for both initiation and
elongation (Ugalde et al. 2003). In yeast, glycogenin is encoded by two genes,
GLGI1 and GLG?2 (Cheng et al. 1995; Cheng et al. 1995). However, loss of function
of these genes did not result in a complete glycogen deficiency but in a stochastic
accumulation of glycogen particles in some individual colonies (Torija et al. 2005).
In addition, the occurrence of these glycogen positive glg/ glg2 mutant colonies is
strongly enhanced by the presence of a hyperactive glycogen synthase or upon
deletion of TPS1, encoding a subunit of the trehalose synthase complex. Altogether,
these results contradict previous claims that glycogenin is essential for glycogen
biogenesis in eukaryotic cells (Lomako et al. 2004) and favor the idea that the
initiation step can take place using alternative primers whose synthesis and/or
distribution may be controlled by epigenetic silencing (Torija et al. 2005). On the
other hand, overproduction of glycogenin does not lead to hyperaccumulation of
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glycogen (Cheng et al. 1995), indicating that these proteins are likely reiteratively
used in the glycogen synthesis process. Details of this reiteration process remain to
be demonstrated.

The elongation step is catalyzed by glycogen synthase that operates by the
successive addition of o-1,4-linked glucose residues to the nonreducing end of
glycogen, using UDP-GIc as the donor substrate. The yeast S. cerevisiae contains
two genes, GSYI and GSY2, encoding two glycogen synthases (Fig. 2) that are 80%
identical at the protein level and share 50% similarity with the mammalian muscle
enzyme. Gsy2p was shown to be the predominant glycogen synthase as indicated by
a 90% reduction in both enzyme activity and glycogen levels in a gsy24 mutant
growing on glucose (Farkas et al. 1991; Farkas et al. 1990). However, under other
conditions such as during growth on galactose, Gsy lp appears to be as important as
Gsy2p in glycogen accumulation (JL Parrou & J Francois, personal communication).

Glucose
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l Trehalose
Glycolysis (Fxkip )

pyruvate e e o dom dumm dum dumm Glc-6P
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Trehalose

Glucose

Tps3
Tre6P
Pi
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Fig.2 A schematic illustration of the metabolic pathways for glycogen and trehalose biosynthesis
and biodegradation and for trehalose assimilation in the yeast S. cerevisiae. Putative or yet
uncharacterized proteins in the pathways are outlined. Abbreviation of the enzyme name:
Hxk2p, hexokinase II; Hxklp, hexokinase I; Glklp, glucokinase; Pgml,2p, phosphoglucose
mutase isoform 1 and 2; Ymr278p, homologous to phosphoglucomutase; Ugplp, uridylylglucose
pyrophosphorylase; Glgl,2p, glycogenin isoform 1 & 2; Gsy1,2p, glycogen synthase isoform 1 &
2; Glc3p, glycogen branching enzyme; Gphlp, glycogen phosphorylase; Gdblp, glycogen
debranching enzyme; Sgalp, amylo (1 — 4), (1 — 6) glucosidase; Athlp, acid trehalase or
extracellular trehalase; Agtlp, a-methylglucose transporter; Nthl, 2p, neutral trehalase isoform
1 & 2; Sgplp, putative sugar permease; Tpslp, trehalose-6-phosphate synthase; Tps2p; trehalose-
6-P phosphatase; Tps3p & Tsllp, regulatory subunit of the trehalose synthase complex
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Elongation of glucosyl chains in glycogen is followed by the branching step
catalyzed by an amylo o-(1,4), o-(1,6)-transglucosidase (branching enzyme)
encoded by GLC3 (Thon et al. 1992). This enzyme transfers a terminal stretch of
seven glucose residues from the linear o-(1, 4) glucosyl chain to another linear
chain making an o-(1, 6) bond between glucosyl units deeper in the molecule.
Like in mammals, metabolic regulation of glycogen synthesis in yeast is brought
about through allosteric control of glycogen synthase by GIc6P and by reversible
covalent phosphorylation. The nonphosphorylated, highly active form of glycogen
synthase is insensitive to Glc6P, whereas the phosphorylated, less active form is
highly dependent on the presence of the sugar phosphate. Thus, measurement of
glycogen synthase activity in the absence and in the presence of GIc6P gives a
direct value of the ratio between these two interconvertible forms (Francois and
Hers 1988; Pederson et al. 2000). Mutagenesis studies in yeast (Pederson et al.
2004; Pederson et al. 2000) identified two conserved Arg clusters (Arg579/580/582/
583 and Arg586/587/588/591) that are part of the allosteric control site for GIc6P.
Refinement of the crystal structures corresponding to the basal activity state and
glucose-6-phosphate activated state of yeast glycogen synthase-2 allowed showing
that the enzyme is assembled into an unusual tetramer by an insertion unique to
the eukaryotic enzymes, and this subunit interface is rearranged by the binding
of glucose-6-phosphate, which frees the active site cleft and facilitates catalysis.
Two arginine residues at positions 583 and 587 are shown to be responsible for the
enzyme’s response to control by GIc6P, while the other Arg residues are implicated
in the phosphorylation response of Gsy2p (Baskaran et al. 2010). Glycogen
synthase possesses three phosphorylation sites (Ser-650, Ser-654, and Thr-667) at
its C-terminus, which is in accordance with a maximum of 3 moles phosphate/mol
protein incorporated in the purified inactive glycogen synthase (Peng et al. 1990)
and with the observation that the removal of the C-terminus by mild proteolysis
results in a fully active, Glc6P-insensitive form of Gsy2p (Hardy and Roach 1993).
The cyclin-dependent kinase Pho85 and the PAS kinase encoded by PSK/ and
PSK2 (Rutter et al. 2002) are the two so far identified kinases that can directly
phosphorylate Gsy2p in vitro and in vivo (Huang et al. 1998; Rutter et al. 2002). The
cAMP-dependent protein kinase (PKA) is not effective on this enzyme (Hardy and
Roach 1993) in spite of the fact that several mutants impaired in the PKA activity
exhibit strong alteration of their glycogen content. The action of Pho85p on Gsy2p
requires association of Pho85p with its cyclin partners Pcl8p and Pcl10p. This
protein complex facilitates phosphorylation of Gsy2p at Ser-654 and Thr-667
(Wilson et al. 1999) (Fig. 2), and failure of this phosphorylation event results in a
hyperactive glycogen synthase and higher glycogen content of the cells (Wang et al.
2001; Timblin et al. 1996). On the other hand, the PAS kinase only phosphorylates
the Ser-654 in vivo. This phosphorylation is physiologically relevant since a mutant
defective in this kinase has a higher Glc6P-dependent glycogen synthase activity
(Rutter et al. 2002). The reversibility of a phosphorylation event is ensured by
protein phosphatases, which remove the covalently bound phosphate from Ser/
Thr. On Gsy2p, this task is mainly taken over by type I Ser/Thr protein phosphatase
encoded by GLC7, which is targeted to the glycogen synthase by a specific targeting
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subunit encoded by GACI (Francois et al. 1992; Skroch Stuart et al. 1994).
A tripartite interaction of Gaclp with Glc7p and Gsy2p has been demonstrated,
and these interactions are necessary for a productive and complete dephosphoryla-
tion of glycogen synthase (Wu et al. 2001). In addition to Gaclp, two proteins
encoded by PIGI and PIG2 isolated by two-hybrid screen with Gsy2p as the bait
(Cheng et al. 1997) may participate in the control of glycogen synthesis since a
gacl pigl pig2 triple mutant shows a more severe glycogen defect than a gacl
single mutant, whereas a pigl pig2 double mutant does not show any glycogen
defect (Cheng et al. 1997; J. Francois, unpublished data). Besides the major role of
the type I Ser/Thr protein phosphatase, type 2A protein phosphatase has been
shown to exert a minor effect on glycogen synthase, but this control is likely to
take place at the transcriptional level (Posas et al. 1993) (see below).

In summary, the activity of glycogen synthase is controlled by the dynamic
equilibrium between the active, nonphosphorylated form and the less active,
phosphorylated form of the enzyme. Whether the active or less active form of
glycogen synthase is more abundant in the cells depends on the relative activities
of kinases and phosphatases that are acting on Gsy2p. In addition to its role as an
allosteric activator of glycogen synthase, Glc6P likely orchestrates the transition
between the different phosphorylation states of Gsy2p by stimulating dephosphory-
lation and inhibiting phosphorylation of the enzyme (Francois and Hers 1988;
Pederson et al. 2004; Baskaran et al. 2010). Therefore, one can expect that any
condition leading to dramatic changes in Glc6P should have a direct impact on
glycogen synthesis (Fig. 3). This hypothesis is actually supported by mutants
defective in phosphoglucose isomerase (pgi/), in mutant with a reduced activity
of the glycolytic 6-phosphofructokinase (pfk2) as they contain both higher Glc6P
and higher glycogen levels than the wild type on glucose (Corominas et al. 1992;
Huang et al. 1997), as well as in #ps/ mutant defective in trehalose synthesis that
also exhibit very high levels of hexose monophosphates (J Francois, Th Walter, and
JL Parrou, unpublished results).

The biodegradation of glycogen in yeast occurs in the cytosol by the sequential
actions of glycogen phosphorylase and glycogen debranching enzymes encoded
by GPHI (Hwang et al. 1989) and GDBI (Teste et al. 2000), respectively, which
degrade glycogen to glucose-1-P and glucose (Fig. 2). Like in mammals, the yeast
glycogen phosphorylase (Gphlp) is activated by phosphorylation, and this phos-
phorylation occurs on a single threonine residue (Thr’') of the protein (Lin et al.
1995). Since Gsy2p and Gphlp exist as interconvertible forms in the cells, the
balance of the two forms depends upon the stringent of the relative activity of the
kinases and phosphatases. Unlike for glycogen synthase, there is no technical
means to determine the proportion of the two Gphlp forms in vivo, although it is
feasible with the mammalian cells for which the dephosphorylated, inactive form is
highly sensitive (and stimulated by) to AMP (Fletterick et al. 1986). In addition,
the protein kinases and protein phosphatases implicated in the regulation of yeast
Gphlp regulation have not yet been fully understood. Recent data indicated the
implication of the Pho85-Pcl6p/Pcl7p complex in controlling the phosphorylation
state of Gphlp. However, this implication was not direct but mediated through the
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phosphorylation of Glc8p. This latter protein interacts with the protein phosphatase
Glc7p to form a Glc7-Glc8p complex, which in turn dephosphorylates and hence
inactivates Gphlp (Wilson et al. 2005). Therefore, and contrary to expectation,
the effect of Pho85p is also to inactivate Gphlp as in the same time this kinase
inactivates Gsy2p by direct phosphorylation. This result merits further investigation
since it contradicts the fact that two enzymes are controlled by an on/off mecha-
nism, posing that glycogen synthase be active when glycogen phosphorylase is
inactive and vice versa (Francois and Parrou 2001). The PKA has been reported to
phosphorylate Gphlp in vitro (Lin et al. 1995) but has not been verified in vivo. On
the other hand, the crystal structure analysis of phosphorylated and nonphosphorylated
Gphlp bound to GIc6P revealed that this metabolite serves as a dephosphorylation
facilitator by modifying the accessibility of the phosphorylation site to protein
phosphatases (Lin et al. 1996). This finding supports the role of Glc6P as a major
effector controlling glycogen phosphorylase activity in vivo (Fig. 3).

The other mechanism for glycogen breakdown involves an amylo (1,4), (1,6)
glucosidase encoded by SGA/ that releases glucose as the final product (Colonna
and Magee 1978; Clancy et al. 1982). Initially thought to be expressed only during
sporulation (Clancy et al. 1982; Chu et al. 1998), SGAI has now been found to be
induced in late stationary phase or under starvation conditions (Teste et al. 2009).
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The encoded protein is localized in vacuoles and serves to hydrolyze glycogen
particles that have been imported into vacuole by the autophagy process during
growth on glucose. Thus, the vacuolar glycogen pool is protected from degradation
by the cytosolic glycogen phosphorylase and takes place only under extreme
growth conditions (Wang et al. 2001). The observation that impairment of the
vesicular trafficking or of the vacuole formation resulted in hypoaccumulation of
glycogen in cells at the stationary phase or under starved conditions argues in favor
of this model (Wilson et al. 2002b).

It should be pointed out that glycogen has been recognized as the first biological
fractal structure at the molecular level. Fractal objects are complex structures built
by an iterative process, which is the case for the glycogen molecule (Alonso et al.
1995b). To successfully produce this fractal structure, the following rules have to be
obeyed: (i) the branching activity must be in excess over the synthase such that
a new branch is made when it is physically possible, (ii) the growth of glycogen
must be favored in the inner growing chains to avoid excessive external growth, and
(iii) glycogen phosphorylase should exhibit activities even during the biosynthesis
of the polymer in order to correct any mistake under the abovementioned conditions
(Melendez et al. 1999). While two out of the three conditions have received
experimental evidence (Wilson et al. 2004), the role of glycogen phosphorylase
in the synthesis of the fractal glycogen structure remains to be proved.

2.2 The Trehalose Metabolic Pathway

Trehalose is a disaccharide made of two glucose units linked by an -1 — 1 bond
(Fig. 1). The metabolic pathways for synthesis, mobilization, and assimilation of
this disaccharide are depicted in Fig. 2. At least five different biosynthetic pathways
are known for trehalose synthesis (Avonce et al. 2006). The most widely distributed
pathway in nature, present in fungi, consists of two consecutive enzymatic reactions
employing a trehalose-6-phosphate-synthase (TPS) enzyme, producing the inter-
mediate trehalose-6-phosphate (Tre6P), and a Tre6p-phosphatase (TPP) enzyme.
In filamentous fungi and yeasts, the two activities are borne on a single protein
complex, whereas in bacteria, they exist as two separated entities. A recent evolu-
tionary study on trehalose biosynthesis genes provided evidence that the formation
of bifunctional protein complexes took place already in some group of bacteria and
archea, but the physiological consequence of this protein fusion is still unclear
(Avonce et al. 2010). In S. cerevisiae, the TPS/TPP complex is encoded by TPS/
and TPS2, respectively, and contains two additional subunits encoded by TPS3 and
TSLI that are apparently not present in other fungal TPS/TTP (Kwon et al. 2003;
Avonce et al. 2006). These two subunits show high degree of similarity and may
function as stabilizer of the complex as suggested by the fact that a tps3 s/ double
mutant has a reduced TPS activity and trehalose content (Reinders et al. 1997; Bell
et al. 1998). The loss of TPS1 not only abolishes the synthesis of trehalose but also
causes several other metabolic disorders that will be detailed below. Also, the
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deletion of TPS2 results in a temperature-sensitive growth phenotype, which
has been attributed to an excessive accumulation of Tre6P since a suppressor of
this phenotype was found to be PMUI encoding a putative phosphomutase.
Overexpression of PMUI reduced levels of Tre6P and converted it into yet
uncharacterized intermediates (Elliott et al. 1996). In contrast to enzymes of the
glycogen pathway, the TPS/TPP is not the subject of reversible phosphorylation.
The Tpslp subunit is highly sensitive to inhibition by Pi, which acts as a noncom-
petitive inhibitor to both Glc6P and UDP-Glc (K; ~ 2 mM) (Vandercammen et al.
1989; Londesborough and Vuorio 1993), whereas Tps2p requires the presence of
Pi for full activity. On the other hand, Fru6P acts as an allosteric effector, reducing
the Km for GIc6P from around 5 to 1.5 mM. Taking into account these enzymatic
data, the in vivo rate of Tre6P synthesis is actually largely determined by the
availability of Glc6P and UDP-Glc as substrates and by levels of its main allosteric
effectors, Fru6P and Pi (Vandercammen et al. 1989; Londesborough and Vuorio
1993), besides the fact that the TPS complex is also subject to repression by glucose
(Neves et al. 1991; Winderickx et al. 1996). This may thus explain the rapid
accumulation of Tre6P that takes place upon glucose addition to respiring yeast
cultures as under this condition, there is a transitory increase of Glc6P and Fru6P,
accompanied by a drop of Pi triggers which leads to imbalance of Tps1p and Tps2p
activity (Walther et al. 2010). However, trehalose accumulation during stationary
phase is not accompanied by a noticeable increase of Tre6P (J. Francois, unpub-
lished data), which indicates that both trehalose 6-P synthase and phosphatase
functioned at the same rate.

In the yeast S. cerevisiae, two types of trehalase, distinct in their optimal pH
and localization, can hydrolyze trehalose into glucose. NTHI encodes a cytosolic
trehalase that is optimally active at neutral pH with a relatively high K, (5-35 mM)
for trehalose (Londesborough and Varimo 1984; App and Holzer 1989). A relevant
regulatory property of Nthlp is to be activated by phosphorylation. To date, the
PKA is the sole protein kinase that has been reported to directly phosphorylate this
protein (Fig. 3). Interestingly, the Nthlp harbors eight putative PKA-dependent
phosphorylation sites (Wera et al. 1999), but only Ser”' and Ser*® have been shown
to be phosphorylated in vivo (Ficarro et al. 2002). In addition, complete activation
of Nth1p requires the binding with the 14-3-3 protein encoded by BMHI/BMH?2 on
phosphorylated Ser®' (Panni et al. 2008). Yeast possesses a second functional
trehalase encoded by NTH? that is 77% identical to Nth1p (Jules et al. 2008). Little
is known about the kinetic properties and regulation of the second trehalase,
except that it has been implicated in trehalose mobilization in late stationary
phase of growth on glucose or upon growth recovery from heat and saline stress
(Nwaka et al. 1995; Jules et al. 2008; Garre and Matallana 2009).

Another hydrolase acting on trehalose is encoded by ATH 1. Strong experimental
evidence shows that this trehalase has a dual localization, both at the cell surface
and in the vacuole. However, only the cell-surface localized enzyme was found to
be active and able to hydrolyse extracellular trehalose (Jules et al. 2004; He et al.
2009). Hence, this localization can account for its requirement for the growth on
trehalose as a sole carbon source (Nwaka et al. 1996; Jules et al. 2004) (Fig. 2).
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The cell-surface localization of Athlp is likely mediated by the classical secretion
“Sec” pathway, despite the fact that the protein does not harbor any secretion signal
(He et al. 2009); S.He and JL Parrou, unpublished data), whereas the delivery of
Athlp to the vacuole follows the multivesicular body pathway (MVB) (Huang et al.
2007). The function of this vacuolar-localized Athlp is unknown. Since
constraining the enzyme into vacuolar impairs the growth on trehalose, no evidence
for vacuolar import of trehalose by the autophagy process can be done as it has been
shown for glycogen (Jules et al. 2008) (Fig. 2). As a result, it is proposed to replace
the terms of neutral and acid trehalase by “cytosolic” and “extracellular” trehalases
as they are more adequate to describe the localization and the function of these two
enzyme forms (Parrou et al. 2005).

As mentioned above, trehalose can be assimilated as an exogenous carbon
source by several fungi, including the yeast S. cerevisiae (Parrou et al. 2005). In
addition to the Athl-dependent pathway (Fig. 2), a second route that couples the
high-affinity trehalose H'-symporter encoded by AGT! (Plourde-Owobi et al.
1999) with the neutral trehalase encoded by NTHI can facilitate cell growth on
trehalose (Jules et al. 2004). However, this second pathway is not functional in mal”
strain because AGTI expression is dependent upon the MAL system (Han et al.
1995) or is weakly effective even in Mal™ strain since Agtlp rapidly loses activity
during growth on trehalose (Jules et al. 2004). It is noteworthy that the growth on
trehalose is strictly respiratory (Jules et al. 2005) and thus subject to the so-called
Kluyver effect, i.e., the inability to ferment a sugar even under anaerobic conditions
(Fukuhara 2003). This effect is likely due to the rate-limiting activity of Athlp
since the growth rate can be increased to a maximum of threefold by overexpression
of ATHI (Jules et al. 2005; He et al. 2009). However, no further increase in growth
rate could be obtained even after a 20-fold increase in the expression of Athlp,
suggesting that other limiting steps may exist that prevent cells to ferment trehalose.

2.3 UDP-Glucose Partitioning

UDP-glucose is a donor of glucose units at the crossroads between several
pathways, including glycogen and trehalose, cell wall B-glucan, and glycosylation
of proteins. The production of UDP-Glc is catalyzed by UDP-glucose pyropho-
sphorylase encoded by UGPI (Daran et al. 1995). Significant reduction of UDP-Glc
levels by reducing the activity of Ugp1p was accompanied by a significant decrease
in glycogen and trehalose production, whereas levels of cell-wall B-glucan were
slightly altered, raising the hypothesis that UDP-glucose could be channeled toward
the synthesis of B-glucan (Daran et al. 1997). A partitioning of glucose toward
B-glucan and away from glycogen (Smith and Rutter 2007) demonstrated that
Ugplp is phosphorylated on Ser'' by the PAS kinase with the consequence that
the phosphorylated enzyme is targeted to the cell periphery to favor glucan synthe-
sis, while its catalytic activity is not affected (Fig. 3). Therefore, the inability to
phosphorylate Ugplp or the deletion of PSK/ and PSK2 leads to elevation of
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glycogen and renders the cells hypersensitive to cell wall perturbing agents likely
because of a reduction of B-glucan.

3 Nutrients, Stress, and Growth Control of Glycogen
and Trehalose

It is well established that levels of glycogen and trehalose in yeast cells vary
significantly according to growth, nutrients, and stress conditions (e.g., osmotic,
saline, and heat shock (Francois and Parrou 2001)). These variations are accounted
largely to the main nutrient-sensing pathways PKA, TOR, and SNF1 (Fig. 4). As
recently illustrated by microarrays analyses of starved cells challenged with nutrient
repletion (Slattery et al. 2008), the transcription response, which is strongly repressive
for the glycogen and trehalose-related genes, is largely dependent on the cAMP/PKA
pathway. At present, this repressive effect exerted by the PKA is explained by at least
three modes of action. First, and likely the most effective mechanism, is to restrict
Msn2/4p in the cytosol, which is facilitated by the PKA-dependent phosphorylation

S — Glucose

cytoplasm

\

7

Fig. 4 A schematic illustration of the transcriptional control of glycogen and trehalose by the
nutrient-sensing pathways dependent on the PKA, TORCI, and SNFI1 kinases in the yeast
S. cerevisiae. Genes given as targets in these pathways are those encoding principal enzymes in
the synthesis and degradation of the two glucose stores. See text for detailed explanations
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of this protein (Gorner et al. 2002). Consequently, this restriction prevents the
transcription activation of glycogen and trehalose-related genes (to which can be
included PGM?2 and UGP1, two genes required for the production of UDP-GIc) that
normally takes place by DNA binding of Msn2/4p to the STRE elements (CCCCT)
present in several copies in the promoter of these genes (Ni and LaPorte 1995;
Parrou et al. 1999b; Winderickx et al. 1996; Parrou et al. 1999a; Sunnarborg et al.
2001; Zahringer et al. 2000). The second mechanism implicates the transcriptional
repressor Sok2p (Ward et al. 1995) since all important glycogen and trehalose-
related genes harbor a consensus motif for SOK2 in their promoter region. It was
reported that overexpression of SOK2 reduced expression of GAC/ (Ward et al.
1995); J. Francois, unpublished data), whereas SOK2 deletion partially released
GSY2 repression in a mutant with a high PKA activity (Enjalbert et al. 2004).
A third pathway by which the PKA exerts its repressing effect is through the
blockage of the Rim15-Gislp cascade. The latter pathway mediates its effects
through an upstream activating sequence (UASppg) that is present in most of the
glycogen and trehalose-related genes. However, this cascade is only operative in
stationary phase cells or when cells enter into quiescent GO state (Pedruzzi et al.
2000; Pedruzzi et al. 2003).

Evidence has been accumulated that the TOR (target of rapamycin) pathway,
through its TORC1 complex (complex made of Torlp or Tor2p with three other
partners, Koglp, Lst8p, Tco89p; see (De Virgilio and Loewith 2006 for a review),
also affects storage carbohydrates as shown by rapamycin-induced glycogen and
trehalose accumulation in yeast cells growing on glucose (Barbet et al. 1996). This
accumulation is accompanied by upregulation of the glycogen and trehalose genes
(Zurita-Martinez and Cardenas 2005). This upregulation can be explained by the
effect of rapamycin to induce nuclear localization of Msn2/4p via inhibition of
TORCI1 (Santhanam et al. 2004). Therefore, TORC1 may negatively control stor-
age metabolism through a signaling pathway involving phosphorylation of Tap42p,
which in turn inhibits Ser/Thr protein phosphatase 2A by direct binding. Conse-
quently, this latter protein is no longer able to dephosphorylate Msn2p, which
therefore remains sequestered in the cytoplasm (Zaman et al. 2008). This mechanism
can therefore account for previous reports showing effects of this type 2 phosphatase
on glycogen levels (Clotet et al. 1995). Additionally, TORC1 has been shown
to negatively control Rim15-Gislp cascade through the protein kinase Sch9
(De Virgilio and Loewith2006). Altogether, these data bring into light a converging
effect of the two main nutrient-sensing pathways, PKA and TOR, on Msn2/4p to
regulate expression of glycogen and trehalose genes. Hence, any changes in the
balance of the activities of PP2A and PKA may directly impact the expression
levels of these genes and eventually on the attendant metabolism. This model is in
fact more complex since the PKA is able to phosphorylate the Msn2 protein on both
the nuclear localization signal (NLS) and the nuclear export signal (NES) of this
protein, whereas PP2A only dephosphorylates NES (Gorner et al. 2002; Santhanam
et al. 2004), indicating a prominent effect of the PKA in controlling the localization
of Msn2/4p and consequently on Msn2-dependent gene expression. Nonetheless, the
mechanism by which nitrogen starvation, heat, or osmotic shock promote activation
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of glycogen and trehalose-related genes is mainly due to the PP2A-dependent
dephosphorylation as there is no evidence that the PKA activity is modified under
these conditions (Zaman et al. 2008) (Fig. 4). However, this model cannot account
for the independency between the TOR and the PKA in glycogen accumulation as
shown by the fact that yeast cells bearing unbridled PKA activity (i.e. bcyl mutant)
and treated with rapamycin are still able to accumulate glycogen (Barbet et al. 1996;
Zurita-Martinez and Cardenas2005). A possible explanation for this effect is to
propose that the apparent glycogen accumulation is actually a consequence of the
sequestration of this glucose polymer into the vacuole by the rapamycin-dependent
induction of the autophagy process (Noda and Ohsumi 1998; Dubouloz et al. 2005),
implying inhibition of the TORCI1 but being independent to Msn2/4p and Rim15p
(Budovskaya et al. 2004; Yorimitsu et al. 2007) (Fig. 4).

Two additional nutrient-sensor kinases, namely the cyclin-dependent Pho85
kinase and the Snfl kinase, have been reported to control glycogen and trehalose.
However, contrary to the PKA and the TORC1 pathways, which merely exert
control at the transcriptional level (see Fig. 4), the regulation by Snflp and Pho85p
takes place at both transcriptional and posttranslational levels. A two- to threefold
upregulation or downregulation of glycogen and trehalose metabolism-related genes
has been reported in pho85 and snfl mutants, respectively (Timblin and Bergman
1997; Parrou et al. 1999b), but the mechanisms of this control are not yet determined.
The presence of binding sites for the transcriptional factors Adrlp or Miglp in most
of glycogen and trehalose-related genes could be the mechanism through which Snfl
kinase exerts its positive transcriptional effect (Fig. 4), whereas effects of Pho85
kinase on expression of these genes are still unclear (Enjalbert et al. 2004). At the
posttranslational level, the positive control on glycogen accumulation by Snflp
appears to involve two distinct pathways. On the one hand, the Snfl kinase has
been shown to antagonize the Pho85-dependent phosphorylation of Gsy2p (Huang
et al. 1996; Wilson et al. 1999), but how this antagonism takes place is not yet
understood. On the other hand, Snflp can indirectly affect glycogen store through its
positive control of the autophagy process involving APGI and APGI3 (Wang et al.
2001), as this latter mechanism causes part of glycogen particles to be stored into
the vacuole. This process being defective in a snfl mutant would account in part for
the lack of glycogen in this mutant. Finally, the recovery of glycogen in an snfIpho85
mutant is explained by a concomitant hyperactivation of glycogen synthase and an
apparent recovery of the autophagy process, indicating that Pho85 also controls in an
antagonistic manner to Snfl the autophagy process (Wang et al. 2001).

In summary, several nutrient-sensing pathways impinge on glycogen and treha-
lose metabolic systems at the transcriptional and posttranslational levels. The PKA
pathway is clearly the major transcriptional mechanism of control, whereas Glc6P
is the major metabolic effector as it is a direct substrate for trehalose synthesis, a
potent activator of glycogen synthase and an inhibitor of glycogen phosphorylase,
and last but not least, its binding to these two enzymes favors the dephosphorylation
and inhibits the phosphorylation processes (Fig. 4) (Francois and Parrou 2001).
Under efficient growth related to available nutrients, such as during growth on
glucose rich medium, glycogen and trehalose accumulation is prevented because
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the PKA and the TORCI are fully operative, whereas under growth imbalance
related with some nutrients shortage, accumulation of these two glucose stores
may be favored. However, the nature of the growth-limiting nutrient is critical for
effective accumulation of glycogen and trehalose. In excess of glucose in a nitrogen-
depleted medium, the high GIc6P prevailing in this condition favors synthesis of
glycogen and trehalose (Francois et al. 1988; Parrou et al. 1999b; Hazelwood et al.
2009). On the other hand, limitation or depletion of sulfate, phosphate, or zinc is not
accompanied by the rise of glycogen or trehalose because under this growth-limiting
condition, the PKA and the TOR pathways are activated, as indicated by low
transcript levels of glycogen and trehalose-related genes (Hazelwood et al. 2009).
Finally, it is noteworthy that the coexpression of genes in the biosynthetic and the
biodegradation pathways mainly due to the presence of STRE in their promoter may
lead to a recycling of trehalose and glycogen (Blomberg 2000; Voit 2003). Whether
this recycling, which has been genetically demonstrated to exist under heat shock,
saline stresses, and during growth on glucose (Parrou et al. 1997; Parrou et al. 1999b;
Pedreno et al. 2002; Mahmud et al. 2009), has any physiological meaning or is
a fortuitous consequence of the coexpression of these genes remains to be addressed.

4 Biological Function of Storage Carbohydrates in Yeast

It is well established that glycogen and trehalose are two energy stores for the yeast
cells. This section discusses more precisely how and when yeast cells are playing
with these two glucose stores thanks to the use of more sophisticated bioprocess
conditions combined with the use of dedicated mutants. Besides, the trehalose
synthesis pathways are endowed with a peculiar function that is likely needed in
the regulation of the energy and carbon metabolism in yeast.

4.1 Function as Energy and Carbon Stores

Glycogen agrees with the concept of an energy store since it is found to accumulate
when glucose is still present in the medium, and is only mobilized when all
exogenous carbon sources have been exhausted (Parrou et al. 1999b; Wang et al.
2001). Trehalose does not exactly fit with this concept since it accumulates only
after glucose has been consumed (Francois et al. 1991). Nevertheless, several
biological situations indicate that both glucose stores have an energetic function
in yeast cells. A relevant example is found with respiratory-deficient mutant cells,
which accumulate larger amount of glycogen during the growth phase on glucose
and then readily mobilize it at the onset of glucose depletion because these cells are
respiratory deficient and hence cannot resume on the accumulated ethanol or amino
acids present in the growth medium. This rapid mobilization coincides with a drop
of GIc6P, accompanied by an increase of glycogen phosphorylase and decrease of
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glycogen synthase activity (Enjalbert et al. 2000) by a mechanism that may
implicate Pho85p kinase as well as other uncharacterized partners (Wilson et al.
2002a). It is worth noting that respiratory mutants are also unable to accumulate
trehalose (J. Frangois, unpublished data). A seemingly direct function of trehalose
in carbon and energy metabolism has been recently underscored from studies
aiming at characterizing whether Athl can hydrolyze endogenous trehalose. In
this work, an nthinth2 mutant defective in cytosolic trehalases was grown on
trehalose and then subjected to carbon starvation. This extreme situation resulted
in a rapid mobilization of trehalose by a mechanism involving first its export out of
the cell by a yet uncharacterized exporter, the hydrolysis of the exported trehalose
at the cell surface by Athlp, and the subsequent uptake of the released glucose
(Jules et al. 2008).

It is well known that accumulation of reserve carbohydrates is favored at lower
growth rates under carbon- or nitrogen-limited conditions. In fact, this accumula-
tion is proportional to the duration of the G1 phase of the growth cycle (Sillje et al.
1999; Paalman et al. 2003) and correlates with the transcriptional activation of
glycogen and trehalose-related genes (Brauer et al. 2008; Hazelwood et al. 2009).
In contrast, it is reduced by overexpression of the G1 cyclin CIn3, the translation
rate of which is positively regulated by the TORCI kinase (Barbet et al. 1996).
These data are in accordance with the recent proposition that TORCI is the major
controller of growth rate in response to nutrient availability (Castrillo et al. 2007).
The stored carbohydrates can be readily mobilized upon raising the growth rate, and
this rapid mobilization is likely to supply ATP surplus required for budding process
since a good correlation has been obtained between the increase in the budding
index and the extension of reserve carbohydrates mobilization, when the growth
rate was suddenly increased from 0.05 to 0.15 h! (Guillou et al. 2004). This
experimental approach is strongly reminiscent to the energy-metabolism
oscillations (EMO) that arise spontaneously under glucose- or nitrogen-limited
continuous cultures at low dilution (growth) rate, showing periodicity of approxi-
mately 300 min of waves of accumulation and mobilization of reserve carbohydrates,
as first reported almost 40 years ago (Kuenzi and Fiechter 1972). Such oscillatory
behavior has been also observed in batch culture of yeast on trehalose (Jules et al.
2005). This EMO has been recently investigated in a system-level approach,
showing that it is composed of two distinct phases termed respiro-fermentative and
respiratory period, respectively. The transition between these two periods is basically
characterized by a periodic change in the NADH/NAD" ratio, where the ratio is high
during the respiro-fermentative period and low during the respiratory period (Xu and
Tsurugi 2006). The importance of trehalose and glycogen in controlling EMO has
been illustrated using mutants defective in the synthesis of trehalose (¢ps/ mutant)
that exhibit destabilized EMO (Xu and Tsurugi 2007), while mutants defective in
glycogen (gsy2 or gsy2gsylp mutants) show very weak oscillatory waves (Xu and
Tsurugi 2006; J. Francois, unpublished results). At a global transcriptomic level,
these spontaneous oscillations, which were also termed yeast metabolic cycle
(YMC), revealed that over half of yeast genes exhibited periodic expression patterns,
with a common period of transcript oscillation of ~300 min (Tu et al. 2005). Using an
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unbiased k-means cluster analysis, these authors identified three superclusters
defining a temporal compartmentalization of the oscillations in three major phases,
namely the Ox (oxidative), the R/B (reductive-building), and R/C (reductive-
charging) phase, respectively. The Ox clusters mainly comprises genes involved
in ribosome and protein synthesis, the R/B cluster was enriched of genes encoding
proteins required for DNA replication and genes encoding mitochondrial proteins,
whereas the R/C supercluster contained proteins involved in protein degradation,
peroxisomes, fatty acid oxidation as well as genes of the glycogen and trehalose
metabolism. Taking into account the metabolic events identified in the EMO, the
respiratory phase would correspond to the last part of R/B and R/C, as it is the
period during which storage carbohydrate accumulates and the respiratory quotient
(RQ) is close to 1.0. On the other hand, the respiro-fermentative phase corresponds
to Ox and to the beginning of R/B during which stored carbohydrates are liquidated
and the RQ > 1.0, corresponding to a reductive, highly glycolytic metabolism.
Recently, an interesting model was proposed that the temporal compartmentaliza-
tion of respiration and the restriction of DNA replication to the reductive phase of
the metabolic cycle are to protect cells for genomic integrity (Chen et al. 2007).
However, another model assigns the sudden mobilization of reserve carbohydrates
to specific metabolic requirements to pass the START at the G1/S transition of the
cell cycle, as proposed by Futcher (Futcher 2006). This author proposed the
“finishing kick” hypothesis which states that at low growth rate, the cell organizes
its metabolism to store sufficient carbohydrates during the G1 phase then suddenly
burns it to provide an additional burst of ATP for biosynthesis processes in late G1,
resulting in increased budding rate. This finishing kick hypothesis also suggests that
the critical size that has to be reached to pass through the Start could be correlated
to the stored carbohydrates. However, the function of reserve carbohydrate as cell
sizer remains to be verified. Moreover, the hypothesis of a finishing kick is only
valid for slow growing cells since rapidly growing cells do not store glycogen or
trehalose but show normal cell cycle progression.

While the mechanism that governs the synthesis of glycogen and trehalose
during G1 may be dependent on a reduction of the TORCI activity, the rapid
mobilization of the stored carbohydrates in late G1 coincided with a transient burst
of cAMP (Xu and Tsurugi 2006; Muller et al. 2003). This suggests that mobilization
of the stored carbohydrate is mediated by the PKA pathway. In favor of this model,
trehalase and glycogen phosphorylase activity was found to increase at this period
(Muller et al. 2003; J. Frangois, unpublished data).

4.2 Specific Function of Trehalose as a Stress Protectant

A number of reports have shown that the trehalose molecule is endowed with
the unique property to act as a replacement of water molecule to stabilize proteins
and membranes from dessication. However, recent results indicate that trehalose is
neither necessary nor sufficient for dessication tolerance in yeast (Ratnakumar and
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Tunnacliffe 2006). Thermotolerance has also been reported to be a synergistic
effect due to the accumulation of trehalose acting as chemical chaperones and
molecular chaperones (Singer and Lindquist 1998; Lee and Goldberg 1998). How-
ever, Thevelein’s group recently showed that additional unidentified factors may
participate in this resistance since a mutant strain defective in adenylate cyclase
(fill mutant) that was rendered unable to accumulate trehalose and lacking also
Hsp104 protein still exhibited elevated thermotolerance (Versele et al. 2004).
Besides, the role of trehalose in the acquisition of thermotolerance may be depen-
dent on the property of this disaccharide to activate Hsf1 (Bulman and Nelson 2005;
Conlin and Nelson 2007), which is an essential transcriptional regulator of heat
shock response in eukaryote (Amoros and Estruch 2001). On the other hand,
recovery of viability of cells from heat shock or saline stress required that the
accumulated trehalose is mobilized, to allow proper recovery to normal conditions
(Wera et al. 1999; Garre and Matallana 2009). The proposed explanation is that the
disaccharide can interfere with the refolding of denatured proteins by HSPs that
takes place upon return from heat shock or salt stress (Singer and Lindquist 1998).
The adaptation of yeast cells to near-freezing temperatures seems also to be
linked to the presence of trehalose. Shifting temperature from 25 to < 10°C is
accompanied by a dramatic rise in trehalose and by a Msn2/Msn4p-dependent
induction of genes related to its synthesis as well as genes encoding some HSP
proteins (Panadero et al. 2006; Schade et al. 2004). It has been observed that an
msn2/msn4 mutant dies quickly when maintained at temperature below 10°C
(Kandror et al. 2004), but it has not been shown whether this rapid death was due
to the lack of trehalose. Finally, trehalose protects cells from damage induced by
oxygen radicals as well as from ethanol toxicity (Benaroudj et al. 2001; van Voorst
et al. 2006). These protective effects are likely due to the property of this disaccha-
ride to prevent proteins to be damaged under these harsher conditions.

5 The Role of Tpsl/ Trehalose-6-Phosphate in Carbon
and Energy Metabolism

An unexpected link between the trehalose and the glycolytic pathway is that
mutations in 7PS! prevent growth on rapidly fermentable carbon sources (reviewed
in (Gancedo and Flores 2004). The metabolic phenotype that characterizes this
mutant is a massive accumulation of sugar phosphates and precipitous depletion of
ATP immediately after glucose addition. These effects are likely responsible for
the inability of a #ps/ mutant to growth on glucose. The #ps/ mutant can grow on
less rapidly fermented sugars such as galactose or raffinose that also depend on the
function of the glycolytic pathway causing, however, lower flux over this pathway.
In addition, catabolism of these sugars differs from the one of glucose in the sensing
and the uptake mechanisms, respectively (Gancedo 2008). This led to the hypothesis
that the lack of growth of the 7ps/ mutant could be caused by deregulation of the
transport step or of the glucose phosphorylating activity.
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Three models have been put forward trying to explain the involvement of Tps1
in the control of the sugar influx and, by extension, in the regulation of glycolysis.
The first model is based on the finding that the main hexokinase in yeast encoded by
HXK?2 is inhibited by Tre6P, the product of the Tpslp reaction (Blazquez et al.
1993). Though quite attractive at first sight, the Tre6P inhibition model of hexoki-
nase is probably incomplete since yeast cells growing exponentially on glucose
(and thus in a highly glycolytic state) or overexpressing TPS2 that encodes the
trehalose 6-P phosphatase have barely detectable Tre6P levels while growth on
glucose is not impaired (Hohmann et al. 1996). Also, growth and fermentative
capacity of yeast are not altered after replacement of a Tre6P-sensitive hexokinase
by an enzyme insensitive to this metabolite (Bonini et al. 2003). More importantly,
it was recently found that TPS! from Y. lypolitica fully complemented growth of an
S. cerevisiae tpsl A mutant on fructose, even though Tre6P was barely detected in
this mutant (C. Gancedo and J. Francois, unpublished results). Such a result brings
us to the second hypothesis which proposes that besides its catalytic function,
Tpslp may have a regulatory role, as for instance by restricting sugar influx through
a yet unidentified protein interaction. Evidence in support of this hypothesis came
from work on the pathogenic fungus Magnaporthe grisea, in which the introduction
of a noncatalytic form of Tpslp into fps/ mutants from this fungus recovered its
capacity to invade rice leaves which was lost upon deletion of the protein. Another
interesting observation was made in the model plant A. thaliana where a single
point mutation in the AfTPS6 gene resulted in many phenotypes, although the
mutated variant protein kept its catalytic function (Chary et al. 2008). In yeast,
there is so far no direct evidence supporting the hypothesis of a regulatory role
exerted by the Tpsl protein independently from its reaction product, Tre6P. How-
ever, the fact that zps/ mutants are also unable to undergo sporulation, a process that
occurs in the absence of fermentable carbon sources and thus independently
from Tre6P, supports the idea that the Tpsl protein has functions other than the
simple formation of the Tre6P from UDP-Glc and Glc6P (Silva-Udawatta and
Cannon 2001). In addition, it was shown that Tpslp may be present as a free
protein (i.e., not bound to the TPS protein complex) (Bell et al. 1998), and recent
global interactomics studies indicate that Tps1p may belong to a large interactomic
network, whose partners mainly fall into the MIPS categories of energy and
metabolism (27%), cell rescue and defense (12%), and cell cycle and DNA
processing (10%) (Krogan et al. 2006; Gavin et al. 2006). The third hypothesis
proposes that the trehalose biosynthetic pathway can serve an additional function,
i.e., in the recovery of inorganic phosphate that is required for the functioning of
glycolysis at the level of glyceraldehyde 3-P dehydrogenase. The importance of Pi
replenishment in rescuing growth of fps/ on highly fermentative sugars has been
illustrated by hyperactivity of the Gpd1p and/or of the glycerol facilitator encoded
by FPSI (Van Aelst et al. 1991) that both result in excess glycerol formation at the
expense of triose intermediates DHAP. The rapid drop Pi in a #ps/ mutant is likely
not collateral effect of the lack of sugar influx but may be a direct consequence of
the lack of activation of H"-ATPase in a tps/ mutant (Th Walther and J Frangois,
unpublished results).



Genetics and Regulation of Glycogen and Trehalose Metabolism 47

Recent genome-wide analyses on pairwise genetic interactions have provided
new insights on how Tps1p may impinge on cellular growth. These results indicated
that TPS1 negatively interacts with more than 200 genes, whose functions mainly
fall into the MIPS functional categories vesicle formation and vesicular transport,
phosphate metabolism, budding/cell polarity, cell wall, and general stress response.
It suggests that the levels of Tre6P or the Tpsl protein itself may be critical in
regulating some targeted cellular functions by coordinating sugar metabolism
with cell growth, budding, and cell wall synthesis according to carbon availability.
A similar hypothesis has been raised for the role of Tre6P in plant in coordinating
sugar metabolism with development, particularly with the cell wall synthesis that
depends on the supply of Glc6P and UDP-Glc (Paul et al. 2008). Also and quite
intriguingly, a considerable number of genes that negatively interact with TPS/
were found to positively interact with TPS2 and vice versa (Fiedler et al. 2009;
Costanzo et al. 2010). These genes provide candidate cellular functions that are
controlled by Tre6P since this metabolite is absent in fps/ mutants and exhibits
hyperaccumulation in #ps2 strains. Genes that show negative interaction with
TPS1 and positive interaction with TPS2 include (among others) ANPI, RIM20,
CHSS, PSDI1, WHI2, COG7, RSP5, DFG16, ADO1, ATX1, and VSP9 , whereas the
opposite situation is found for HXK2, UBRI, PAP1, PMAI, YHCI, and CAK]I.
These findings support a potential direct implication of Tre6P in the regulation of
vesicle formation, phospholipid metabolism, and Pi/ATP homeostasis. In short,
converging data strongly support an essential function of Tpsl and its metabolite
Tre6P in the regulation of carbon and energy metabolism in yeast, for which the
precise mechanism of the action and relevant cellular targets remain to be
identified.

6 Conclusion and Perspectives

The yeast S. cerevisiae accumulates two storage carbohydrates, glycogen and treha-
lose, that fulfill and share, in some cases, specific functions. The control of the
metabolism of these two glucose stores is extremely sophisticated and is likely
meant to satisfy rapidly changing energetic needs during cell cycle and upon changes
in nutrient availability. Among numerous questions regarding mechanisms by which
the nutrient-sensing pathways impact on storage carbohydrate metabolism, two major
problems need to be solved. The first one is to identify the alternative priming system
that allows glycogen to be synthesized without glycogenin that also includes the
elucidation of the stochastic nature of this alternative mechanism. Answering this
question can be expected to have a strong impact on human glycogen and its related
metabolic disorders. The second question is to unravel the complete mechanism by
which the TPS complex and/or Tre6P regulate glycolysis and energy metabolism.
It is essential to address this question because it is indispensable for our general
understanding of fermentative growth. It is also a necessary step toward rational
engineering of the glycolytic pathway, being it dedicated to improve fermentation of
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natural substrates or to enable fermentation of nonnaturally consumed carbon
sources like xylose.
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Abstract Microorganisms face constant stressful conditions, such as weak acid
stress, both in natural habitats and during their use for biotechnological
applications. Microbes respond to stress by activating either cell adaptation or
death pathways. Yeast Saccharomyces cerevisiae has been a valuable model to
study the mechanisms of cell response to stressful environmental changes. This
chapter summarizes current knowledge on molecular mechanisms of general weak
acid stress response and programmed cell death in response to acetic acid as
unraveled in S. cerevisiae. Future perspectives aimed at clarifying the complex
intracellular signaling networks, integrating cell adaptation and death pathways in
response to acetic acid stress are envisaged. Elucidation of finely regulated integra-
tion mechanisms of such pathways represents a challenge for understanding aspects
of eukaryotic cell homeostasis as well as for improving the performance of a given
yeast strain in industrial processes and applications.
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1 Introduction

Microorganisms face constant stressful conditions, such as nutrient starvation,
changes in temperature, osmolarity, and acidity of their surroundings both in
natural habitats and in environments associated with their exploitation for biotech-
nological applications. Survival microbes react with alternatives in their genome
expression and metabolism that lead to a physiological adaptation, allowing
competitions under the newly evolved environmental conditions. Otherwise, the
stressful conditions cause cell demise.

Weak acids, such as acetic, propionic, benzoic, and sorbic (2,4-hexadienoic)
acid are widely used as food preservatives due to their well-known growth inhibi-
tory effect on microorganisms including yeast. Numerous organic acid inhibitors
have been identified for lignocellulosic biomass conversion to biofuels (Klinke
et al. 2004; Liu and Blaschek 2010). Physiological effects of weak acids on
microorganisms are depending on the composition and nature of monocarboxylate
acid compound. Acids with more lipophilic moiety such as benzoate and sorbate
usually cause delay of microbial cell growth and cytostasis. On the other hand, less
lipophilic acetic acid under certain conditions compromises cell viability leading
cells to death (Ludovico et al. 2001; Pinto et al. 1989).

Yeast Saccharomyces cerevisiae is one of the most thoroughly studied unicellular
eukaryotes at the cellular, molecular, and genetic level due to their well-known
experimental tractability. It is a valuable model to study the molecular mechanisms
of cell response to stressful environmental changes (Gasch and Werner-Washburne
2002). In the past decade, evidence has also been gathered showing that S. cerevisiae
is able to undergo a programmed cell death (PCD) process triggered by different
internal and external stimuli. Such findings provide new tools and a model for cell
death research at the molecular level (Carmona-Gutierrez et al. 2010a).

Considerable advances in weak acid response and adaptation mechanisms in
S. cerevisiae have been achieved, and comprehensive reviews are available
(Mollapour et al. 2008; Piper et al. 2001). This chapter summarizes the knowledge
on the molecular mechanisms of general weak acid stress response and recent
advances in the understanding of the mechanisms of PCD in response to acetic
acid as unraveled in S. cerevisiae. Future perspectives aimed at clarifying the
complex intracellular signaling networks, integrating adaptive and lethal responses
to weak acid stress are presented.

2 Weak Acid Stress and Yeast Adaptation

Weak acid stress is a constant and major challenge to microbial life. It affects gene
expression and metabolism for cell survival. This section provides an overview of
weak acid stress response machinery activated in S. cerevisiae cells, leading to cell
adaptation.
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2.1 Weak Acid Stress

Weak acids display increased antimicrobial action at low pH in the undissociated
state (Lambert and Stratford 1999). The uncharged molecules enter cells by simple
diffusion mechanism through plasma membrane, encounter a more neutral pH in
the cytoplasm, and dissociate into acid anions and protons. The protons lead to
cytoplasmic acidification both in benzoate and acetate thereby inhibiting important
metabolic processes (Arneborg et al. 2000; Krebs et al. 1983). Weak acid induces
activation of the proton-translocating ATPase Pmalp in the plasma membrane of
yeast, which pumps out the protons generated by weak acid dissociation in the
cytosol in an ATP-dependent manner (see Fig. 1), thereby maintaining the electro-
chemical potential across plasma membrane regulating ion and pH balance and
providing energy for nutrient uptake (Carmelo et al. 1996; Carmelo et al. 1997,
Holyoak et al. 1996; Martinez-Munoz and Kane 2008).

Thus, intracellular acidification does not seem to be the exclusive cause of weak
acid toxicity which seems to largely depend on the monocarboxylate anion. In fact,
despite their identical pKa, higher concentrations of acetic acid such as 80-150 mM
are needed to completely inhibit growth of S. cerevisiae than that of more lipophilic
sorbic acid (1-3 mM) (Piper et al. 2001; Stratford and Anslow 1996, 1998). The
differences in weak acid toxicity appear to mirror major differences existing in the
transport of the weak acid and metabolism in yeast cells. Sorbate and benzoate
cannot be metabolized by S. cerevisiae and have been shown to act as membrane-
damaging substances (Stratford and Anslow 1998) and to cause severe oxidative
stress under aerobic conditions (Piper et al. 2001; Piper 1999).

Benzoate inhibits glycolysis mainly at the phosphofructokinase reaction step
(Krebs et al. 1983; Pearce et al. 2001). Strains of Zygosaccharomyces bailii are
more resistant to weak acid stress; consistently, they are able to grow on benzoate,
sorbate, and phenylalanine due to a benzoate-4-hydroxylase activity which is
absent in S. cerevisiae (Mollapour and Piper 2001a; Mollapour and Piper 2001b).
In a different way from benzoate, acetic acid can be used as the sole carbon and
energy source by S. cerevisiae and is not toxic under such conditions. Thus,
S. cerevisiae cells are normally able to grow on acetic acid medium at neutral
pH. Under this condition, the weak acid is found in a dissociated form, and acetate
is transported across the plasma membrane through a low-affinity electroneutral
proton symport system that could transport propionate and formate but not lactate
and pyruvate (Casal et al. 1996). Acetate uptaken by cells is used to form acetyl
CoA by one of either peroxisomal or cytosolic acetyl-CoA synthetases. Acetyl-CoA
is then consumed in the glyoxylate shunt or oxidized in mitochondria through the
tricarboxylic acid cycle (Vilela-Moura et al. 2008 and refs. therein). However,
typical S. cerevisiae cells grown on glucose cannot metabolize acetic acid due to
the activation of glucose repression pathways responsible of down-regulation of
respiration and gluconeogenesis (Rolland et al. 2002). Thus, yeast is sensitive to
acetic acid stress. Acetate transport, as its metabolism, is also under glucose
repression in S. cerevisiae but not in Z. bailii that is known for its high resistance
to weak acids in glucose-containing media (Casal et al. 1996; Sousa et al. 1998).
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Fig. 1 Molecular mechanisms of weak acid adaptation in glucose-grown yeast involved in acetic
acid, propionic acid, benzoic, and sorbic acid. Undissociated acetic acid enters cells through the
plasma membrane aquaglyceroporin Fps1p and dissociates into acetate and protons in the cytosol.
The Hoglp phosphorylation is induced by the acetic acid stress causing ubiquitination, endocyto-
sis, and final degradation of Fpslp in the vacuole. Propionic, benzoic, and sorbic acids freely
diffuse through the plasma membrane and dissociate into acid anions and protons in the cytosol.
Intracellular acid anion pool activates PDR 12 transcription through phosphorylated Warlp nuclear
factor. This causes Pdr12p accumulation in the plasma membrane, which mediates extrusion of the
acid anion leading to weak acid stress adaptation. Intracellular acidification due to the proton
accumulation is counteracted by the activity of H -ATPase Pmalp, which pumps out protons with
energy requirement

2.2 Yeast Adaptation

When challenged by weak acid stress, S. cerevisiae cells are able to adjust tran-
scriptional programs enabling a rapid tuning of protein expression patterns
(Schuller et al. 2004). Under certain conditions, yeast cells can activate an adaptive
response and resume to grow after a lag phase. Mechanisms of yeast adaptation to
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most common monocarboxylate preservatives are mainly involved in plasma mem-
brane transporters and proton-translocating ATPase together with cell organelles
involved in weak acid stress response (Fig. 1).

Plasma membrane transporter Pdr12p, a member of ATP-binding cassette
(ABC) transporter family was strongly induced by sorbate, benzoate, and certain
other moderately lipophilic carboxylate compounds, but not organic alcohols or
high levels of acetate on glucose-containing medium at pH 4.5 (Hatzixanthis et al.
2003; Piper et al. 1998). The accumulation of Pdr12p in the plasma membrane
increases sorbate resistance mediating cellular extrusion of weak acid anion (Piper
et al. 1998). The adaptation involves induction of PDRI2 gene transcription and
requires a nuclear transcription factor Warlp which binds the cis-acting weak acid
response element (WARE) located at the promoter region of PDRI2 (Kren et al.
2003). Warlp forms homodimers that constitutively binds DNA and is
phosphorylated under the sorbate stress (Fig. 1). A genetic screen for the isolation
of yeast mutant cells that failed to induce PDRI2 allowed identification of WARI
mutations and confirmed Warlp as the major regulator of PDRI2 for the stress
response (Gregori et al. 2007).

Using a screening of a gene deletion library in combination with transcriptome
profiling analysis, more than 100 genes were found to be induced by sorbic acid
stress (Schuller et al. 2004). Many of these genes are regulated by transcription
factors Msn2p/Msndp involved in the general stress response pathway and/or
Warlp. Additional sets of genes activated by the sorbate stress were also identified.
Another transcription factor Haalp involved in transcription activation in response
to acetaldehyde has been shown to be required for a rapid adaptation by yeast to
weak acids such as acetic and propionic acids (Fernandes et al. 2005). It is likely
that PDR12 is required and inducible for weak acid resistance. At least, a fraction of
a given genomic response is necessary to cope with adverse conditions caused by
weak acids (Schuller et al. 2004).

Unlike the sorbate stress, in which a gain of function is involved in the acid
resistance through the induction of PDR2, adaptation to acetic acid involves a loss
of function (Mollapour et al. 2008 and refs. therein) involving another
monocarboxylate transporter (Fig. 1). At pH 4.5, acetic acid has been demonstrated
to enter glucose-repressed S. cerevisiae cells in its undissociated form primarily by
facilitated diffusion through the Fpslp aquaglyceroporin channel (Mollapour and
Piper 2007). Acetic acid challenge at low pH causes activation of two mitogen-
activated protein (MAP) kinases, Hoglp, involved in the high-osmolarity glycerol
(HOG) signaling pathway (Hohmann 2009), and Slt2p, involved in cell wall
integrity pathway (Fuchs and Mylonakis 2009). Only the loss of Hoglp, not
Slt2p, increases the yeast sensitivity to acetate. The Hoglp-mediated acetic acid
adaptation has been shown involving direct MAP kinase Hoglp-dependent phos-
phorylation of Fpslp that result in its ubiquitination, endocytosis, and final degra-
dation in the vacuole (Mollapour and Piper 2007) (Fig. 1). Hoglp exists in physical
association with the N-terminal cytosolic domain of Fpslp in unstressed cells, and
the presence of Fpslp is essential for Hoglp activation, exerting opposing effects
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on Hoglp, and Slt2p MAP kinases in S. cerevisiae exposed to acetic acid stress
(Mollapour et al. 2009).

In fact, such a weak acid stress response is different from the adaptation to the
hyperosmotic stress. At pH 6.8 on glucose medium cultures, acetic acid is almost
entirely dissociated to the acetate anion, and inhibition of S. cerevisiae cell growth
is observed at very high concentrations of acetate for example, 500 mM. This
condition induces a typical HOG response to sodium acetate salt stress (Hohmann
2009; Mollapour and Piper 2006). In this case, the expression of GPDI, encoding
glycerol-3-phosphate dehydrogenase catalyzing the first step of glycerol
biosyntheis from dihydroxyacetonephosphate, is induced with the increased intra-
cellular glycerol level to counteract hyperosmotic stress. At pH 4.5, acetic acid is
substantially undissociated; a much lower acetate level (100 mM) is needed to
cause comparable growth inhibition, with GPD] transcript displaying only a slight,
transient induction and declining of intracellular glycerol (Mollapour and Piper
2006). Therefore, in a weak acid-specific manner, the Hoglp-directed destabiliza-
tion of Fpslp eliminates the route for acetic acid entry to the cell, generating a
resistance to varied levels of acetic acid that would otherwise prove toxic
(Mollapour et al. 2008).

3 Acetic Acid-Induced Programmed Cell Death

Under certain conditions, yeast S. cerevisiae undergoes a programmed cell death
process in response to lethal concentrations of acetic acid. Recent achievements in
the characterization of cell components and mechanisms involved in yeast acetic
acid-induced programmed cell death are discussed below.

3.1 Mechanisms

The term programmed cell death (PCD) describes a highly heterogeneous process
regulated by distinct but sometimes overlapping pathways including apoptosis,
autophagic cell death, and necrosis according to their morphology (Kroemer et al.
2009). Apoptosis is activated in multicellular organisms, like mammals, with a
diverse physiological role, as it is in normal development, cell differentiation,
immune response, stress response, and the demise of damaged cells. Morphological
hallmarks of apoptotic cells include cell shrinkage, nuclear condensation, chromo-
somal DNA fragmentation, and membrane “blebbing,” culminating in the forma-
tion of apoptotic bodies which are eventually removed by phagocytosis
(engulfment). In addition, apoptosis is inhibited by the protein synthesis inhibitor
cicloheximide. A variety of pro- and anti-apoptotic factors is involved in the onset
and execution of mammalian apoptosis, including plasma membrane receptors and
mitochondrial proteins. Indeed, mitochondria play a pivotal role in apoptosis as the
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receivers, integrators, and transmitters of death signals (Goldenthal and Marin-
Garcia 2004).

Since the discovery of a yeast mutant exhibiting apoptosis hallmarks (Madeo
et al. 1997), compelling evidence has been gathered showing that the unicellular
eukaryote S. cerevisiae can undergo a PCD process. Thus, due to the high degree of
conservation of genes and proteins between S. cerevisiae and higher eukaryotes,
yeast has been established as a model system to investigate how PCD occurs, in
particular to identify regulatory pathways responsible for physiological and patho-
logical processes in eukaryotes. Yeast PCD, which is triggered by a variety of
endogenous and exogenous stimuli including gene mutations, aging, and heterolo-
gous expression of human pro-apoptotic proteins, shares most of the biochemical
and morphological hallmarks of mammalian apoptosis, including cycloheximide
inhibition, nuclear condensation, and DNA fragmentation (see Carmona-Gutierrez
et al. 2010a).

As described above, it is known that under certain conditions acetic acid can
cause cell demise in yeast (Pinto et al. 1989). In an attempt to characterize the mode
of cell death occurring in glucose-repressed yeast cells exposed to acetic acid at pH
3.0, it was found that S. cerevisiae commits to a PCD process in response to
20-80 mM acetic acid (AA-PCD) (Ludovico et al. 2002; Ludovico et al. 2001;
Ribeiro et al. 2006). Interestingly, Z. bailii, known to be more weak acid resistant
than S. cerevisiae, was also shown to undergo the AA-PCD but only in response to
higher concentrations of acetic acid at 320—-800 mM (Ludovico et al. 2003). It needs
to be pointed out that when acetic acid was used at concentration higher than
80 mM, S. cerevisiae cell death was not inhibited by cycloheximide and showed
ultrastructural alterations typical of necrosis (Ludovico et al. 2001).

Apparent, physiologically relevant mechanisms of the PCD are present in yeast
which function as important regulators for yeast cell populations (Gourlay et al.
20006; Severin et al. 2008; Vachova and Palkova 2005). In nature, S. cerevisiae can
be found in acidic environments such as rotten fruit and other decomposed plant
materials. When exploited for biotechnology applications, yeasts and other com-
petitor microbes are able to produce monocarboxylic acids, including acetic acid, as
end products of metabolism with a consequent acidification of their surroundings.
Thus, the capability of S. cerevisiae to cope with acetic acid stress should be
assumed as a physiological behavior. On the other hand, S. cerevisiae cell suicide
has been suggested to be physiologically relevant to increase the fitness of the
whole cell population (Longo et al. 2005; Severin et al. 2008), as an altruistic role of
yeast cell death. In this context, the gradual acidification of the culture medium due
to accumulation of acetic acid in the aged culture as a result of glycolysis might
contribute to a quorum-sensing mechanism (Knorre et al. 2005). Consistently,
acetic acid has been shown to accumulate in aged yeast cultures and to be the
primary cause of chronological aging in a population of nondividing yeast cells
(Burhans and Weinberger 2009; Burtner et al. 2009).

At present, many yeast genes and proteins, orthologues of mammalian apoptosis
regulators, have been identified, and their roles investigated in yeast cell death
pathways (Carmona-Gutierrez et al. 2010a; Frohlich et al. 2007; Greenwood and
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Ludovico 2009). However, certain processes occurred in mammalian apoptosis
were not observed as the same manner in yeast PCD induced by different stimuli
such as acetic acid. These processes include reactive oxygen species (ROS) accu-
mulation, activation of proteolytic systems such as metacaspase, and the release of
pro-apoptotic mitochondrial proteins, e.g., cytochrome ¢ (cyt ¢) to the cytoplasm
(Carmona-Gutierrez et al. 2010a; Eisenberg et al. 2007; Madeo et al. 2009; Pereira
et al. 2008).

3.2 Generation of Reactive Oxygen Species

The generation of ROS is a common feature of the PCD in a variety of organisms,
where the ROS can either activate pathways to save the cell from demise or impair
the cellular redox balance or trigger the PCD. Numerous apoptotic stimuli, includ-
ing the addition of hydrogen peroxide or acetic acid, glutathione depletion,
hyperosmotic stress of high glucose concentration, and pheromone and
amiodarone, cause increased ROS production in yeast cells (Ludovico et al. 2002;
Madeo et al. 1999; Pozniakovsky et al. 2005; Silva et al. 2005). The key role of
ROS in the commitment of yeast cells to PCD is now largely recognized, and many
questions concerning the relationships between yeast apoptosis and ROS generation
can be fully addressed. The main questions are as follows: What ROS are involved
in cell death process, and where are they generated? What are the target/s of the
ROS, and how are they targeted? Are ROS directly triggering AA-PCD or as
secondary products of the apoptotic cascade (Perrone et al. 2008)? A study on the
role of oxidative stress in yeast cells en route to AA-PCD has been carried out with
the aim to gain insight into these issues. It has been shown that acetic acid leads to
early intracellular H,O, accumulation with the increased H,O, levels occurring at
15 min after death induction. Then the H,O, levels decrease after 60 min when they
are undetectable. On the other hand, accumulation of superoxide anion is observed
only at a later time (90 min) (Guaragnella et al. 2007). The observed difference in
the time course of H,O, and superoxide anion is in favor of a different role for the
two species during AA-PCD.

The level of intracellular ROS is under the control of the antioxidant system,
including superoxide dismutase (SOD) and catalase, responsible for scavenging
superoxide anion and hydrogen peroxide, respectively. Activities of the SOD and
catalase have been assayed en route to AA-PCD. The SOD activity increases after
AA addition, reaching a maximum at 15 min, and decreases afterward. On the other
hand, the catalase activity is undetectable during the AA-PCD (Giannattasio et al.
2005). Whether the catalase undergoes enzyme inactivation and/or degradation in
the AA-PCD cells remain to be elucidated. Although autophagic programmed cell
death occurs as a result of selective catalase degradation in mouse cell lines (Yu
et al. 2006), autophagy has shown not to be activated in the AA-PCD (Pereira et al.
2010).
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Catalase has a protective function under several stress conditions in S. cerevisiae
(Schuller et al. 1994). Accordingly, in cells overexpressing cytosolic catalase,
encoded by CTT1 gene, the AA-PCD was prevented (Guaragnella et al. 2008). In
these cells, a lower level of H;O, was detected compared to the control cells. In
cells overexpressing cytosolic SOD, encoded by SOD1 gene, the AA-PCD was
exacerbated and H,O, levels were higher than the control cells. Together, these data
suggested a major role for H,O, in modulating yeast cell response to acetic acid.

Confirmation of the protective role of the catalase in S. cerevisiae AA-PCD is
that yeast cells develop an adaptive response to the AA-PCD when exposed to
extracellular acidification at pH 3.0 (Giannattasio et al. 2005). Under these
conditions, high levels of both SOD and catalase activities with low levels of
both superoxide anion and H,O, were found (Guaragnella et al. 2007). In general,
these data indicate a role of H,O, acting as a second messenger to start the apoptotic
cascade triggered by acetic acid. The relationships among the ROS and other
biochemical events of the AA-PCD, including cyt ¢ release and caspase activation
(see below) have been investigated. Either cyt ¢ release or caspase activation
resulted to be inhibited by the antioxidant N-acetyl-L-cysteine (Guaragnella et al.
2010b), which further supports the role of H>O, causing the AA-PCD.

At what cellular levels and how acetic acid leads to the intracellular superoxide
and H,O, generation remains to be investigated. Certainly mitochondria are the
major source of ROS in the AA-PCD (Eisenberg et al. 2007; Ludovico et al. 2002).
Moreover, it has been proposed that the occurrence of intracellular acidification,
following acetic acid treatment, causes superoxide protonation to HO,", which is
one of the most aggressive ROS. In this death cascade, the protein Ysp2p, localized
into mitochondria, has been shown to act downstream of ROS and play a major role
in mediating mitochondrial thread-to-grain transition en route to the PCD (Sokolov
et al. 2006). Such a process proved to be a necessary step in various types of
apoptosis (Frank et al. 2001), including yeast PCD induced by acetic acid or H,O,
(Fannjiang et al. 2004). Impairment of cytochrome ¢ oxidase has been shown en
route to the AA-PCD (Giannattasio et al. 2008; Pereira et al. 2007). It might also
cause the increased ROS production in AA-PCD cells (Richter et al. 1995).

3.3 The Role of Metacaspase-Encoding YCA1 Gene

Proteolytic systems are the major executors of degradation of cell components in
mammalian apoptosis. Caspases are cysteine proteases playing a crucial, but
sometimes facultative, role in the initiation and execution of most cell death
pathways in higher eukaryotes (Atlante et al. 2003; Leist and Jaattela 2001). Two
caspase-related protein families have been identified: paracaspases, found both in
animals and other organisms lacking caspases, and metacaspases, found in plants,
fungi, and protozoa (Uren et al. 2000). S. cerevisiae contains only one metacaspase
encoded by YCAI gene, with its protein product regulating the PCD process (Madeo
et al. 2002). However, regarding to the mode of induction for the PCD, either
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YCAI-dependent or YCAI-independent pathways have been recognized in yeast
(Madeo et al. 2009).

Metacaspase of S. cerevisiae shows cleavage specificity different from that of
caspases since it can hydrolyze proteins after arginine or lysine residues, but not
after aspartate (Watanabe and Lam 2005). Although most targets of the yeast
metacaspase are unknown, the phylogenetically conserved Tudor staphyloccocal
nuclease has recently shown to be the first metacaspase substrate to be identified in
plants; interestingly, it was shown to be cleaved also by caspase-3 in mammals and
to have a role in programmed cell death in both organisms (Sundstrom et al. 2009).
Nonetheless, the clear role and functions of metacaspase in yeast PCD remain
unknown (Carmona-Gutierrez et al. 2010b). As far as the AA-PCD is concerned,
YCAI-lacking cells have been shown to undergo PCD as observed in wild-type
cells, but with a lower death rate. A caspase-like activity has been shown to be
specifically activated en route to AA-PCD in a late phase (200 min) and to be
dependent on YCAI. However, caspase-like activity inhibition does not increase
cell viability upon the AA-PCD induction, showing that YCA/ participates in the
AA-PCD independently from the caspase-like activity (Guaragnella et al. 2010a;
Guaragnella et al. 2006). On the other hand, YCAI-independent caspase activities
have also been measured en route to yeast AA-PCD (Guaragnella et al. 2010a;
Hauptmann and Lehle 2008).

Proteasomal degradation system has also been implicated in the AA-PCD, a
proteasome transient activation being necessary for the AA-PCD (Valenti et al.
2008). Although acetic acid induces an early burst of H,O, in YCA/ and/or cyt ¢
knockout yeast cells, it activates a ROS-independent AA-PCD pathway
(Guaragnella et al. 2010a; Guaragnella et al. 2010b). Deletion of the caspase-like
gene has shown to lead to high intracellular ROS level or a large accumulation of
oxidized proteins upon PCD induction with formic acid or H,O,, respectively (Du
et al. 2008; Khan et al. 2005). Cells of Aycal mutant were shown to accumulate
deleterious mutations with time (Severin et al. 2008). However, the basic mecha-
nism responsible for these changes remains to be established.

3.4 The Role of Mitochondria

In addition to the crucial functions for energy production and metabolic pathways,
mitochondria play a key role in integrating cell death stimuli and executing the
apoptotic program. They are the major source of the ROS (see above) and release
crucial pro-death factors, including AIF, ENDO G, and cyt c. The involvement of
mitochondria in yeast PCD has been largely recognized (Eisenberg et al. 2007,
Pereira et al. 2008). As far as the AA-PCD is concerned, the first evidence of cyt ¢
release has been reported (Ludovico et al. 2002). In a series of experiments
carried out to ascertain how cyt ¢ was released en route to the AA-PCD, it was
shown that it starts at 60 min of the AA-PCD and completes at 150 min. Degrada-
tion of the released cyt ¢ occurs later possibly due to unidentified proteases
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(Giannattasio et al. 2008). Since mitochondria are proven to be coupled when cyt ¢
has already been released, the question arises as to the role of the released cyt ¢ in
the AA-PCD. In agreement with Atlante et al. (2003), it has been shown that the
released cyt ¢ functions both as a ROS scavenger and a respiratory substrate
(Giannattasio et al. 2008). This is consistent with the antioxidant functions pro-
posed for cyt ¢ in the apoptotic cascade (Skulachev 1998) together with its role in
supplying energy for the AA-PCD execution.

Although the involvement of the ADP/ATP carrier for mitochondrial outer
membrane permeabilization and cyt ¢ release has been reported (Pereira et al.
2007), mechanisms underlying cyt ¢ release in the AA-PCD remain to be
elucidated. Interestingly, changes in the mitochondrial morphology similar to
mammalian thread-to-grain transition (Skulachev et al. 2004) have been observed
during the AA-PCD, with fragmented mitochondria subsequently removed in a late
phase of the death process (Fannjiang et al. 2004). This suggests the involvement of
phylogenetically conserved mitochondrial fission/division proteins in the release of
mitochondrial proteins to the cytosol during yeast PCD (Cheng et al. 2008).
Vacuolar protease Pep4p has shown to be released to the cytosol and playing a
role, together with the ADP/ATP carrier, in mitochondrial degradation in yeast cells
undergoing AA-PCD (Pereira et al. 2010). A progressive impairment in mitochon-
drial functions was also observed en route to the AA-PCD: collapse of the mem-
brane potential and gradual uncoupling, with a decrease in cytochrome ¢ oxidase
activity and in the amounts of cytochrome ¢ oxidase subunit II and of cytochromes
a + as. (Giannattasio et al. 2008; Ludovico et al. 2002).

Due to its genetic tractability, yeast serves as a powerful tool to study both
mechanism and the regulation of the PCD. In this regard, the AA-PCD has been
investigated in YCA/ and/or CYCI and CYC7-lacking cells. CYCI and CYC7
encode for the two isoforms of cyt ¢ in yeast. As stated above, YCAI-lacking
cells undergo the AA-PCD with typical apoptotic hallmarks, but with a death rate
slower than that of the wild type. Since no cyt ¢ release occurs in these cells, it
indicates the involvement of YCAI in the cyt ¢ release during the AA-PCD. Further
investigation is needed to confirm the YCA/ functions in this process. The evidence
of cell death of the cyt c-lacking cells via PCD following acetic acid treatment
clearly shows that cyt c release is dispensable for the AA-PCD (Guaragnella et al.
2010a).

All these findings are in favor of the existence of at least two death pathways
induced by yeast cell treatment with acetic acid: the YCA/-dependent and YCAI-
independent AA-PCD. Of course, mitochondria still play a major role in the YCAI-
independent PCD in which no cyt ¢ release takes place. Aiflp, an orthologue of
apoptosis-inducing factor AIF involved in caspase-independent mammalian apo-
ptosis in S. cerevisiae (Joza et al. 2009) is required for the AA-PCD to occur; in
particular, en route to death Aiflp moves from mitochondria to the nucleus. Its
function in PCD has been shown to be partially dependent on YCAI (Wissing et al.
2004). Thus, mitochondria play a different role in the two described AA-PCD
pathways (Fig. 2). In mammalian PCD, cyt ¢ is a component of the apoptosome
which in turn promotes caspase activation (Riedl and Salvesen 2007). No evidence
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Fig. 2 Yeast acetic acid-programmed cell death in glucose-grown cells. Acetic acid is assumed to
enter yeast cells by facilitated diffusion through the plasma membrane aquaglyceroporin Fps1p. In
the cytosol, acetic acid dissociates into acetate and protons causing intracellular acidification.
Alternative PCD pathways are induced by acetic acid in wild type (white background) and YCAI
and/or CYCI and CYC7 deletion mutants (gray background). Hydrogen peroxide (H,O;)
accumulates earlier with the increase of superoxide dismutase (SOD) activity. Cyt ¢ (c) is released
from mitochondria to the cytosol and acts as an electron donor (c,.4) to mitochondrial respiratory
chain and as superoxide anion (O,) scavenger (c,,); cyt ¢ is degraded by unidentified proteases in a
late phase. Mitochondrial functions are progressively declined as judged by decrease in mitochon-
drial membrane potential (4y) P/O ratio and cytochrome ¢ oxidase (COX) activity. YCAI is
required for cyt ¢ release. A caspase-like activity is increased in a late phase with a complete loss
of cell viability at 200 min. In the YCA/-independent AA-PCD pathway, cyt c is not released into
the cytosol, but the caspase-like activity is increased (see text for details)

of an apoptosome-like structure in yeast has been reported thus far. Nevertheless, a
complex mechanism in regulation of the caspase-like activity en route to the AA-
PCD is expected to exist. Accordingly, different effects on caspase-like activities
have been observed in AA-PCD depending on the variety of yeast mutations.
Specifically, an early and extra activation of caspase activity has been observed
in cyt c-lacking cells (Guaragnella et al. 2010a) which is a subject of continued
investigation.

Compounds, genes, proteins, and their interrelations in S. cerevisiae en route to
the AA-PCD are schematically shown in Fig. 2. Alternative PCD pathways induced
by acetic acid in wild type and YCAI and/or CYCI and CYC?7 lacking strains are
also indicated. Yeast cells lost viability 200 min after challenges with a lethal
concentration of acetic acid on a glucose medium. Acetic acid enters cells by
facilitated transport through plasma membrane aquaglyceroporin Fpslp causing
intracellular acidification. A specific and early intracellular high level of H,O, is
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detected at 15 min and then decreased and was undetectable at 60 min. In wild-type
cells, the proteasome activation starts at 60 min after the AA-PCD induction, with a
maximum at 90 min, and decreases at 150 min. The release of cyt ¢ starts at 60 min
of the AA-PCD when 60% cells remain alive and completes at 150 min. The
released cyt ¢ functions as an electron donor and a ROS scavenger. At a late
stage, there is a gradual decrease in mitochondrial coupling with a decrease in
AV and an impairment of cytochrome ¢ oxidase (COX); the released cyt c is
degraded at 200 min. Caspase-like activity progressively increases up to a maxi-
mum at 200 min. For the mutant yeast cells, cyt ¢ is not released en route to AA-
PCD, but a late caspase-like activity increase is observed.

4 Conclusions and Perspectives

The occurrence of an orchestrated course of events triggered by acetic acid and
leading either to cell adaptation to weak acid stress or to cell demise is illustrated in
S. cerevisiae. Yet, the relations between yeast PCD regulators and components of
the intracellular signaling cascade activated by acetic acid stress remain unknown.
Recent findings on yeast adaptation response under the acidic stress to protect yeast
cells from the AA-PCD (Giannattasio et al. 2005) are of special interest. The
Hoglp-dependent degradation of Fpslp has been hypothesized as a mechanism of
the protection from the AA-PCD (Mollapour et al. 2008). However, acetic acid is
present in the Hog1p-mediated weak acid stress adaptation mechanism as described
above (Fig. 1), whereas it was absent in the low pH medium used in the previous
observations (Giannattasio et al. 2005). A possible activation of the general stress
response pathway inducing CTT/ gene expression, as reported in yeast cells grown
in low pH media by HCI (Schuller et al. 1994), is more consistent with the observed
increase of the intracellular catalase activity. Investigation on the role of certain
signaling pathways in S. cerevisiae AA-PCD has been initiated. Target of
rapamycin (TOR) kinase signaling pathway that regulates cell growth in response
to nutrient availability, has been shown to be involved in the AA-PCD (Almeida
et al. 2009). As mentioned above, acetic acid has been identified as an extracellular
mediator of cell death during chronological aging in yeast (Burhans and
Weinberger 2009; Burtner et al. 2009). This process involves the RAS-cAMP-
PKA and the SCHY signaling pathways, which are known to control yeast cell
adaptation to nutrient availability as well as chronological lifespan in yeast (Longo
2003; Roosen et al. 2005). The SCH9 is a major component of TOR pathway
(Urban et al. 2007). Consistently, intracellular acidification, induced by weak acids
on a low pH medium, stimulates the RAS-cAMP signaling pathway, negatively
regulating cell viability (Colombo et al. 1998; Lastauskiene and Citavicius 2008).
Thus, understanding the complex intracellular regulatory network integrating cell
adaptation and death pathways in response to weak acid stress is a challenge for
future investigations, which will shed light on many aspects of eukaryotic cell
homeostasis. S. cerevisiae will continue to serve as an ideal eukaryotic model
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organism to unravel mechanisms involved in degenerative processes, answering
fundamental questions such as those regarding the different responses to apoptotic
stimuli of cells in a population, depending on variation in cellular environment as
well as cell adaptation and cell death in response to stress. Applications of yeast in
more innovative utilizations of biorefineries involve more challenges of numerous
environmental stresses (Kvitek et al. 2008; Scheckhuber et al. 2009). Ultimately,
improving the efficiency of stress response in a given yeast strain determines “its
robustness, and to a large extent, whether it is able to perform to necessary
commercial standards in industrial processes” (Attfield 1997).

Acknowledgements We thank Professor Salvatore Passarella for critical reading of the manu-
script. This work was financially supported by a grant from Fondazione Cassa di Risparmio di
Puglia and Program FIRB-MERIT [1-RBNEOS8HWLZ_012] and [1-RBNEOSYFN3_005].

References

Almeida B, Ohlmeier S, Almeida AJ, Madeo F, Leao C, Rodrigues F, Ludovico P (2009) Yeast
protein expression profile during acetic acid-induced apoptosis indicates causal involvement of
the TOR pathway. Proteomics 9:720-732

Arneborg N, Jespersen L, Jakobsen M (2000) Individual cells of Saccharomyces cerevisiae and
Zygosaccharomyces bailii exhibit different short-term intracellular pH responses to acetic acid.
Arch Microbiol 174:125-128

Atlante A, de Bari L, Bobba A, Marra E, Calissano P, Passarella S (2003) Cytochrome c, released
from cerebellar granule cells undergoing apoptosis or excytotoxic death, can generate
protonmotive force and drive ATP synthesis in isolated mitochondria. J Neurochem
86:591-604

Attfield PV (1997) Stress tolerance: the key to effective strains of industrial baker’s yeast. Nat
Biotechnol 15:1351-1357

Burhans WC, Weinberger M (2009) Acetic acid effects on aging in budding yeast: are they
relevant to aging in higher eukaryotes? Cell Cycle 8:2300-2302

Burtner CR, Murakami CJ, Kennedy BK, Kaeberlein M (2009) A molecular mechanism of
chronological aging in yeast. Cell Cycle 8:1256—-1270

Carmelo V, Bogaerts P, Sa-Correia I (1996) Activity of plasma membrane H+—ATPase and
expression of PMA1 and PMA?2 genes in Saccharomyces cerevisiae cells grown at optimal and
low pH. Arch Microbiol 166:315-320

Carmelo V, Santos H, Sa-Correia I (1997) Effect of extracellular acidification on the activity of
plasma membrane ATPase and on the cytosolic and vacuolar pH of Saccharomyces cerevisiae.
Biochim Biophys Acta 1325:63-70

Carmona-Gutierrez D, Eisenberg T, Buttner S, Meisinger C, Kroemer G, Madeo F (2010a)
Apoptosis in yeast: triggers, pathways, subroutines. Cell Death Differ. doi:10.1038/
¢dd.2009.219

Carmona-Gutierrez D, Frohlich KU, Kroemer G, Madeo F (2010b) Metacaspases are caspases.
Doubt no more. Cell Death Differ 17:377-378

Casal M, Cardoso H, Leao C (1996) Mechanisms regulating the transport of acetic acid in
Saccharomyces cerevisiae. Microbiology 142(Pt 6):1385-1390

Cheng WC, Leach KM, Hardwick JM (2008) Mitochondrial death pathways in yeast and mam-
malian cells. Biochim Biophys Acta 1783:1272-1279



Molecular Mechanisms of Programmed Cell Death Induced by Acetic Acid 71

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

DulL,SuY, Sun D, Zhu W, Wang J, Zhuang X, Zhou S, Lu Y (2008) Formic acid induces Ycalp-
independent apoptosis-like cell death in the yeast Saccharomyces cerevisiae. FEMS Yeast Res
8:531-539

Eisenberg T, Buttner S, Kroemer G, Madeo F (2007) The mitochondrial pathway in yeast
apoptosis. Apoptosis 12:1011-1023

Fannjiang Y, Cheng WC, Lee SJ, Qi B, Pevsner J, McCaffery JM, Hill RB, Basanez G, Hardwick
JM (2004) Mitochondrial fission proteins regulate programmed cell death in yeast. Genes Dev
18:2785-2797

Fernandes AR, Mira NP, Vargas RC, Canelhas I, Sa-Correia I (2005) Saccharomyces cerevisiae
adaptation to weak acids involves the transcription factor Haalp and Haalp-regulated genes.
Biochem Biophys Res Commun 337:95-103

Frank S, Gaume B, Bergmann-Leitner ES, Leitner WW, Robert EG, Catez F, Smith CL, Youle RJ
(2001) The role of dynamin-related protein 1, a mediator of mitochondrial fission, in apoptosis.
Dev Cell 1:515-525

Frohlich KU, Fussi H, Ruckenstuhl C (2007) Yeast apoptosis-From genes to pathways. Semin
Cancer Biol 17:112-121

Fuchs BB, Mylonakis E (2009) Our paths might cross: the role of the fungal cell wall integrity
pathway in stress response and cross talk with other stress response pathways. Eukaryot Cell
8:1616-1625

Gasch AP, Werner-Washburne M (2002) The genomics of yeast responses to environmental stress
and starvation. Funct Integr Genomics 2:181-192

Giannattasio S, Guaragnella N, Corte-Real M, Passarella S, Marra E (2005) Acid stress adaptation
protects Saccharomyces cerevisiae from acetic acid-induced programmed cell death. Gene
354:93-98

Giannattasio S, Atlante A, Antonacci L, Guaragnella N, Lattanzio P, Passarella S, Marra E (2008)
Cytochrome c is released from coupled mitochondria of yeast en route to acetic acid-induced
programmed cell death and can work as an electron donor and a ROS scavenger. FEBS Lett
582:1519-1525

Goldenthal MJ, Marin-Garcia J (2004) Mitochondrial signaling pathways: a receiver/integrator
organelle. Mol Cell Biochem 262:1-16

Gourlay CW, Du W, Ayscough KR (2006) Apoptosis in yeast - mechanisms and benefits to a
unicellular organism. Mol Microbiol 62:1515-1521

Greenwood MT, Ludovico P (2009) Expressing and functional analysis of mammalian apoptotic
regulators in yeast. Cell Death Differ 17:737-745

Gregori C, Bauer B, Schwartz C, Kren A, Schuller C, Kuchler K (2007) A genetic screen identifies
mutations in the yeast WARI1 gene, linking transcription factor phosphorylation to weak-acid
stress adaptation. FEBS J 274:3094-3107

Guaragnella N, Pereira C, Sousa MJ, Antonacci L, Passarella S, Corte-Real M, Marra E,
Giannattasio S (2006) YCAL1 participates in the acetic acid induced yeast programmed cell
death also in a manner unrelated to its caspase-like activity. FEBS Lett 580:6880—-6884

Guaragnella N, Antonacci L, Passarella S, Marra E, Giannattasio S (2007) Hydrogen peroxide and
superoxide anion production during acetic acid-induced yeast programmed cell death. Folia
Microbiol 7:237-240

Guaragnella N, Antonacci L, Giannattasio S, Marra E, Passarella S (2008) Catalase T and Cu,
Zn-superoxide dismutase in the acetic acid-induced programmed cell death in Saccharomyces
cerevisiae. FEBS Lett 582:210-214

Guaragnella N, Bobba A, Passarella S, Marra E, Giannattasio S (2010a) Yeast acetic acid-induced
programmed cell death can occur without cytochrome c release which requires metacaspase
YCAL. FEBS Lett 584:224-228



72 S. Giannattasio et al.

Guaragnella N, Passarella S, Marra E, Giannattasio S (2010b) Knock-out of metacaspase and/or
cytochrome c results in the activation of a ROS-independent acetic acid-induced programmed
cell death pathway in yeast. FEBS Lett 584:3655-3660

Hatzixanthis K, Mollapour M, Seymour I, Bauer BE, Krapf G, Schuller C, Kuchler K, Piper PW
(2003) Moderately lipophilic carboxylate compounds are the selective inducers of the Saccha-
romyces cerevisiae Pdr12p ATP-binding cassette transporter. Yeast 20:575-585

Hauptmann P, Lehle L (2008) Kex1 protease is involved in yeast cell death induced by defective
N-glycosylation, acetic acid, and chronological aging. J Biol Chem 283:19151-19163

Hohmann S (2009) Control of high osmolarity signalling in the yeast Saccharomyces cerevisiae.
FEBS Lett 583:4025-4029

Holyoak CD, Stratford M, McMullin Z, Cole MB, Crimmins K, Brown AJ, Coote PJ (1996)
Activity of the plasma membrane H(+)-ATPase and optimal glycolytic flux are required for
rapid adaptation and growth of Saccharomyces cerevisiae in the presence of the weak-acid
preservative sorbic acid. Appl Environ Microbiol 62:3158-3164

Joza N, Pospisilik JA, Hangen E, Hanada T, Modjtahedi N, Penninger JM, Kroemer G (2009) AIF:
not just an apoptosis-inducing factor. Ann NY Acad Sci 1171:2-11

Khan MA, Chock PB, Stadtman ER (2005) Knockout of caspase-like gene, YCAI, abrogates
apoptosis and elevates oxidized proteins in Saccharomyces cerevisiae. Proc Natl Acad Sci
USA 102:17326-17331

Klinke HB, Thomsen AB, Ahring BK (2004) Inhibition of ethanol-producing yeast and bacteria by
degradation products produced during pre-treatment of biomass. Appl Microbiol Biotechnol
66:10-26

Knorre DA, Smirnova EA, Severin FF (2005) Natural conditions inducing programmed cell death
in the yeast Saccharomyces cerevisiae. Biochem (Mosc) 70:264-266

Krebs HA, Wiggins D, Stubbs M, Sols A, Bedoya F (1983) Studies on the mechanism of the
antifungal action of benzoate. Biochem J 214:657-663

Kren A, Mamnun YM, Bauer BE, Schuller C, Wolfger H, Hatzixanthis K, Mollapour M, Gregori
C, Piper P, Kuchler K (2003) Warlp, a novel transcription factor controlling weak acid stress
response in yeast. Mol Cell Biol 23:1775-1785

Kroemer G, Galluzzi L, Vandenabeele P, Abrams J, Alnemri ES, Baehrecke EH, Blagosklonny
MYV, El-Deiry WS, Golstein P, Green DR, Hengartner M, Knight RA, Kumar S, Lipton SA,
Malorni W, Nunez G, Peter ME, Tschopp J, Yuan J, Piacentini M, Zhivotovsky B, Melino G
(2009) Classification of cell death: recommendations of the Nomenclature Committee on Cell
Death 2009. Cell Death Differ 16:3—11

Kvitek DJ, Will JL, Gasch AP (2008) Variations in stress sensitivity and genomic expression in
diverse S. cerevisiae isolates. PLoS Genet 4:¢1000223

Lambert RJ, Stratford M (1999) Weak-acid preservatives: modelling microbial inhibition and
response. J Appl Microbiol 86:157-164

Lastauskiene E, Citavicius D (2008) Influence of RAS genes on yeast Saccharomyces cerevisiae
cell viability in acidic environment. Biologija 54:150—-155

Leist M, Jaattela M (2001) Four deaths and a funeral: from caspases to alternative mechanisms.
Nat Rev Mol Cell Biol 2:589-598

Liu ZL, Blaschek HP (2010) Biomass conversion inhibitors and in situ detoxification. In: Vertes A,
Qureshi N, Yukawa H, Blaschek H (eds) Biomass to biofuels: strategies for global industries.
Wiley, UK, pp 233-259

Longo VD (2003) The Ras and Sch9 pathways regulate stress resistance and longevity. Exp
Gerontol 38:807-811

Longo VD, Mitteldorf J, Skulachev VP (2005) Programmed and altruistic ageing. Nat Rev Genet
6:866-872

Ludovico P, Sousa MJ, Silva MT, Leao C, Corte-Real M (2001) Saccharomyces cerevisiae
commits to a programmed cell death process in response to acetic acid. Microbiology
147:2409-2415



Molecular Mechanisms of Programmed Cell Death Induced by Acetic Acid 73

Ludovico P, Rodrigues F, Almeida A, Silva MT, Barrientos A, Corte-Real M (2002) Cytochrome ¢
release and mitochondria involvement in programmed cell death induced by acetic acid in
Saccharomyces cerevisiae. Mol Biol Cell 13:2598-2606

Ludovico P, Sansonetty F, Silva MT, Corte-Real M (2003) Acetic acid induces a programmed cell
death process in the food spoilage yeast Zygosaccharomyces bailii. FEMS Yeast Res 3:91-96

Madeo F, Frohlich E, Frohlich KU (1997) A yeast mutant showing diagnostic markers of early and
late apoptosis. J Cell Biol 139:729-734

Madeo F, Frohlich E, Ligr M, Grey M, Sigrist SJ, Wolf DH, Frohlich KU (1999) Oxygen stress: a
regulator of apoptosis in yeast. J Cell Biol 145:757-767

Madeo F, Herker E, Maldener C, Wissing S, Lachelt S, Herlan M, Fehr M, Lauber K, Sigrist SJ,
Wesselborg S, Frohlich KU (2002) A caspase-related protease regulates apoptosis in yeast.
Mol Cell 9:911-917

Madeo F, Carmona-Gutierrez D, Ring J, Buttner S, Eisenberg T, Kroemer G (2009) Caspase-
dependent and caspase-independent cell death pathways in yeast. Biochem Biophys Res
Commun 382:227-231

Martinez-Munoz GA, Kane P (2008) Vacuolar and plasma membrane proton pumps collaborate to
achieve cytosolic pH homeostasis in yeast. J Biol Chem 283:20309-20319

Mollapour M, Piper P (2001a) Targeted gene deletion in Zygosaccharomyces bailii. Yeast
18:173-186

Mollapour M, Piper PW (2001b) The ZbYME2 gene from the food spoilage yeast
Zygosaccharomyces bailii confers not only YME2 functions in Saccharomyces cerevisiae,
but also the capacity for catabolism of sorbate and benzoate, two major weak organic acid
preservatives. Mol Microbiol 42:919-930

Mollapour M, Piper PW (2006) Hoglp mitogen-activated protein kinase determines acetic acid
resistance in Saccharomyces cerevisiae. FEMS Yeast Res 6:1274—1280

Mollapour M, Piper PW (2007) Hog1 mitogen-activated protein kinase phosphorylation targets the
yeast Fps1 aquaglyceroporin for endocytosis, thereby rendering cells resistant to acetic acid.
Mol Cell Biol 27:6446-6456

Mollapour M, Shepherd A, Piper PW (2008) Novel stress responses facilitate Saccharomyces
cerevisiae growth in the presence of the monocarboxylate preservatives. Yeast 25:169-177

Mollapour M, Shepherd A, Piper PW (2009) Presence of the Fpslp aquaglyceroporin channel is
essential for Hoglp activation, but suppresses Slt2(Mpk1)p activation, with acetic acid stress
of yeast. Microbiology 155:3304-3311

Pearce AK, Booth IR, Brown AJ (2001) Genetic manipulation of 6-phosphofructo-1-kinase and
fructose 2,6-bisphosphate levels affects the extent to which benzoic acid inhibits the growth of
Saccharomyces cerevisiae. Microbiology 147:403—410

Pereira C, Camougrand N, Manon S, Sousa MJ, Corte-Real M (2007) ADP/ATP carrier is required
for mitochondrial outer membrane permeabilization and cytochrome c release in yeast apopto-
sis. Mol Microbiol 66:571-582

Pereira C, Silva RD, Saraiva L, Johansson B, Sousa MJ, Corte-Real M (2008) Mitochondria-
dependent apoptosis in yeast. Biochim Biophys Acta 1783:1286—1302

Pereira C, Chaves S, Alves S, Salin B, Camougrand N, Manon S, Joao Sousa M, Corte-Real M
(2010) Mitochondrial degradation in acetic acid-induced yeast apoptosis: the role of Pep4 and
the ADP/ATP carrier. Mol Microbiol. doi:10.1111/j.1365-2958.2010.07122.x

Perrone GG, Tan SX, Dawes IW (2008) Reactive oxygen species and yeast apoptosis. Biochim
Biophys Acta 1783:1354-1368

Pinto I, Cardoso H, Leao C, van Uden N (1989) High enthalpy and low enthalpy death in
Saccharomyces cerevisiae induced by acetic acid. Biotechnol Bioeng 33:1350-1352

Piper PW (1999) Yeast superoxide dismutase mutants reveal a pro-oxidant action of weak organic
acid food preservatives. Free Radic Biol Med 27:1219-1227

Piper P, Mahe Y, Thompson S, Pandjaitan R, Holyoak C, Egner R, Muhlbauer M, Coote P,
Kuchler K (1998) The pdr12 ABC transporter is required for the development of weak organic
acid resistance in yeast. EMBO J 17:4257-4265



74 S. Giannattasio et al.

Piper P, Calderon CO, Hatzixanthis K, Mollapour M (2001) Weak acid adaptation: the stress
response that confers yeasts with resistance to organic acid food preservatives. Microbiology
147:2635-2642

Pozniakovsky Al, Knorre DA, Markova OV, Hyman AA, Skulachev VP, Severin FF (2005) Role
of mitochondria in the pheromone- and amiodarone-induced programmed death of yeast. J Cell
Biol 168:257-269

Ribeiro GF, Corte-Real M, Johansson B (2006) Characterization of DNA damage in yeast
apoptosis induced by hydrogen peroxide, acetic acid, and hyperosmotic shock. Mol Biol Cell
17:4584-4591

Richter C, Gogvadze V, Laffranchi R, Schlapbach R, Schweizer M, Suter M, Walter P, Yaffee M
(1995) Oxidants in mitochondria: from physiology to diseases. Biochim Biophys Acta
1271:67-74

Riedl SJ, Salvesen GS (2007) The apoptosome: signalling platform of cell death. Nat Rev Mol Cell
Biol 8:405-413

Rolland F, Winderickx J, Thevelein JM (2002) Glucose-sensing and -signalling mechanisms in
yeast. FEMS Yeast Res 2:183-201

Roosen J, Engelen K, Marchal K, Mathys J, Griffioen G, Cameroni E, Thevelein JM, De Virgilio
C, De Moor B, Winderickx J (2005) PKA and Sch9 control a molecular switch important for
the proper adaptation to nutrient availability. Mol Microbiol 55:862-880

Scheckhuber CQ, Mitterbauer R, Osiewacz HD (2009) Molecular basis of and interference into
degenerative processes in fungi: potential relevance for improving biotechnological perfor-
mance of microorganisms. Appl Microbiol Biotechnol 85:27-35

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 Saccharomy-
ces cerevisiae CTT1 gene. EMBO J 13:4382-4389

Schuller C, Mamnun YM, Mollapour M, Krapf G, Schuster M, Bauer BE, Piper PW, Kuchler K
(2004) Global phenotypic analysis and transcriptional profiling defines the weak acid stress
response regulon in Saccharomyces cerevisiae. Mol Biol Cell 15:706-720

Severin FF, Meer MV, Smirnova EA, Knorre DA, Skulachev VP (2008) Natural causes of
programmed death of yeast Saccharomyces cerevisiae. Biochim Biophys Acta
1783:1350-1353

Silva RD, Sotoca R, Johansson B, Ludovico P, Sansonetty F, Silva MT, Peinado JM, Corte-Real M
(2005) Hyperosmotic stress induces metacaspase- and mitochondria-dependent apoptosis in
Saccharomyces cerevisiae. Mol Microbiol 58:824-834

Skulachev VP (1998) Cytochrome c in the apoptotic and antioxidant cascades. FEBS Lett
423:275-280

Skulachev VP, Bakeeva LE, Chernyak BV, Domnina LV, Minin AA, Pletjushkina OY, Saprunova
VB, Skulachev IV, Tsyplenkova VG, Vasiliev JM, Yaguzhinsky LS, Zorov DB (2004) Thread-
grain transition of mitochondrial reticulum as a step of mitoptosis and apoptosis. Mol Cell
Biochem 256-257:341-358

Sokolov S, Knorre D, Smirnova E, Markova O, Pozniakovsky A, Skulachev V, Severin F (2006)
Ysp2 mediates death of yeast induced by amiodarone or intracellular acidification. Biochim
Biophys Acta 1757:1366-1370

Sousa MJ, Rodrigues F, Corte-Real M, Leao C (1998) Mechanisms underlying the transport and
intracellular metabolism of acetic acid in the presence of glucose in the yeast
Zygosaccharomyces bailii. Microbiology 144(Pt 3):665-670

Stratford M, Anslow PA (1996) Comparison of the inhibitory action on Saccharomyces cerevisiae
of weak-acid preservatives, uncouplers, and medium-chain fatty acids. FEMS Microbiol Lett
142:53-58

Stratford M, Anslow PA (1998) Evidence that sorbic acid does not inhibit yeast as a classic ‘weak
acid preservative’. Lett Appl Microbiol 27:203-206

Sundstrom JF, Vaculova A, Smertenko AP, Savenkov EI, Golovko A, Minina E, Tiwari BS,
Rodriguez-Nieto S, Zamyatnin AA Jr, Valineva T, Saarikettu J, Frilander MJ, Suarez MF,



Molecular Mechanisms of Programmed Cell Death Induced by Acetic Acid 75

Zavialov A, Stahl U, Hussey PJ, Silvennoinen O, Sundberg E, Zhivotovsky B, Bozhkov PV
(2009) Tudor staphylococcal nuclease is an evolutionarily conserved component of the
programmed cell death degradome. Nat Cell Biol 11:1347-1354

Urban J, Soulard A, Huber A, Lippman S, Mukhopadhyay D, Deloche O, Wanke V, Anrather D,
Ammerer G, Riezman H, Broach JR, De Virgilio C, Hall MN, Loewith R (2007) Sch9 is a
major target of TORCI in Saccharomyces cerevisiae. Mol Cell 26:663-674

Uren AG, O’Rourke K, Aravind LA, Pisabarro MT, Seshagiri S, Koonin EV, Dixit VM (2000)
Identification of paracaspases and metacaspases: two ancient families of caspase-like proteins,
one of which plays a key role in MALT lymphoma. Mol Cell 6:961-967

Vachova L, Palkova Z (2005) Physiological regulation of yeast cell death in multicellular colonies
is triggered by ammonia. J Cell Biol 169:711-717

Valenti D, Vacca RA, Guaragnella N, Passarella S, Marra E, Giannattasio S (2008) A transient
proteasome activation is needed for acetic acid-induced programmed cell death to occur in
Saccharomyces cerevisiae. FEMS Yeast Res 8:400—404

Vilela-Moura A, Schuller D, Mendes-Faia A, Corte-Real M (2008) Reduction of volatile acidity of
wines by selected yeast strains. Appl Microbiol Biotechnol 80:881-890

Watanabe N, Lam E (2005) Two Arabidopsis metacaspases AtMCP1b and AtMCP2b are arginine/
lysine-specific cysteine proteases and activate apoptosis-like cell death in yeast. ] Biol Chem
280:14691-14699

Wissing S, Ludovico P, Herker E, Buttner S, Engelhardt SM, Decker T, Link A, Proksch A,
Rodrigues F, Corte-Real M, Frohlich KU, Manns J, Cande C, Sigrist SJ, Kroemer G, Madeo F
(2004) An AIF orthologue regulates apoptosis in yeast. J Cell Biol 166:969-974

Yu L, Wan F, Dutta S, Welsh S, Liu Z, Freundt E, Bachrecke EH, Lenardo M (2006) Autophagic
programmed cell death by selective catalase degradation. Proc Natl Acad Sci USA
103:4952-4957



Molecular Mechanisms of Ethanol Tolerance
in Saccharomyces cerevisiae

Menggen Ma and Z. Lewis Liu

Contents
1T INtrodUCHION ... 78
Expression of Structure and Organelle Related Genes .................ooovviiiinnn 79
3 Membrane and Cell Wall ... e 79
3.1 VACUOIE ...ttt 87
3.2 MItoChONAIION ..ottt 87
3.3 PEIOXISOIMIE ..ottt ettt ettt e e e e et e et 88
4 Amino Acid Encoding GeNes ...........ceeetmiiiiiiiitte ettt 88
4.1 TryptoPhan ......oooiiiiiiii 88
42 ProlINE ..ot 94
5 Heat Shock Proteins ........cooiiiuuiiiiiiiii i e 95
5.1 CRAPETONES ... vvveeettteeee et 95
5.2 Other FUNCHONS ...ttt ettt e 97
6 Pathway ANalysis ........oeoiiii e 99
6.1 Trehalose and Glycogen Metabolisms .............ooiiiiiiiiiiiiiiiiiiiin... 99
6.2 Glycolysis and Fermentation .................ueeiiiiiiiiiieeiiiiiiiiii it 101
6.3 Pentose Phosphate Pathway ... 101
7 Cofactor Homeostasis and Ion Transport ...............eeeiiiiiiiiiiiiiieiiiiiiiieeannn. 102
7.1 Cofactor Redox Balance ...............eeiiiiiiiiiiiiiiiii i 102
7.2 10N TIanSPOTL . ettt ettt e 102
8 Regulatory Networks .......oooiiiii e 103
8.1 Signal Transduction Pathways ...........cccooiiiiiiiiiiiiii e 103
8.2 Transcription Factors and Stress Response Element ................................ 105
9 Conclusions and Perspectives ............eeeeeiiiiiii et 108
RETETENCES . ...ttt 108

M. Ma () « Z.L. Liu

Bioenergy Research, National Center for Agricultural Utilization Research, USDA-ARS, Peoria,
IL, USA

e-mail: mgen23@hotmail.com

Z.L. Liu (ed.), Microbial Stress Tolerance for Biofuels, Microbiology Monographs 22, 77
DOI 10.1007/978-3-642-21467-7_4, © Springer-Verlag Berlin Heidelberg 2012


mailto:mgen23@hotmail.com

78 M. Ma and Z.L. Liu

Abstract The yeast Saccharomyces cerevisiae is a superb ethanol producer, yet
sensitive to ethanol at higher concentrations, especially under high gravity or very
high gravity fermentation conditions. Although significant efforts have been made
to study ethanol stress response in past decades, molecular 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. Additional evidence of ethanol tolerance has been discovered involving
numerous genes with variety of functions, multiple loci, and complex interactions,
as well as signal transduction pathways and regulatory networks. Genetic manipu-
lation of one or a few genes is unable to achieve desirable phenotype for multiple
stress tolerance. Transcription dynamics and profiling studies of key gene sets such
as heat shock proteins provided new insight into tolerance mechanisms. A transient
gene expression response or a stress response to ethanol does not necessarily lead to
ethanol-tolerant phenotype in yeast. Reprogrammed pathways and interactions of
cofactor regeneration and redox balance revealed by time-course studies suggest
constitutive gene expression response is important for ethanol tolerance. Fine-tuned
expression of key transcription factor genes, which regulate numerous genes
associated with ethanol stress, may achieve desirable phenotype and avoid side
effect to cell growth at the same time.

1 Introduction

The yeast Saccharomyces cerevisiae has been widely used for alcohol related
brewing and fermentation for thousands of years (Legras et al. 2007). In recent
years, with increasing price of fossil oil and its accelerating depletion, bioethanol
production for transportation energy has received widespread attention due to its
renewable and sustainable productivity, as well as reduction of air pollution, and
greenhouse gas, CO,, for global warming (Outlaw et al. 2005; Liu et al. 2008;
Sanchez and Cardona 2008; Vertes et al. 2009). Low-cost and high-titer of ethanol
production are vital challenges in bio-based economy development. To achieve
cost-efficient production of bioethanol, high gravity or very high gravity fermentation
technologies to produce high concentrations of ethanol is promising due to its
reduction of capital, energy, distillation, and labor costs. S. cerevisiae is a desirable
ethanol producer among numerous fermentative microorganisms (Lin and Tanaka
2006; Liu et al. 2008). However, it is sensitive to high concentrations of ethanol.
Ethanol diffuses freely across biological membranes in yeast cells allowing equali-
zation of ethanol concentrations between intracellular and extracellular of cells. As
a result, the increased ethanol concentration inhibits cell growth, affects cell
viability, and reduces ethanol fermentation rate and final yield (Casey and Ingledew
1986; D’ Amore and Stewart 1987; D’ Amore et al. 1990; Bai et al. 2004; Pina et al.
2004; Ding et al. 2009). At high concentrations, ethanol has been shown to perturb
protein conformation causing protein denaturation and dysfunction (Millar et al.
1982; Pascual et al. 1988); affect uptake of glucose, maltose, ammonium, and
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amino acids; and cause leakage of nucleotides, amino acids, and potassium
(Piper 1995).

Developing high ethanol-tolerant strain is desired for bioethanol production
from biomass. Ethanol tolerance varies in yeast strains. Some strains are able to
accumulate ethanol up to 20% in final fermentation (Hara et al. 1976a, b; Ogawa
et al. 2000). Molecular mechanisms of ethanol tolerance have been studied for
decades. Several hundred genes were identified to be associated with ethanol
tolerance, which involves a broad range of functional categories, including mem-
brane and cell wall organization, heat shock proteins, amino acid metabolism,
nucleotide metabolism, transport, cell cycle and growth, lipid metabolism, fatty
acid, and ergosterol metabolism (Gasch et al. 2000; Alexandre et al. 2001; Chandler
et al. 2004; Kubota et al. 2004; Fuyjita et al. 2006; van Voorst et al. 2006;
Auesukaree et al. 2009; Dinh et al. 2009; Teixeira et al. 2009; Yoshikawa et al.
2009; Ma and Liu 2010a). Every single gene showing induced expression by
ethanol possesses multiple functions (Tables 1 and 2) that further complicate
interpretation of gene interactions and relationships. This chapter mainly focuses
on our current understanding of molecular mechanisms to ethanol tolerance based
on comprehensive gene expression and regulatory network analyses.

2 Expression of Structure and Organelle Related Genes

Under ethanol stress conditions, remodeling of cell structures and organelles occurs
to maintain cell functions. Expression dynamics of many genes involved in cell
wall, membrane, vacuole, mitochondrion, and peroxisome reflect such functions to
ethanol tolerance.

3 Membrane and Cell Wall

Cell membranes, especially plasma membrane, are considered as main target sites
of ethanol (D’ Amore and Stewart 1987). Many genes involving membrane compo-
sition were identified to be associated with ethanol tolerance. Monounsaturated
fatty acids, including palmitoleic acid and oleic acid in the S. cerevisiae, are key
plasma membrane components to compensate deficits caused by ethanol stress
through increasing the fluidity of the plasma membrane. Both palmitoleic acid
and oleic acid were formed by the same catabolic membrane desaturase encoded
by OLE] through oxygen- and NADH-dependent desaturation of palmitic acid and
stearic acid, respectively (Stukey et al. 1989, 1990). The amount of these two
unsaturated fatty acids (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 by supplementation with synthetic monoun-
saturated fatty acids to medium and expression of insect desaturase TniNPVE in
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Table 1 Gene Ontology (GO) categories and terms for significantly induced genes by ethanol in

Saccharomyces cerevisiae

GO ID GO term

Gene(s) annotated to the term

Cellular component
GO:0005737 Cytoplasm

GO:0005739 Mitochondrion

GO:0016020 Membrane

GO0:0005634 Nucleus

GO:0005624 Membrane fraction

GO:0005773 Vacuole

SSAIL, CDC19, PRX1, SSA3, ATGS, NTH2, ETRI,
YRO2, HSP26, TPS1, YBRI39W, ADH5, RTC2,
TOS1, SSE2, SDS24, YBR287W, GRX1, GLK1,
YCLO42W, PDI1, CIT2, PGKI, GPM2, GPDI,
YDLI24W, STF1, SFAI, COS7, NTHI, TPS2,
SEDI, HSP42, SDH4, YDR248C, HSP78, CCC2,
HXT7, HXT6, GRX2, EMI2, EUGI, GLC3,
UBCS, SPF1, CYC7, YEL047C, PRB1, YAT2,
PIC2, GIP2, HOR2, RGl1, SER3, SSA4, COX15,
HSPI12, GSY1, HXKI, PNCI1, PKP2, PYCI,
STF2, CTTI, RTS3, TDH3, PDX1, PCTI, SOLA,
ENOI, GND2, COS6, AIM17, SOD2, ARG4,
GRE3, ENO2, CTR2, OYE2, PFK26, YJLO16W,
TDHI, MPM1, KHAI, OPI3, UGPI, LHSI,
LAP4, MCRI, YKLI51C, SSA2, HSP104, TPO1,
UBI4, AHPI, PUTI, CPR6, GSY2, ATP14,
DAKI, ATP18, TSLI, EROI, ADH3, PGM2,
ALD2,ICY1, HOR7, ADH2, PBI2, APJI,
YNLI134C, CIT1, DDR2, ATP19, ADHI, MCH4,
GRE2, GCYI, SRLI, RDLI, FAAI, ALD4,
IRC15, SSEI, HSPS82, ATHI, GPHI, GDBI1

PRXI, NTH2, ETRI, YRO2, RTC2, CIT2, PGKI,
STF1,SFAl,COS7,TPS2,SEDI, SDH4, HSP7S,
HXT7, HXT6, GRX2, SPF1, CYC7, YELO47C,
PIC2, COX15, GSYI, HXKI, PKP2, STF2,
TDH3, PDX1, ENOI, AIM17, SOD2, ENO2,
OYE2, TDHI, MPM1, KHAI, OPI3, MCRI,
SSA2, PUTI, ATP14, ATP1S, ADH3, APJ1,
CITI, ATP19, RDLI, FAAI, ALD4, GDBI

SSAl, ATGS8, AGP1, HSP30, PMP1, STF1, SDH4,
CCC2, HXT7, HXT6, PDRI5, SPF1, COXIS5,
DDII, HSP12, STF2, ENO2, CTR2, KHAI,
MCRI, PTR2, SSA2, TPOI, YPS3, ATP14,
ATPIS,ICY1, HOR7, MEP2, ATP19, MCH4,
RDLI, FAAI, SSU1, DIPS

SSAI, APN2, HSP26, ADH5, GRX1, RPN4,
YDLI24W, HOR2, RGl1, SSA4, GRX4, HSP12,
PNCI, NOM1, RTS3, PCTI, SOL4, COSS,
PCL5, GRE3, OYE2, PHD1, HSP104, HHT2,
APJI, YNLI134C, GRE2, GCYI, GSP2

SSAl, CDCI19, GLK1, PGKI, HSP30, YDLI24W,
HXT7, HXT6, YEL047C, HSP12, TDH3, ENOI,
GND2, ENO2, TDHI, MPM1, UGP1, PTR2,
SSA2, AHPI, HOR7, ADHI, FAAI

SSAI, ATGS, YBRI39W, TOS1, PRBI, ENOI,
COS6, ENO2, CTR2, LAP4, SSA2, TPO1, ICY1,
PBI2, DDR2, MCH4, SRLI, ATH1

(continued)
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Table 1 (continued)

GO ID GO term

Gene(s) annotated to the term

GO:0005886 Plasma membrane

GO:0005618 Cell wall

GO0:0005740 Mitochondrial envelope
GO:0005783 Endoplasmic reticulum

GO:0012505 Endomembrane system
GO:0005777 Peroxisome
GO:0005794 Golgi apparatus
GO0:0005933 Cellular bud
GO0:0005840 Ribosome
GO0:0005856 Cytoskeleton
GO:0005576 Extracellular region
Cytoplasmic membrane-
GO0:0016023 bounded vesicle
GO:0030427 Site of polarized growth
GO:0005694 Chromosome
GO:0005575 Cellular component
unknown

Other Other
Biological process
GO:0006950 Response to stress

GO0:0044262 Cellular carbohydrate
metabolic process

GO:0006810 Transport

AGPI,HSP30,PMP1 HXT7 HXT6,DDI1 HSP12,
ENO2,PTR2,TPO1,YPS3, HOR7 MEP2,SSU1,
DIP5

SSAIL, TIP1, TOS1, SEDI, SP11, TDH3, FLOS,
TDHI, HSP150, SSA2, YPSI, HOR7, SRLI,
ATHI

STF1, SDH4, CYC7, COX15, STF2, MCRI1, ATP14,
ATP18, ATP19, RDLI, FAAI

YBR287W, PDI11, EUGI, SPF1, OPI3,LHSI, EROI,
HOR7, RDLI

CCC2, SPF1, PCTI, COSS8

CIT2, GPDI, PNCI

CCC2, PCTI, KHAI

YRO2, TPOI, SRLI

SEDI, YELO47C

HSP42, IRC15

HSP150, YGPI

cece2

SRLI

HHT2

YCROI13C, YDRI33C, YFLO66C, YGL117W,
YGRI146C, PAUI13, YHLO50C, YKLO44W,
GLGI, YMROI8W, YOL157C, SIAl, OYE3,
HSP32

ADH7, HSP31, UGAI

SSAI, APN2, PRX1, SSA3, ATGS, HSP26, TPS1,
GRX1, HSP30, RPN4, GPD1, YDLI24W, NTH1,
TPS2, HSP42, HSP78, GRX2, PRB1, HOR2,
SSA4, GRX4, HSP12, STF2, CTTI, SOD2,
GRE3, LHS1, MCR1, SSA2, HSP104, UBI4,
AHPI, DAKI, TSLI1, HOR7, DDR2, GRE2,
GCYI1, HSPS2, ATHI

CDC19, NTH2, TPS1, GLKI, CIT2, PGKI, NTHI,
TPS2, YDR248C, GLC3, UBCS, SPF1, GIP2,
HOR2, GSYI, HXKI, PYCI, TDH3, SOILA4,
ENOI, GND2, ENO2, PFK26, TDHI, UGP1,
GLGI, HSP104, GSY2, DAKI, TSL1, PGM2,
ATHI, GPHI, GDBI

SSAI, SSA3, ATGS, SDS24, AGPI, GLKI, PMPI,
HSP78, CCC2, HXT7, HXT6, PDRI1S, SPF1I,
PIC2, SSA4, DDI1, HXKI, CTR2, KHAI, LHSI,
PTR2, SSA2, TPOI, ATP14, ATP18, MEP2,
ATP19, MCH4, SIAI, FAAI, SSUI, HSPS2,
DIP5

(continued)
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GO ID GO term Gene(s) annotated to the term
GO:0006091 Generation of precursor CDCI19, ETRI, ADH5, GLK1, PGKI, SDH4, GLC3,
metabolites and energy CYC7, GIP2, HOR2, GSY1, HXKI, TDH3,
ENOI, ENO2, PFK26, TDHI, UGPI, GLGI,
GSY2, ATP14, ATP18, ADH3, PGM2, ADH2,
CITI, ATP19, ADHI, GPHI, GDBI
G0:0042221 Response to chemical PRX1, TPSI, TOSI, GRX1, RPN4, YDLI124W,
stimulus PDRI15, GRX2, EMI2, SP11, GRX4, HSP12,
CTT1, SOD2, GRE3, LHS1, MCRI1, HSP104,
AHP1, GCY1
GO:0006519 Cellular amino acid and ADHS, CIT2, SFAI, YAT2, SER3, UGAI, PCTI,
derivative metabolic ARG4, OPI3, PUTI,ADH3, ALD2, ADH2, CITI,
process ADH]
GO:0006457 Protein folding SSAI, SSA3, HSP26, SSE2, PDI1, HSP78, EUGI,
SSA4, SSA2, HSP104, CPR6, EROI, SSEI,
HSP82
GO:0051186 Cofactor metabolic process ADHS, GPDI,SDH4,COX15, PNCI, PYCI, PDXI,
SOL4, GND2, ADH3, ADH2, CIT1, ADH1,
ALD4
GO0:0006766 Vitamin metabolic process ADHS, GPDI, YAT2, PNCI, PYCI, SOL4, GND2,
ADH3, ADH2, ADHI, ALD4
GO:0019725 Cellular homeostasis PRX1, GRXI, GPD1, CCC2, GRX2, SPF1, GRX4,
AHP1, PGM?2
GO:0006464 Protein modification process UBCS, SPF1, GIP2, PKP2, UGP1, UBI4, EROI,
FAAI
GO0:004255  Cellular lipid metabolic ETRI, PCTI1, OPI3, MCRI1, GRE2, FAAI
process
GO0:0046483 Heterocycle metabolic SFAI, COX15, PUTI, ATP14, ATP18, ATP19
process
GO0:0006350 Transcription RPN4, EMI2, PNC1, PCLS5, PHD1
GO:0016044 Membrane organization ATGS8, SDS24, ENOI, ENO2, PBI2
GO0:0045333 Cellular respiration ETRI, SDH4, CYC7, CIT1
GO:0007005 Mitochondrion organization SSAI, SED1, HSP78, HSPS2
GO:0007047 Cell wall organization TIP1, SEDI, HSP150, YPS3
GO:0006259 DNA metabolic process APN2, RPN4, IRC15, HSP§2
GO0:0044257 Cellular protein catabolic UBCS, PRBI1, DDI1, LAP4
process
GO0:0007033 Vacuole organization ENOI, ENO2, PBI2
GO0:0051276 Chromosome organization  HHT2, IRC1S5, HSPS2
GO0:0030435 Sporulation resulting in EMI2, PRBI, UBI4
formation of a cellular
spore
GO0:0016070 RNA metabolic process EMI2,PNCI,PHDI
GO0:0016192 Vesicle-mediated transport ~ ATGS8, SDS24, DDI1
GO:0007010 Cytoskeleton organization — HSP42, IRCI15
GO0:0007049 Cell cycle RPN4, IRC15
GO:0007124 Pseudohyphal growth PHDI, MEP2
GO:0006412 Translation SSAI, HSP78
GO:0000910 Cytokinesis SDS24

(continued)
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Table 1 (continued)

GO ID GO term Gene(s) annotated to the term

GO:0007059 Chromosome segregation IRC15

GO:0007126 Meiosis IRC15

GO0:0016050 Vesicle organization ATGS

GO0:0006997 Nucleus organization GSP2

GO:0070271 Protein complex biogenesis HSP82

GO:0006725 Cellular aromatic compound YDLI24W

metabolic process

GO:0008150 Biological process unknown YRO2, RTC2, YBR287W, YCL0O42W, YCROI13C,
GPM2, COS7,YDRI33C, HSP31, RGII,
YFLO66C, YGL117W, NOM1, YGRI146C, RTS3,
COS6, AIM17, PAUI3, COSS, YHLO50C, OYE2,
YJILO16W, MPM1, YKLO44W, YKLI51C,
YMROIEW, ICY1, APJI, YNLI34C, YOLI57C,
RDLI, OYE3, HSP32

Other Other YBRI39W, ADH7, STF1, YEL047C, FLOS, YPSI,

Molecular function

GO:0016491

GO0:0016787

G0:0016740

GO:0005515

G0:0005215

G0:0030234
G0:0008233

GO:0016853
G0:0016829
GO:0005198
GO:0016874
GO0:0003677

Oxidoreductase activity

Hydrolase activity

Transferase activity

Protein binding

Transporter activity

Enzyme regulator activity
Peptidase activity

Isomerase activity

Lyase activity

Structural molecule activity
Ligase activity

DNA binding

YGPI, SRLI

PRX1, ETRI, ADH5, GRX1, PDIl1, ADH7, GPDI,
YDLI124W, SFAl, SDH4, GRX2, EUGI,
YELO47C, SER3, COX15, GRX4, CTT1, TDH3,
GND2, SOD2, GRE3, OYE2, TDHI, MCRI,
AHPI, PUTI, EROI, ADH3, ALD2, ADH?2,
YNLI34C, ADHI, GRE2, GCYI1, ALD4, OYE3

SSAI, APN2, SSA3, NTH2, TIP1, YBR139W, NTH1,
TPS2, HSP78, CCC2, PDRIS, HSP31, SPF1,
PRBI1, HOR2, SSA4, PNC1, SOL4, YHLO50C,
LAP4, SSA2, HSP104, YPS1, YPS3, ATP14,
TSLI, GSP2, HSPS82, HSP32, ATHI, GDBI

CDC19, TPS1, GRX1, GLKI, CIT2, PGK1,
YDR248C, GRX2, GLC3, YAT2, GSY1, HXKI,
PKP2, UGAI, NOM1, PCTI, PFK26, OPI3,
UGPI1,GLGI,GSY2,DAKI,TSL1,CITI,IRCIS,
GPHI, GDBI

SSAI, SSA3, HSP26, HSP42, HSP78, HSP31, SSA4,
DDII, PDX1, LHSI, SSA2, HSP104, UBI4,
CPR6, APJ1, IRC15, HSP82, HSP32

AGPI,CCC2, HXT7, HXT6, PDRI1S, SPF1, PIC2,
CTR2, KHAI, PTR2, TPOIl, ATP14, ATP1S,
MEP2, ATP19, MCH4, SSU1, DIP5

SSE2, PMP1, GIP2, PCLS5, LHSI, TSL1, PBI2, SSE1

YBRI39W, HSP31, PRB1, LAP4, YPSI, YPS3,
HSP32

PDII, GPM2, EUGI, CPR6, PGM2

APN2, ENOI, ARG4, ENO2

TIPI, SEDI, HSP150, YPS3

UBCS, PYCI1, FAAI

RPN4, PHDI ,HHT?2

(continued)
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Table 1 (continued)

GO ID GO term Gene(s) annotated to the term

GO0:0016779 Nucleotidyltransferase PCTI, UGPI
activity

GO0:0030528 Transcription regulator RPN4, PHDI
activity

GO:0004672 Protein kinase activity PKP2

GO0:0004871 Signal transducer activity Ccos7

GO:0004386 Helicase activity YHL050C

GO0:0003674 Molecular function ATGS, YRO2, RTC2, TOS1, SDS24, YBR287W,
unknown YCL0O42W, YCRO13C, HSP30, GPM2, STF1,

YDRI33C, EMI2, RGlI, SP1l, HSP12,
YFLO66C, YGLI17W, STF2, YGR146C, RTS3,
COS6, AIM17, PAUI3, COSS, YILOI16W,
MPM]1, YKLO44W, YKLI151C, YMROISW, ICY1,
HOR7, YGPI1, DDR2, YOLI57C, SIAI, SRLI,
RDLI

Other Other CYC7, FLOS

Source: 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 (2010a). Function of gene products was classified using
Gene Ontology (GO) Slim Mapper (http://www.yeastgenome.org/cgi-bin/GO/goSlimMapper.pl)

S. cerevisiae (You et al. 2003). ELOI and OLEI encode enzyme in the important
steps for oleic acid synthesis. Expression of ELOI was enhanced by ethanol in
ethanol-tolerant strain Y-50316 (Ma and Liu 2010a). Although transcription of
OLE], encoding enzyme for the last step of oleic acid biosynthesis, was repressed
by ethanol, its transcription level in ethanol-tolerant strain was significantly higher
than its parental control. Ergosterol is one of the major components in cellular
membrane associated with plasma membrane fluidity. Higher ergosterol content in
yeast was found to be associated with higher ethanol tolerance (del Castillo Agudo
1992). This was further confirmed by defective growth of deletion mutants under
ethanol stress, including ERG2, ERG3, ERGS, ERG6, ERG24, and ERG2S; all
involved in ergosterol biosynthesis (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, ETRI, GPD1, DAKI, PCTI1, OPI3, MCRI, FAAI, and GRE2
involved in fatty acid, lipid, and isoprenoid metabolism were reported to be up-
regulated under ethanol stress (Ogawa et al. 2000; Alexandre et al. 2001; Chandler
et al. 2004; Ma and Liu 2010a). Except for de novo biosynthesis of fatty acids,
S. cerevisiae is also able to import a variety of exogenous saturated and poly-
unsaturated fatty acids from the growth medium and incorporate them into mem-
brane lipids rapidly (Choi et al. 1996; Xiao et al. 2010).

Ethanol-tolerant mutants K11 and SR4-3, tolerant up to 20% ethanol, showed
strong resistance to a cell wall lysis enzyme zymolyase, suggesting the cell wall’s
function in ethanol tolerance (Ogawa et al. 2000). Genome-wide studies uncovered
that up-regulated genes involving cell wall structure under ethanol stress include
TIPI for mannoprotein metabolism, SEDI for glycoprotein metabolism, SPII for
weak acid resistance, and HSP150 for cell wall organization (Ogawa et al. 2000;
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Table 2 Functional categories and terms of significantly induced genes by ethanol challenge for
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 Entries
01.05.02.04 Sugar, glucoside, polyol, 2.70E-07  NTH2, TPS1, NTH1, NQM1, PFK26,
and carboxylate UGP1, TSL1, PGM2, ATH1
anabolism
01.05.02.07 Sugar, glucoside, polyol, 2.26E-11 CDC19, NTH2, TPS1, PGK1, NTH1,
and carboxylate SDH4, NQM1, TDH3, ENOL1,
catabolism GRE3, ENO2, PFK26, TDH1,
UGP1, PGM2, CIT1, ATH1
01.05.03.01 Glycogen metabolism 1.94E-04  GSY1, GLGI1, GSY2
2.01 Glycolysis and 1.96E-12  CDC19, GLK1, PGK1, ADH7, UBCS,
gluconeogenesis HXKI1, PYC1, TDH3, PDX1, ENO1,
ENO2, PFK26, TDH1, PGM2,
YNL134c, GRE2
2.07 Pentose phosphate 3.77E-03 NQM1, SOL4, GND2, PGM2
pathway
2.11 Electron transport 2.30E-04  STF1, SDH4, CYC7, STF2, MCR1,
and membrane- ATP14, ATP18, ATP19
associated energy
conservation
2.13 Respiration 3.69E-04 ETRI, STF1, SDH4, CYC7, YEL047c,
COX15, STF2, MCR1, ATP14,
ATP18, ATP19, ALD4
2.16 Fermentation 2.56E-04  ADHS, ADH7, ADH3, ALD2, ADH2,
ADHI1, ALD4
2.19 Metabolism of energy 4.79E-14 NTH2, TPS1, NTH1, TPS2, GLC3,
reserves GIP2, GSY1, UGP1, GLG1, GSY2,
(e.g., glycogen, TSL1, PGM2, YOL157c, HSP82,
trehalose) ATH1, GPH1, GDB1
2.45 Energy conversion 2.06E-05 STF1, STF2, OYE2, ATP14, ATP18,
and regeneration ALD2, ATP19, OYE3
14.01 Protein folding and 3.51E-10  SSA1, SSA3, HSP26, SSE2, PDI1,
stabilization HSP42, HSP78, EUGI1, SSA4,
LHS1, SSA2, HSP104, CRP6,
ERO1, APJ1, SSE1, HSP82
16.21 Complex cofactor/ 1.61E-04 GPD1, YDLI124w, SDH4, SER3, GND2,
cosubstrate/vitamine OYE2, MCR1, OYE3
binding
20.01.01 Ion transport 2.47E-03  PMPI1, CCC2, SPF1, PIC2, CTR2,
KHAI1, ATP14, ATP18, MEP2,
ATP19, SSU1
20.01.15 Electron transport 5.21E-10 GRXI1, STF1, SDH4, GRX2, CYC7,

YEL047¢, GRX4, STF2, OYE2,
MCRI1, ATP14, ATP18, ERO1,
ATP19, SIAL, OYE3

(continued)
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Table 2 (continued)
MIPS ID Functionary category p-value Entries

32.01 Stress response 1.48E-19 SSA1, PRX1, SSA3, NTH2, YRO2,
TIP1, HSP26, TPS1, SSE2, GRX1,
HSP30, GPD1, NTH1, TPS2, SEDI,
HSP42, HSP78, GRX2, HSP31,
CYC7, PRB1, HOR2, SSA4, DDII,
GRX4, HSP12, STF2, NQM1,
PAU13, COSS8, SOD2, GRE3,
HSP150, LHS1, MCR1, HSP104,
UBI4, AHP1, CRP6, DAKI1, TSL1,
HOR?7, APJ1, YGPI1, DDR2, GRE2,
GCY1, SSE1, HSP82, HSP32,
ATH1

32.01.01 Oxidative stress response 1.84E-06 PRXI1, 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 PRXI1, ADHS5, GRX1, SFA1, GRX2,
GRX4, NQM1, SOD2, TPOI1,
AHP1, GRE2, SRLI, SSU1

Source: 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 (2010a). Proteins in bold indicate more
than one function have been described

Chandler et al. 2004; Ma and Liu 2010a). Other cell wall related genes reported to
be associated with ethanol tolerance by gene deletion mutant studies include SMI]
in the regulation of cell wall synthesis, ANPI, MNNI10, MNNI1I, and HOCI
encoding the four subunits of mannosyltransferase complex, LDB7 and VMA9
involved in mannoprotein biosynthesis, KRE6 encoding B-glucan synthase for
B-1, 6-glucan biosynthesis, WSC3, SLGI, and SLT2 encoding sensor-transducer
of the stress-activated PKC1-MPK1 kinase pathway involved in maintenance of
cell wall integrity, and MID2, ROM?2, 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).

Recently, 13 genes in PDR family were identified as candidate genes for ethanol
tolerance (Ma and Liu 2010a). Among which PDRI, PDR5, PDRI2,YORI, SNQ?2,
ICTI, DDII, TPOI, GRE2, and YMRI02C displayed enriched background of
transcription abundance, and PDR15, DDII, TPOI1, and GRE2 maintained higher
levels of transcription under ethanol stress over time in a tolerant strain. Many PDR
genes function as transporters of ATP-binding cassette proteins and are encoded for
plasma membrane proteins that mediate membrane translocation of ions and a wide
range of substrates. It impacts lipid and cell wall compositions and major facilitator
superfamily proteins for cell detoxifications (Jungwirth and Kuchler 2006; Gulshan
and Moye-Rowley 2007). Since plasma membrane and cell wall are major targets
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of ethanol damages, these PDR genes are hypothesized to be involved in
reconditioning and remodeling membrane and cell walls in response to ethanol
challenges (Ma and Liu 2010a).

3.1 Vacuole

Vacuole in yeast involves in numerous functional processes, including the homeo-
stasis of cell pH and the concentration of ions, osmoregulation, storage of amino
acids and polyphosphate, and degradation processes. Vacuole was demonstrated to
be associated with ethanol tolerance. Deletion mutations of many genes related to
vacuolar membrane structure and function, vacuolar protein sorting machinery,
were sensitive to 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)
(Table 3). It is known that ethanol increases membrane permeability to protons
causing increased proton influx and intracellular acidification (Cartwright et al.
1987; Rosa and Sa-Correia 1996). To counteract ethanol stress, transportation of
intracellular H to vacuoles by H" V-ATPase is important for yeast to maintain a
sound intracellular pH homeostasis (Forgac 1998; Inoue et al. 2005). Most deletion
mutants of genes encoding structural components of V-ATPase showed sensitive
response to ethanol challenges, such as VMAI, VMA2, VMA4, VMAS, VMAG6,
VMA7, VMAS, VMA9, VMAIO, VMAIl, VMAI3, VMAI6, VPHI, 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) (Table 3). In addition, VMAI2,
VMA21, VMA22, RAVI, and RAV2, involved in the assembly of the V-ATPase,
appeared to be associated with the tolerance. As anticipated, transportation of
intracellular H* to the vacuole by H V-ATPase caused vacuolar acidification in
a dose-dependent pattern (Teixeira et al. 2009).

3.2 Mitochondrion

The mitochondrion is required for ATP regeneration as source of chemical energy
and participates in the biosynthesis of phospholipids, degradation of fatty acids,
amino acids and the storage of metal ions (Scheffler 1999). Under ethanol stress,
genes encoding subunits of F-type ATP synthase (ATP14, ATPIS, ATP19) in
mitochondria were up-regulated (Dinh et al. 2009). Many ethanol-induced genes
are located in mitochondria (Table 1). The ethanol-tolerant strains exhibited a lower
frequency of ethanol-induced respiratory deficient than ethanol-sensitive strains
(Chi and Arneborg 1999). This indicates that the ethanol tolerance of S. cerevisiae
is dependent on the maintenance of functional mitochondria under the stress.
Mitochondrial superoxide dismutases (Sod1p and Sod2p) are considered important
for ethanol tolerance in S. cerevisiae in the post-diauxic phase (Costa et al. 1997).
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Since mitochondrion structure was clearly observed at the end of brewing, it was
suggested that it plays important roles during ethanol fermentation (Kitagaki and
Shimoi 2007).

3.3 Peroxisome

Peroxisomes contain enzymes for certain oxidative reactions, such as beta-
oxidation of very-long-chain fatty acids and many other metabolites. Peroxisomal
function appeared to be important for ethanol tolerance in yeast. Strains with gene
deletions of many genes, which encode proteins for peroxisomal transport machin-
ery and peroxisomal membrane protein import machinery and for peroxisomal
organization and biogenesis, were sensitive to ethanol challenge (Teixeira et al.
2009; Yoshikawa et al. 2009) (Table 3). However, all the deletion mutants of
peroxisome targeting signaling (PTS2) receptor genes (such as PEX7, PEXIS,
and PEX21) were not sensitive to ethanol as well as genes regulating peroxisome
size and numbers (such as PEXII, PEX25, PEX27, PEX2S8, PEX29, PEX30,
PEX31, and PEX32). Furthermore, strains with deletion of genes encoding lysine
biosynthesis and B-oxidation of fatty acids occurred in peroxisome were not
sensitive to ethanol (Yoshikawa et al. 2009). Thereafter, peroxisome is
hypothesized to play a role in synthesis or degradation of membrane phospholipids
in cell membrane remodeling since cells deficient in peroxisomal functions are
unable to effectively control fatty acid composition of membrane phospholipids
(Lockshon et al. 2007). Another possible role of peroxisome is to metabolize
peroxides and other reactive oxygen species (ROS), which are possibly imposed
on yeast cells indirectly under ethanol stress (Du and Takagi 2007; Schrader and
Fahimi 2004).

4 Amino Acid Encoding Genes

Amino acid biosynthesis is in general believed to be inhibited by ethanol. But
recent studies indicated that enhanced expression of genes for biosynthesis or
transportation of some amino acids increased ethanol tolerance. At least, tryptophan
and proline have been demonstrated to have such function related to ethanol
tolerance.

4.1 Tryptophan

Tryptophan is believed to be associated with ethanol tolerance. Deletion of genes
TRPI, TRP2, TRP3, TRP4, and TRPS in any step of tryptophan biosynthesis
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Table 3 Functional categories of genes whose deletion strains were sensitive to ethanol in
Saccharomyces cerevisiae

MIPS
functional
category
number

MIPS functional category p-value

Entries

01.01.09.06

01.01.09.06.01

01.05.25

2.11

02.13.03

10.03.01.01

11.02.03.01

Metabolism of tryptophan 2.91E-05

Biosynthesis of
tryptophan

Regulation of C-
compound and
carbohydrate
metabolism

Electron transport and
membrane-associated
energy conservation

Aerobic respiration

Mitotic cell cycle

General transcription
activities

11.02.03.01.04 Transcription elongation

11.02.03.04

Transcriptional control

4.21E-06

7.51E-07

9.77E-03

3.35E-09

5.12E-03

1.42E-04

2.01E-05

9.16E-04

TYR1 TRP1 TRP4 TRP2 TRP5 AROI
ARO2 PRS3 TRP3 PRS5 ARO7

TYRI TRP! TRP4 TRP2 TRP5 PRS3
TRP3 PRS5

RTG3 TPS1 CDC10 FEN2 REG1
NGG1 SNF1 MIG1 HAP2 RTG2
KREI1 SMI1 SNF6 PFK26 SWI3
GRR1 VPS25 HAP4 SNF7 ROM2
VPS36 PFK2 GLC8 SSN§ MKS1
RAS2c SIN4 POP2 RTG1 HAP5
SNF8 PHO85c GCR1 TAF14
BEM4

ATPI COX9 ATP5 QCR7 RIP1 QCR6
QCR9 RAVI ATP7 COX12 NDEI
COQ10 ATP15 QCR2

PET112 ETR1 COX9 PET100
YDR115w RSM24 BCS1 QCR7
RIP1 QCR6 SHY1 QCRY DIA4
COX23 COX16 CBP1 OARI
COX12 FMP53 COQ5¢c COX 14
NDE! MRPS17 PPA2 HER2
POR1 MRPL22 COX11 QCR2

CLN3 SPC72 PIN4 BIK 1 SIT4 SWM1
SWI4 CDHI CKB1 DOCI ARPI
IRR1 SWE1 PTK2 GRR1 SAP190
SWI6 RSC2 CIK1 MCK1 CSE2
TRF4 CKB2 BFR1 TAF14 KIP2
NIP100 CTF4 KAR3

RRN10 RTG3 CYCS8 TFC1 MEDS
PAF1 MED2 TFBS5 DPB4 HPR1
NGG1 REF2 SPT3 HAC! PGDI
MIG1 DST1 RPB9 SOHI RTFI
SRB5 ELP2 STP2 SRB2 THP2
CST6 MET18 RPB4 BYE! SWI6
IKI3 MFT1 MAC1 MTF1 ELP6
SSN8 BDPI THO2 SKO1 SIN4
CSE2 RTG1 CTR9 SPT20 LEOI
MBFI TAF14

PAF1 HPR1 DST1 RTF! ELP2 THP2
BYEI IKI3 MFT1 ELP6 THO2
CTRY LEOI

DEPI RTG3 SPT7 CYC8 MEDS
PAFI MED2 MBP1 MAF! KCS1
REG1 TFB5 HPR1 ARGS2 NGG1
UMEG6 HDA2 SPT3 GCN4 SWI4
GLO3 CAF16 HAC1 PTR3 PGDI

(continued)



90

Table 3 (continued)

M. Ma and Z.L. Liu

MIPS MIPS functional category p-value
functional

category

number

Entries

12.01.01 Ribosomal proteins 4.32E-04

14.04 Protein targeting, sorting, 3.02E-11

and translocation

14.07.04 Modification by 7.68E-04

acetylation,
deacetylation

MIG1 AFT1 HAP2 RTG2 DBF2
SRB5 ELP2 GCN5 YAP3 SNF6
STP2 SRB2 SKN7 CST6 MET18
CTK2c SPT10 TPK1 SWI3 VPS25
BYE1 HAP4 RIC1 SWIG6 IKI3
BDF1 SFP1 VPS36 CTK3 SOK2
MACI1 ELP6 HDA1 SSN8 MKS1
YAF9 EAF7 SKO1 SIN4 CAF40
CSE2 POP2 PHO80 SIN3 RTGl1
SPT20 MBF1 HAPS5 SNF8
PHO85¢c GCR1 TAF14 CTI6 EAF3
NOTS5 FHL1

RPL19B RPS8A MRP21 MRPS5

MRPL37 MRPL27 MRPL32
IMG1 IMG2 RPP1A RPL35A
YDR115w RSM24 MRPL7
MRPS28 MRP1 RSM18 RPS26B
RSM23 RPL1B RPS25A MRPL25
RPL11B MRPL6 RPL34B
MRPL49 RPS4A RSM22 MRP49
MRPL38 MRPL13 DBP7
MRPL20 RPL13B MRPS8
MRPS17 MRPL33 SWS2
MRPL22 MRPS12 RSM19
PET123 RPL20B MRPS16 RPS6A
MRPL40 MRP2

PEX22 NUP170 VPS15 CCZ1 SEC66

SSH1 STP22 PEX19 ASM4
NUP84 MAF1 NUP42 PEX5
PEX3 VPS74 VPS72 CUPS
KAP123 FAB1 MONI1 PEX14
PEX8 TIM13 VPS29 SEC28
VPS35 MOG1 VPS25 DID4
VPS24 NUP120 NUP100 LHS1
DID2 NUP133 ATG10 SNF7
SRN2 PEP3 LIP2 VPS38 VPS33
VPS36 VPS71 MFT1 VPS9 MVP1
IMP2 SAM37 IMP1 TOM40 PEP5
YDJ1 TOM7 TOM70 MON2
VPS27 COQ10 PEX15 RTG1
VPS68 PEP12 VPS5 VPH1 SNF8
VPS16 VPS28 VPS30 ATG11
TOMS VPS66 VPS4

SPT7 SGF29 NAT1 NGG1 HDA2

SPT3 SGF73 NAT2 GCN5 ARD1
SPT10 IKI3 HDA1 EAF7 SIN3
SPT20 EAF3 NAT3

(continued)
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Table 3 (continued)

MIPS
functional
category
number

MIPS functional category p-value

Entries

14.10

16.01

16.07

18.02

20.01.01.01

Assembly of protein 1.28E-09

complexes

Protein binding 4.79E-04

Structural protein binding 4.39E-03

Regulation of protein 3.03E-03

activity

Cation transport (H, Na*, 1.33E-04
K*, Ca?*, NH*, etc.)

CYC3 SLA1 PIM1 SCO1 TCM62

SPT7 RAD18 PRP11 COX9 MSS2
ARFI PET100 VPS41 NBP2
PEX10 BCS1 QCR7 PET117
RAD6 COX18 VMA21 PEX4
CBP4 VMA22 FMC1 COX16
ATP12 GRR1 ATP7 VMAS CYT2
VPH2 PEX1 COX19 COX12
ACF2 ATP10 VMA6 COX14
SAM37 YTA12 END3 BNI4 SLA2
ATP11 VAM3 VPHI VMA4
COX11 YPL172c TFP3 YMEI
KAR3 QCR2

SLA1 PIN4 TCM62 HSP26 UMP1

MEDS8 BEM1 STP22 BIK1
RVS161 RAD18 DHHI1 GCS1
PET100 SAC6 MFB1 PEXS5
PEX10 SNF1 VPS52 GIM4 BMH1
MDJ1 RAD6 PEX14 PAC10
SHY1 PEX4 BUB1 VMA22 IRR1
CAP2 PFD1 ATP12 RCY1 PEX2
MOGI1 GRR1 DID4 LHS1 PEP3
SWI6 YKE2 BUD6 VRPI1 SSQl
GIMS PEX12 SAM37 AIP1
HSCS82 LST8 SIS1 TPM1 END3
SRV2 PEX17 BNI4 SLA2 BNI1
ATP11 VPS27 SLG1 SHE4 RBL2
CIN1 NIP100 CTI6

NUP170 SPT7 ASM4 NUP84 NUP42

ATP5 CLC1 ATP7 NUP120
NUP100 NUP133 BUD6 BNI1
ARC35

CLN3 CSG2 FES1 CYC8 CCZ1

UMP1 STE50 VAM6 GCS1 REG1
VPS41 NGG1 SPT3 SNF1 GLO3
BEM2 PTR3 CDHI1 DOC1 RRD1
CTK2c SWE1 KTI12 RIC1 SWI6
ROM2 VAC14 VPS36 VPS9
MAC1 MTF1 GLC8 SSN8 YDJ1
MCK1 SEC12 PHO80 RTGl1
SPT20 WHI2 GYP1 RGA1 MBF1

DRS2 ATP1 SCO1 VMA2 GGCl

VPS41 ATP5 CUP5 SPF1 VMAS
FTR1 AFT1 VMA7 PPA1 VMA10
ATP7 VMAS5 COX19 ISA1 NHA1
VMAG6 CCS1 VPH1 VMA4 TFP3
ATP15 VMAI13 ISA2 CTR1

(continued)
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MIPS
functional
category
number

MIPS functional category p-value

Entries

20.01.15

20.03.22

20.09.03

20.09.07

20.09.13

Electron transport 1.19E-03

Transport ATPases 1.29E-06

Peroxisomal transport 1.27E-04

Vesicular transport (Golgi 4.42E-04
network, etc.)

Vacuolar transport 1.67E-16

30.01.05.05.01 Small GTPase mediated 2.27E-03

34.01.01.03

signal transduction

Homeostasis of protons ~ 5.22E-10

ATP1 VMA2 COX9 ATP5 CUPS
VMAS8 ARO2 VMA7 PPAI
VMA10 ATP7 VMAS5 COX12
VMAG6 NDE1 VPH1 VMA4 TFP3
ATP15 VMA13

DRS2 ATP1 VMA2 VMA9 ATPS
BCS1 CUP5 SPF1 VMAS8 VMA7
PPA1 VMA10 ATP7 VMAS
VMAG6 VPH1 VMA4 TFP3 ATP15
VMAI3

PEX22 PEX19 PEXS PEX3 PEX14
PEX8 PEX2 PEX17 PEX15

DRS2 VPS15 SED4 ARF1 GCSl1
VPS54 GSG1 VPS52 GLO3
ERV14 VAM7 KRE11 CLC1
ERV29 VPS29 SEC28 APS3
VPS35 DID4 PEP3 SUR4 VPS33
VPS36 YPT7 VPS9 PEP5 LST8
COG5 YDJ1 VPS27 SEC12 PEP12
VPS5 GYP1 VAM3 TRS33 RUD3
VPS16 VPS30 VPS4

VPS15 VMA2 CCZ1 STP22 FEN1
VPS74 VPS72 CUP5 VMAS FAB1
PIB2 MON1 VAM7 VMA7 CLC1
VPS29 VMA10 VPS35 VPS25
DID4 VPS24 VMAS DID2 ATG10
SNF7 SRN2 PEP3 LIP2 VPS38
VPS33 VPS36 VMAG6 YPT7
VPS71 VPS9 MVP1 VPS20 PEPS
TPM1 MON2 VPS27 VPS68
PEP12 GYP1 VAM3 VPH1 VMA4
SNF8 VPS16 VPS28 BRO1 VPS30
TFP3 VMA13 ATG11 VPS66
VPS4

BOI2 BEM2 BMH1 TPK1 RHO4
BUD6 ROM2 RAS2c SRV2 BNI1
CLA4 WSC3 SLG1 RGA1 BEM4

ATP1 VMA2 VMA9 RAV2 ATPS
CUP5 VMAS VMAT7 PPAI
VMA10 VMA22 RAV1 ATP7
VMAS VPH2 MEH1 NHAL1
VMAG6 VPH1 VMA4 TFP3 ATP15
VMAI13

(continued)
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Table 3 (continued)

MIPS
functional
category
number

MIPS functional category p-value

Entries

40.01

42.04.03

42.16

42.19

42.25

42.29

43.01.03.05

Cell growth/
morphogenesis

Actin cytoskeleton

Mitochondrion

Peroxisome

Vacuole or lysosome

Bud/growth tip

Budding, cell polarity,
and filament
formation

4.76E-06

8.05E-05

5.54E-13

4.08E-04

1.96E-05

5.95E-03

9.26E-07

TPD3 CLN3 SLA1 BEM1 STES0
CDC10 RVS161 FEN1 SHS1
REG1 EXG2 SSD1 SNF1 PACI11
BOI2 BMH1 CDHI CKB1 CLC1
PRS3 SLT2 HTD2 ARP1 SKN7
CAP2 BCK1 SWE1 HOCI GRR1
ELMI1 KTI12 RHO4 ACF2 MID2
VRP1 ROM2 SFP1 AIP1 TPM1
SRV2 WHI3 BNI4 SLA2 BNI1
CLA4 ARC35 WHI2 RGA1 BEM4
NIP100 PLC1 KRE6

TPD3 SLA1 SIT4 VPS54 SAC6
MNNI10 VPS52 BEM2 CAP2
RHO4 ACF2 BUD6 VRP1 ROM2
AIP1 TPM1 END3 SLA2 BNI1
WSC3 SLG1 SHE4 WHI2 RGA1
BEM4

MDM10 PET112 MRP21 FZO1
MRPS5 MRPL37 MRPL27 CTP1
MRPL32 IMG1 IMG2 GGC1
YDR115w RSM24 MSS116
MRPL7 MRPS28 MRP1 BCS1
SHE9 UGO1 RSM18 GET1
RSM23 MRM2 MDM34 MRPL25
MRPL6 MRPL49 YJR120w
RSM22 MRP49 MRPL38
MRPL13 MRPL20 MMM1
MDM30 SAM37 ABF2 NDE1
MRPS8 MRPS17 MTF1 MRPL33
POR1 MRPL22 ATP11 MRPS12
RSM19 MDM12 PET123 MRPS16
MRPL40 YME1 MRP2

PEX19 PEX5 PEX10 PEX3 PEX8
PEX4 PEX2 PEX1 PEX12 PEX17
PEX15 ATG11

CLN3 CCZ1 VAM6 KCS1 DOA4
VPS41 RAV2 CUP5 FAB1 VAM7
VPS29 PEP3 VPS33 PEP5 VPS16
VPS4

TPD3 BEM2 ELM1 ROM2 TPM1
BNI1 CLA4 RGA1 BFR1

TPD3 CLN3 SLA1 SHP1 RXT2
BEM1 STE50 CDC10 RVS161
FEN1 BUD31 SIT4 SHS1 SAC6
MNN10 SWM1 SSD1 SPT3 SNFI
PAC11 BUD16 BOI2 BEM2
BMHI1 BUD27 CKB1 ERV14

(continued)
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Table 3 (continued)

MIPS MIPS functional category p-value Entries
functional

category

number

DIA4 SLT2 ARP1 CAP2 BCK1
TPK1 SWE1 RCY1 HOC1 GRR1
ELM1 SAP190 RHO4 ACF2
BUD6 VRP1 ROM2 SUR4 SOK?2
RIMY9 AIP1 TPM1 END3 RAS2c
SRV2 WHI3 BNI4 SLA2 BNI1
CLA4 SLG1 CKB2 RGA1 BFR1

RIM20 BEM4 NIP100 PLC1
AXL1
43.01.03.09 Development of asco- 3.28E-03 SPO7 SHP1 ECM33 CDC10 FEN1
basidio- or zygospore HEX3 NUP84 DOA4 GSGl1

ARGS82 SWMI1 EXG2 SPT3 SPS1

BMHI1 ERV14 RAD6 MDS3

NEMI1 IRR1 AYR1 NUP133 SNF7

BDF1 RIM9 RAS2¢c CNM67 SIN4

MCK1 POP2 SIN3 RIM20
Source: Data from Kubota et al. (2004), Fujita et al. (2006), Van voorst et al. (2006), Auesukaree
et al. (2009), Teixeira et al. (2009), and Yoshikawa et al. (2009). Function of gene products was
classified using Functional Catalogue (FunCat) described in the Munich Information Center for
Protein  Sequences (MIPS) database (http://mips.helmholtz-muenchen.de/proj/funcatDB/
search_main_frame.html)

resulted in sensitive response to ethanol stress (Kubota et al. 2004; Fujita et al.
2006; Hirasawa et al. 2007; Yoshikawa et al. 2009) (Table 3). Moreover, deletion of
PRS3, PRS5, AROI, or ARO?2 related to biosynthesis of tryptophan’s precursor also
displayed sensitive phenotype to ethanol (Kubota et al. 2004; Teixeira et al. 2009;
Yoshikawa et al. 2009). Higher ethanol-tolerant brewing yeast showed higher
expression levels for tryptophan biosynthesis genes (Hirasawa et al. 2007). All
five tryptophan biosynthesis genes were less repressed over time for a tolerant yeast
under ethanol stress compared with its parental strain (Ma and Liu 2010a).
Overexpression of either tryptophan biosynthesis genes (TRPI, TRP2, TRP3,
TRP4,and TRPS5) or tryptophan permease gene (TAT2) improved ethanol tolerance,
especially for TRP2 and TRPS5. In the meantime, supplementation of tryptophan to
culture medium enhanced yeast tolerant levels to ethanol (Hirasawa et al. 2007).

4.2 Proline

In yeast, proline has multiple functions during fermentation process, including
protection of cells from damage by freezing, desiccation, or oxidative stress (Takagi
2008). It enhances stability of proteins and membranes, and inhibits protein aggrega-
tion during protein refolding (Rudolph and Crowe 1985; Samuel et al. 2000).
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When the wild-type PROI gene was replaced by prol® 154N allele, the yeast showed
increased biosynthesis of proline and improved tolerance to ethanol stress (Takagi
et al. 2005). Function of proline in ethanol tolerance was also supported by a PRO!-
deletion strain, which was more sensitive to ethanol stress (Kubota et al. 2004,
Yoshikawa et al. 2009). Under ethanol stress, expressions of PROI, PRO2, and
PRO3 for de novo biosynthesis of proline were not significantly induced (Kaino and
Takagi 2008; Ma and Liu 2010a). Up-regulated expression of PUT4 encoding a
high-affinity proline transporter was demonstrated to contribute to the accumula-
tion of proline in yeast cells (Kaino and Takagi 2008). This suggests the accumula-
tion of proline is caused by import of proline from medium but not by de novo
biosynthesis. Over accumulation of intracellular proline is often 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). The amount of intracellular proline
appeared to be maintained at well-controlled levels in order to cope with ethanol
stress and a delayed growth.

5 Heat Shock Proteins

Ethanol stress damages protein conformation and causes aggregation of denatured
proteins. Heat shock proteins, mainly acting as chaperones, are commonly induced
under ethanol stress for protecting proteins as well as cell structure and organelles.

5.1 Chaperones

Under ethanol stress condition, induced expression of heat shock protein genes is
commonly observed. At least 10 HSP genes HSP12, HSP26, HSP30, HSP31,
HSP32, HSP42, HSP78, HSP82, HSP104, and HSP150 were identified as up-
regulated (Piper et al. 1994; Ogawa et al. 2000; Alexandre et al. 2001; Chandler
et al. 2004; Marks et al. 2008; Ma and Liu 2010a). The ethanol-induced expression
can be concentration-dependent or strain-dependent. For example, transcript of
HSP26 was undetectable with an addition of 2% ethanol, barely detectable by 4%
ethanol, and much abundance with further increased ethanol concentrations (Piper
et al. 1994). Induction of HSP genes can be detected in both ethanol-tolerant and its
parental strains under ethanol stress. However, a lack of continued function of a
gene can lead to no metabolic functions for a sensitive strain under pressure. As
observed for tolerant strain Y-50316, HSP genes HSP12, HSP32, HSP42, HSP7S,
HSP82, and HSP150 were constitutively expressed over time under ethanol stress
that allowed yeast to establish a viable culture under 8% ethanol challenge (Fig. 1)
(Ma and Liu 2010a). Such dynamic expression event contributes to a meaningful
tolerance phenotype.
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001 01 02 05 12 5 10 30 60

Fig. 1 Comparison of mRNA expression of Saccharomyces cerevisiae ethanol- and inhibitor-
tolerant mutant NRRL Y-50316 and its parental strain NRRL Y-50049 by fold changes from 0 to
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HSPs, mainly acting as chaperones, insure proper folding or refolding of other
nascent or denatured proteins and enzymes to maintain a functional conformation
(Parsell et al. 1994; Young et al. 2004; McClellan et al. 2007; Gong et al. 2009).
Some HSPs are also involved in disassembling aggregates of misfolded proteins,
such as Hsp104p, Hsp70p, and Hsp40p (Glover and Lindquist 1998). Besides HSP
genes, other genes encoding chaperones, such as SSA/, SSA2, SSA3, SSA4, SSEI,
SSE2, APJI, and LHSI, involved in protein folding and refolding are also highly
up-regulated under ethanol stress (Alexandre et al. 2001; Chandler et al. 2004;
Marks et al. 2008). Interactions between different chaperones existed widely, which
imply correct folding or stability of certain proteins may need more than two
different chaperones in participation for efficient functions (Gong et al. 2009), or
protein folding at different stage may need different chaperones (Young et al.
2004). Therefore, induction of multiple chaperones may be necessary to counteract
ethanol stress. At the same time, certain functional chaperones are required for the
folding of more difficult-to-fold proteins from nascent polypeptides into biologi-
cally active structures as well as for the refolding of denatured proteins back into
native conformations. For example, HSP82 displayed high transcription abundance
(Ma and Liu 2010a), and its encoding protein Hsp82p has been reported to activate
many key proteins such as transcription factors and regulatory kinases (Picard
2002; Prodromou and Pearl 2003; Young et al. 2004; McClellan et al. 2007).
Since chaperones are widely spread in locations of cytoplasm, nucleus,
mitochondria, membrane, and others (Table 1), interactions with many genes at
multiple loci over time may be important for cell functions under the stress (Fig. 2).
Since ethanol perturbs protein conformation and causes accumulation of denatured
proteins, protein repairing functions over time by multiple chaperones appear to be
critical for yeast tolerance to ethanol (Fig. 2).

5.2 Other Functions

Hspl150p was identified as a protein for cell wall stability and remodeling
(Moukadiri and Zueco 2001). It is secreted and covalently attached to cell wall
via beta-1,3-glucan and disulfide bridges. HSPI2, encoding a plasma membrane,
was highly induced over time in ethanol-tolerant strain (Ma and Liu 2010a). It was

«

Fig. 1 (continued) 48 h after the ethanol challenge treatment as examined by real time qRT-PCR
array assays. Corresponding genes were categorized by functions involved in fatty acid biosyn-
thesis (a), ergosterol metabolism (b), proline metabolism (c), trehalose metabolism (d), tryptophan
metabolism (e), glycerol metabolism (f), heat shock protein family (g), glycolysis (h), pentose
phosphate pathway (i), pleiotropic drug resistance gene family (j), and related transcription factor
genes (k). Expression for a gene at each time point was presented in relative fold changes against
that of Y-50049 at 0 h. Green indicates enhanced expression, red for repressed expression, and
yellow for no significant changes. Scales of expressions were indicated by an integrated color bar
at the bottom
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Fig. 2 A schematic diagram showing a prototype of mechanisms for ethanol tolerance in Saccha-
romyces 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. Functions of gene
products are classified based on Gene Ontology. Figure legends are provided under the illustration.
This figure is based on Ma and Liu (2010a) with modifications using data from Ogawa et al. (2000),
Alexandre et al. (2001), Chandler et al. (2004), Marks et al. (2008), and Dinh et al. (2009)

demonstrated to be responsible for increased integrity on the liposomal membrane
in the presence of ethanol, and yeast strains unable to express Hspl2p were
sensitive to ethanol (Sales et al. 2000). Chaperones Ssalp and Ssa2p were found
to localize to cell walls in addition to nucleus and cytoplasm (Lopez-Ribot and
Chaffin 1996). Hsp30p, a hydrophobic plasma membrane protein, was reported as a
negative regulator of H"-ATPase Pmalp (Piper et al. 1997). Activity of plasma
membrane H*-ATPase consumes ATP as energy to pump proton. Under ethanol
stress, ATP generation from glycolysis is inhibited. Therefore, induction of HSP30
might provide an energy conservation role, limiting excessive ATP consumption by
plasma membrane. But greatly induction of HSP30 may lead to intracellular
acidification in yeast cells that disrupts pH and ionic homeostasis, causing cells
enter into cell cycle arrest (Ma and Liu 2010a). Except function as chaperones,
Hsp31p and Hsp32p have functions of hydrolase activity and peptidase activity to
degrade unrecoverable proteins (Wilson et al. 2004).
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6 Pathway Analysis

Glucose metabolic pathway provides ATP as energy and intermediate metabolites
for biosynthesis that is vital for cell functions. Three major glucose metabolic
pathways, including trehalose and glycogen metabolisms, glycolysis and fermenta-
tion, and pentose phosphate pathway are discussed in this section.

6.1 Trehalose and Glycogen Metabolisms

Trehalose accumulation was observed in yeast cells, and cells unable to accumulate
trehalose displayed retarded growth under ethanol challenges (Mansure et al. 1994;
Ogawa et al. 2000; Kaino and Takagi 2008). 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). (See Chap. 2 in this
volume for detailed discussions on trehalose metabolism.) Under ethanol stress
conditions, up-regulated expression of genes involved in trehalose synthesis,
including TPS1, TPS2, TSLI, PGM2, and UGP1, was generally observed (Fig. 3)
(Ogawa et al. 2000; Alexandre et al. 2001; Chandler et al. 2004; Ma and Liu 2010a).
The intermediate trehalose-6-phosphate is a regulator of yeast glycolysis that
inhibits hexokinase (Blazquez et al. 1993). Such inhibition avoids depletion of
intracellular Pi and ATP by over phosphorylation of glucose (Francois and Parrou
2001). Genes involved in trehalose degradation, including NTHI, NTH2, and
ATH1, were also induced by ethanol (Alexandre et al. 2001; Chandler et al. 2004;
Ma and Liu 2010a). Enhanced expression of trehalose degradation genes appeared
to be required for balancing trehalose concentration and avoid side effect to others
enzymes, such as glutathione reductase, cytosolic pyrophosphatase, and glucose 6-
phosphate dehydrogenase (Sebollela et al. 2004).

Glycogen metabolism is very close to trehalose pathway and displays very
similar expression pattern with trehalose metabolism (Fig. 3). Genes involved in
both glycogen biosynthesis (GSY/ and GSY2) and degradation (GPHI) were
induced by ethanol (Alexandre et al. 2001; Chandler et al. 2004; Ma and Liu
2010a). Whether variations of intracellular glycogen concentrations are related to
increased ethanol tolerance remains to be confirmed. The futile energetic cycles of
trehalose and glycogen are thought to facilitate the balance of ATP and Pi in yeast
cell (Alexandre et al. 2001). Taken the closely related trehalose and glycogen
metabolism into consideration, trehalose concentration could be subtly affected
by glycogen metabolism, and the induced gene expression related to both trehalose
biosynthesis and degradation may facilitate a stable intracellular environment for
cell survival under ethanol stress.
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Fig. 3 Illustrative pathways of Saccharomyces cerevisiae ethanol- and inhibitor-tolerant mutant
NRRL Y-50316 involved in trehalose-glycolysis-pentose phosphate pathway in response to
ethanol challenges inferred by dynamic quantitative mRNA expression analysis and metabolic
profiling analysis compared with its parental strain NRRL Y-50049. Dark green arrowed lines and
letters indicate high levels (5.1- to 60-fold increase for at least one critical time point) of mRNA
expression and enhanced pathways, green for significant levels (1.5- to 5-fold increase for at least
one critical time point) of enhanced transcription and pathways; black indicates normal or nearly
normal levels of transcription and pathway events, red for repressed expression, reactions, or
pathways. Bold lines and letters indicate the levels of expression, and pathways are statistically
significant at P < 0.05. Reactions involved in NAD(P)H regeneration steps are circled in blue
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6.2 Glycolysis and Fermentation

Glycolysis plays an important role in cell growth and subsequent ethanol fermen-
tation. It not only provides ATP as energy but also produces a variety of carbon
intermediate metabolites for nucleotide, amino acid, and lipid biosynthesis. Trans-
criptional response of genes in glycolysis and fermentation pathway under ethanol
stress was reported by using microarray with snapshot (Alexandre et al. 2001;
Chandler et al. 2004). Using robust mRNA references, transcriptome response
over time was quantitatively analyzed (Ma and Liu 2010a). HXK! and GLKI
encoding hexokinase and glucokinase, respectively, and catalyzing the first step
of glucose metabolism by phosphorylation, were up-regulated over time under
ethanol stress (Fig. 3). HXKI showed higher transcription abundance than GLK/
over time, indicating its potential important role for glucose phosphorylation.
TDHI displayed about 20-fold increase of transcription level, the highest up-
regulated gene in glycolysis and fermentation pathway (Ma and Liu 2010a).
Tdhlp catalyzes the reaction of glyceraldehyde-3-phosphate to 1,3 bisphospho-
glycerate, at the same time produces NADH. GPM2 was another highly up-
regulated gene, which encodes enzyme for conversion of glycerate-3P to
glycerate-2P in glycolysis. Genes (GPD2, HOR2, and RHR2) encoding enzyme
for glycerol biosynthesis were downregulated, but GCYI and DAKI for glycerol
catabolism were up-regulated. ALD4, encoding major mitochondrial aldehyde
dehydrogenase, is the only up-regulated gene for acetate conversion. As for genes
encoding alcohol dehydrogenase, ADHI, ADH2, ADH3,ADH?7, and SFAI were up-
regulated over time. This indicates transcription of these genes is less sensitive to
ethanol. In glycolysis and fermentation pathway, many important genes displayed
normal or near normal transcription under 8% ethanol challenges for ethanol-
tolerant strain, such as PGKI, PYK2, and CDCI9 for ATP regeneration. The
enhanced expression of alcohol dehydrogenase genes ADHI, ADH2, ADH3,
ADH?7, and SFAI, together with other up-regulated, normal or near normal expres-
sion of genes in the intermediate steps of glycolysis are necessary to complete
ethanol fermentation.

6.3 Pentose Phosphate Pathway

There are two distinct phases in the pentose phosphate pathway. The first is the
oxidative phase, in which NADPH is regenerated, and the second is the non-
oxidative biosynthesis of 5-carbon sugars for the biosynthesis of the nucleotides
and amino acids. In oxidative phase, ZWF1, SOL4, GND2, and YDR248C (putative
gluconokinase function) were up-regulated under ethanol stress (Ma and Liu
2010a) (Fig. 3). GND2 was the highest up-regulated gene in the pentose phosphate
pathway. In the non-oxidative phase, genes (RPE!, TKLI, TKL2, and TAL2) linking
pentose phosphate pathway to glycolysis were normally expressed, and NOM1
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encoding putative transaldolase was up-regulated. However, genes (RKII, PRS3,
PRS4, and PRS5) for the biosynthesis of nucleotides and amino acids were signifi-
cantly repressed and reflected by slowing down the cell growth.

7 Cofactor Homeostasis and Ion Transport

Up-regulated expression of genes involved in regeneration of cofactors such as
NADH and NADPH suggested their association with ethanol tolerance. Some
genes involved in ion transport and homeostasis are induced by ethanol. Supple-
mentation of minerals or trace minerals also improved ethanol tolerance.

7.1 Cofactor Redox Balance

Redox metabolism, in the form of interconversion of the pyrimidine nucleotide
cofactors NAD*/NADH and NADP*/NADPH, plays important roles in yeast
metabolism of amino acids, lipids, and nucleotides (Bruinenberg et al. 1983; Hou
et al. 2009). Under ethanol stress, ZWF [ and GND2 related to NADPH regeneration
in pentose phosphate pathway and TDH/ related to NADH regeneration in glyco-
lysis pathway were up-regulated (Alexandre et al. 2001; Chandler et al. 2004; Ma
and Liu 2010a). Enhanced expression of ZWF1, SOL4, and YDR248C may provide
sufficient substrate and accelerate downstream decarboxylation reactions to re-
generate more NADPH by GND2. DAKI may assist NADPH regeneration by
GCYI through a smooth flow of glycerol to glycerone-P. Similarly, enhanced
expression of NOM1 could accelerate a smooth flow of fructose-6P to glycerate-
1,3P2 for more NADH regeneration by TDHI. Expression level of GND2 and
TDH]1 is observed always higher for tolerant strain than a wild type (Ma and Liu
2010a). Sufficient supply of NADH and NADPH in the reducing form likely
contributes to ethanol tolerance indirectly through efficient biosynthesis of lipids,
amino acid, and nucleotides for cell growth and viability (Martin et al. 2007).

7.2 Ion Transport

Optimized concentrations of minerals or trace minerals, such as calcium, magne-
sium, and zinc, are helpful to improve ethanol fermentation rate and final ethanol
concentration (Nabais et al. 1988; Birch and Walker 2000; Zhao et al. 2009).
Ethanol affects the translocation of ions such as Ca** and Mg®* (Dombek and
Ingram 1986; Walker and Maynard 1997). PMPI, CCC2, SPF1, PIC2, CTR2,
KHAI, MEP2, SSUI, ATP14, ATPI8, and ATP19 were observed to be induced
under ethanol stress (Alexandre et al. 2001; Chandler et al. 2004; Dinh et al. 2009)
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(Table 2), which are involved in copper, iron, calcium, potassium, phosphate,
ammonium, and sulfur ionic homeostasis (Marini et al. 1997; Yuan et al. 1997,
Park and Bakalinsky 2000; Portnoy et al. 2001; Cronin et al. 2002; Hamel et al.
2004). Deletion mutations demonstrated at least 29 genes related to cation transport
(H*, Na*, K*, Ca®* , NH4", etc.) displayed sensitive to ethanol stress (Table 3).
Maintenance of ionic homeostasis is related to H"-ATPase, and maintenance of the
electrochemical proton gradient by the H*-ATPase is vital for ion exchange under
ethanol stress (Ramirez et al. 1998). Up-regulated expression of ATP14, ATPI8,
and ATP19 might contribute to the maintenance of both pH and ionic homeostasis.

8 Regulatory Networks

Yeast response to ethanol stress is triggered via a complicated signal transduction
pathway. The activated signal transduction pathway by ethanol activates stress
transcription factors such as Msn2p/Msn4p, Yaplp, and Hsflp. As a result, the
transcription factors enter into nucleus and bind to stress response elements in
promoter regions of target genes to induce their expression.

8.1 Signal Transduction Pathways

Ethanol as a general stress factor for yeast triggers the main signal transduction
pathway for stress response through activating Msn2p/Msndp. The first signal
transduction pathway implicated in activation of Msn2p/Msn4p is cAMP-protein
kinase pathway. In this signal transduction pathway, the second messenger cAMP is
synthesized by adenylate cyclase encoded by CYRI, which can be activated either
by G protein-coupled receptor system Gprlp-Gpa2p or Raslp/2p (Colombo et al.
1998; Thevelein and de Winde 1999; Estruch 2000; Thevelein et al. 2000; Costa
and Moradas-ferreira 2001; Miiller et al. 2003; Nikolaou et al. 2009). Under normal
physiological conditions, glucose triggers G protein-coupled receptor system to
activate adenylate cyclase for higher levels of cAMP generation, and cAMP
activates protein kinase A (PKA) for cell growth. At the same time, activated
PKA inhibits Msn2p/Msn4p for general stress response as well as Yaplp and
Skn7p for specific stress responses (Fig. 4). Similarly, members of HSP70 (such
as Ssalp and Ssa2p) and/or HSP90 (such as Hsp82p) protein family interact with
Cdc25p to regulate Raslp/2p and cAMP-PKA pathway (Geymonat et al. 1998).
This pathway plays a critical role in adaptation of cells to stress conditions. Under
stress conditions, HSPs are recruited to participate in refolding proteins to maintain
their native conformation for function (Young et al. 2004; McClellan et al. 2007,
Gong et al. 2009). This process reduces interactions of HSPs with Cdc25p/Sdc25p
and thereafter decreases signal transduction involved in cAMP-PKA pathway
(Thevelein and de Winde 1999). Msn2p and Msn4p contain a nuclear localization
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Fig. 4 A schematic diagram showing signal transduction pathways involved in ethanol-tolerant
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signal (NLS) inhibited by PKA phosphorylation (Gorner et al. 1998, 2002).
Downregulation of cAMP-PKA pathway releases this inhibition; causes transfer
of Msn2p/Msndp from cytoplasm to nucleus and further hyperphosphorylated by
other stress-activated kinases to trigger the stress responses (Gorner et al. 1998;
Garreau et al. 2000; Jacquet et al. 2003). This signal transduction pathway under
ethanol stress condition was demonstrated (Yamaji et al. 2003; Wang et al. 2004),
and accumulation of Msn2p and Msn4p in the nucleus under ethanol stress was
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observed (Gorner et al. 1998). Intracellular acidification and its interactions with
Iral/2p can also negatively affect the function of Ras proteins to trigger stress
responses (Thevelein 1991). It is possible to trigger signal transduction pathway for
ethanol tolerance response since ethanol causes intracellular acidification. High
ethanol concentrations in culture may cause osmotic stress to yeast cells. Up-
regulated expressions of GPDI, HOR2, HOR7, DAKI, and GRE3 were observed
under ethanol stress (Ogawa et al. 2000; Alexandre et al. 2001; Chandler et al.
2004; Ma and Liu 2010a), which were all dependent on HOG-MAPK signal
transduction pathways (Rep et al. 2000). Expression of MSN2 and MSN4 can be
regulated by HOG-MAPK signal transduction (Hohmann 2002). Thus, HOG-
MAPK signal transduction pathway may also be involved in ethanol stress response
(Alexandre et al. 2001).

Ethanol has also been shown to induce ROS, and then oxidative stress is possibly
imposed on cells indirectly (Du and Takagi 2007). Yaplp is the major oxidative
stress regulator (Rodrigues-Pousada et al. 2004, 2010). The N-terminal region of
Yaplp contains a NLS, while the C-terminal region contains a nuclear export signal
(NES) (Rodrigues-Pousada et al. 2010). In the absence of oxidative stress, Yaplp is
exported from the nucleus to cytoplasm via Crmlp (Yan et al. 1998). Under
oxidative stress, Yaplp is activated by conformation change through the multistep
formation of disulfide bonds via Hyr1p and Ybp1p and transit from the cytoplasm to
the nucleus (Rodrigues-Pousada et al. 2010). Transcription factor Hsflp regulates
transcription of many genes in response to heat shock and other stresses (Hahn et al.
2004). For unstressed cells, Hsflp is constitutively phosphorylated, but under
certain stresses, it becomes hyperphosphorylated and adopts an activated confor-
mation to activate transcription of target genes (Lee et al. 2000; Hashikawa et al.
2006). It was suggested that Hsf1p activity might be negatively regulated by cAMP-
dependent kinase PKA (Ferguson et al. 2005). Function of Hsflp in response to
ethanol stress was demonstrated by Takemori et al. (2006) that mutant of HSF1
deletion showed repressed expression for its target genes usually induced by
ethanol.

8.2 Transcription Factors and Stress Response Element

Analysis of up-regulated genes by ethanol challenges found many genes share
transcription factor binding sites of Msn2p/Msndp, Yaplp, and Hsflp in their
upstream sequence (Teixeira et al. 2006; Ma and Liu 2010a). Among the 200 up-
regulated genes reported under ethanol stress, 58 genes are co-regulated by these
three transcription factors, and Msn2p/Msn4p regulates more genes than Yaplp and
Hsflp (Ma and Liu 2010b). Transcription factors Msn2p/Msn4p, Yaplp, and Hsflp
appeared as key regulators for ethanol tolerance response in yeast.

Ethanol stress, as a general stress, activates Msn2p/Msn4p via signal trans-
duction pathways as discussed above to trigger the so-called environmental stress
response (Fig. 4). The activated Msn2p/Msn4p induces gene expression via binding
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to stress response element (STRE) to trigger stress response (Marchler et al. 1993;
Schiiller et al. 1994; Martinez-Pastor et al. 1996). STRE has a core pentameric cis-
acting sequence CCCCT and function in both orientations (Marchler et al. 1993).
STRE was found in the upstream sequence of at least 134 genes which displayed
enhanced expression under ethanol stress (Ma and Liu 2010b). Although a single
copy of STRE elements is sufficient to activate expression of a reporter gene by a
stress factor, two or more copies of this sequence can induce a greater expression of
stress response genes (Kobayashi and McEntee 1993). However, more copy num-
bers of STRE elements do not necessarily lead to greater expressions than low copy
numbers do, and the presence of a STRE-like element in a promoter region does not
imply the functionality of this sequence either. A comprehensive relation should be
taken in the light of the STRE position, its copy numbers, and other motifs
associated with other transcription factors in the promoter sequence of a target
gene.

A double gene deletion msn2msn4-mutant showed hypersensitivity to multiple
environmental stress conditions, including higher ethanol concentrations
(Moskvina et al. 1998). Msn2p was required for the elevated expression of the
STRE-controlled genes such as HSPI/2 in ethanol-tolerant strain K11, and
overexpression of MSN2 under the control of constitutive promoters such as
TDH3 has shown increased tolerance to ethanol (Watanabe et al. 2007, 2009).
However, ethanol-tolerant strains showed slower cell growth, and cell growth is
usually affected by either activation of Msn2p or its overexpression under the
constitutive promoter control (Hara et al. 1976b; Martinez-Pastor et al. 1996;
Durchschlag et al. 2004; Ma and Liu 2010a). This inhibition of cell growth is partly
due to negative regulation of RIM15 via cAMP-PKA signal transduction pathway
and YAK! (Hartley et al. 1994; Reinders et al. 1998; Lee et al. 2008). SPII, with
three STRE sequences in its promoter region, was induced at the stationary phase
by Msn2p (Puig and Pérez-Ortin 2000). Induced expression of Msn2p under SPI/
gene promoter control achieved autoregulated expression of Msn2p, which avoided
cell growth inhibition at early stage and showed improved resistance to multiple
stresses (including ethanol stress) at stationary phase (Cardona et al. 2007).

Yaplp, a basic leucine zipper transcription factor, is the major oxidative stress
regulator required for oxidative stress response. It binds to Yaplp response
elements (YRE), including TTASTMA and TTAGTMAGC, and TTACTTA is
the preferred binding site (Fernandes et al. 1997; Nguyén et al. 2001; Harbison
et al. 2004). At least 105 genes displaying enhanced expression under ethanol stress
were found to have YRE elements (Ma and Liu 2010b). Functions of Yaplp in
ethanol tolerance are not well documented to date. By forming a homotrimer
through the hydrophobic repeat regions, Hsf1p recognizes and binds to conserved
heat shock elements (HSE) consisting of inverted 5'-nGAAn-3’ repeats in promoter
regions of its target genes (Bonner et al. 1994; Harbison et al. 2004). HSEs are
grouped into three categories depending on the organization of the nGA An motifs.
The perfect-type HSE consists of three or more contiguous inverted repeats of the
unit ("TTCnnGAAnnTTCn), the gap-type HSE consists of two inverted units
separated from a third unit by a 5-bp gap ("TTCnnGAAn(5 bp)nGAAn), and the
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step-type HSE consists of direct repeats of the nGAAn or nTTCn motif separated by
((bp)nGAAn(5 bp)nGAAn(5 bp)nGAAn) (Yamamoto et al. 2005).

Regulation of gene expression by transcription factors Msn2p/Msn4p, Yaplp,
and Hsflp is occurred at either transcription level or protein function level via
conformation change and location to nucleus as discussed above. Transcription
dynamic analyses of MSN2, YAPI, and HSFI under ethanol challenges
demonstrated higher expressions of these transcription factors in a short-time
period for the parental strain Y-50049 that led to extremely high expression of
some regulons such as HSP26 and HSP30 as response to ethanol stress (Ma and Liu
2010a). However, it slowed down cell growth, led cells to enter into stationary
phase, and didn’t build up a culture to finish fermentation (Fig. 5). On the contrary,
expression of MSN2, YAPI, and HSF1 for ethanol-tolerant strain Y-50316 was
moderately repressed or near normally expressed at the early stage and significantly
higher at a later stage. This indicates an ethanol tolerance. Gradually increased
expression of MSN4 in ethanol-tolerant strain but repressed in the parental strain
suggested a more important role of Msndp in the dynamic response to ethanol
tolerance (Fig. 5). Some induced genes such as HSP12, HSP31, HSP32, HSP150,
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Fig. 5 Comparisons of transcription expression in gene copy numbers (n x 107) for selective
transcription factor genes between Saccharomyces cerevisiae ethanol- and inhibitor-tolerant
mutant NRRL Y-50316 and its parental strain NRRL Y-50049 under ethanol challenge over
time. Mean values are presented with error bars of standard deviations. Values at different time
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GPHI,TDHI, and GND2 showed significantly higher expression in Y-50316 than
in Y-50049, and Msn2p/Msn4p binding motifs were found in the promoter
sequence of these genes. Whether the expression difference of these genes is caused
by MSN4 remained unknown and further studies on its regulatory roles for ethanol
tolerance are needed.

9 Conclusions and Perspectives

Ethanol tolerance of yeast involves several hundred genes at multiple quantitative
trait loci and interplays of complex networks at genome level (Ogawa et al. 2000;
Alexandre et al. 2001; Chandler et al. 2004; Hu et al. 2007; Ma and Liu 2010a).
Many genes induced by ethanol are overlapping with genes involving other
environmental factors, such as osmotic, heat shocking, chemical toxicity, and
oxidative stress. Mechanisms of ethanol tolerance can only be better understood
when a comprehensive view of pathways and network events are considered as
functional dynamics. Genetic manipulation of one or a few genes is unable to
achieve desirable phenotype for ethanol tolerance. Response to ethanol stress is
common, and a transient gene expression response to ethanol challenge does not
necessarily imply a functional characteristic of ethanol tolerance in yeast. Yeast
tolerance to ethanol can be obtained by evolutionary methods, such as stepwise
adaption (Hara et al. 1976a; Cakar et al. 2005; Wei et al. 2007; Dinh et al. 2008; Ma
and Liu 2010a), global transcription machinery engineering (TME) (Alper et al.
2006), and genome shuffling (Shi et al. 2009). A snapshot of expression response
for yeast at an earlier stage can be similar. However, a tolerant yeast shows distinct
dynamics of gene expression and establishes a viable culture that represents a
tolerance phenotype. On the other hand, wild type is unable to survive regardless
of significance in earlier response. Thus, results of expression dynamics over time
are more informative and should be used for mechanism studies.
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Abstract High gravity (HG) fermentations save energy consumption for both
ethanol distillation and subsequent discharge treatment. However, yeast cells suffer
from various stresses under HG conditions, which often result in stuck or sluggish
fermentations with more sugars remained unfermented, and thus reduce efficiency
of ethanol fermentation. This chapter focuses on stresses affecting ethanol
fermentations under HG conditions and their impact on yeast growth and ethanol
production. The HG condition associated with osmotic pressure may repress yeast
cells for ethanol fermentation from sugar-based feedstocks such as molasses but less
likely for starch-based feedstocks that are fermented by simultaneous saccharification
and fermentation process in industry. However, ethanol inhibition is a major stress for
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ethanol fermentation from both sugar- and starch-based feedstocks in which
ethanol concentration as high as 12—14% (v/v) can be commonly achieved, and higher
ethanol concentration of more than 15% (v/v) is expected. On the other hand, itis a less
concern for ethanol fermentation from hydrolysate of lignocellulosic biomass since
ethanol concentration achieved is usually lower than 12% (v/v), a tolerable level for
ethanologenic yeast. Instead, overcoming the inhibition of toxic by-products
generated during biomass pretreatment is a major issue for ethanol production from
lignocellulosic biomass. Strategies for developing stress-tolerant strains and
bioprocess engineering aspects to alleviate the impact of stresses on yeast cells are
discussed.

1 Introduction

High gravity (HG) fermentations save energy consumption for ethanol distillation
and subsequent distillage treatment, particularly when the distillage is treated by
energy intensive multi-evaporation process for ethanol production from grain-
based feedstocks (Bai et al. 2004). The HG research and development have been
attracted interest to both academia and industry, although criteria to define HG
fermentations are ambiguous. In general, for ethanol production from starch-based
feedstocks, HG mash containing 25-30% (w/v) solids has been widely used in
industry to achieve ethanol concentration as high as 12-14% (v/v). On the other
hand, very high gravity (VHG) mash with solids in excess of 35% (w/v) has been
explored by academia to achieve more than 15% (v/v) ethanol (Thomas et al. 1995;
Devantier et al. 2005a, b). As for ethanol fermentation from sugar-based feedstocks
such as molasses, HG or VHG fermentation can be carried out in terms of equiva-
lent sugar concentration in the medium and ethanol achieved within the fermenta-
tion system. However, ethanol production from lignocellulosic biomass is different,
and ethanol concentration is less likely higher than 12% (v/v) since the viscous
slurry may cause problems in pipeline transportation as well as heat and mass
transfer.

Due to their unique characteristics, strains of Saccharomyces cerevisiae have
dominated ethanol fermentations from sugar- and starch-based feedstocks for a
long history, which are is still the primary consideration for ethanol production
from lignocellulosic biomass with proper genetic modifications to expand their
substrate spectrum to utilize C-5 sugars liberated from the hydrolysis of
hemicellulosic component (van Vleet and Jeffries 2009), although other species
like Zymomonas mobilis are also under development. See Chap. 6 for more detailed
discussions on improving biomass sugar utilization by engineered S. cerevisiae.
Under HG or VHG fermentation conditions, yeast cells suffer from various stresses
including ethanol inhibition when sugar- and starch-based feedstocks are used,
which detrimentally affect cell growth, viability and fermentability, and even lead
to stuck or sluggish fermentations with more sugars remained unconverted
(Ingledew 2003). This chapter addresses stresses associated with ethanol
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fermentations by S. cerevisiae under HG and VHG conditions, as well as strategies
for developing stress-tolerant strains and bioprocess engineering aspects to alleviate
the stress impact.

2 Stresses and Their Impact on Yeast Cells

Yeast stresses during ethanol fermentation can be categorized as follows:
(1) harmful by-products or inhibitors generated in the pretreatment of feedstock,
particularly for lignocellulosic biomass; (2) high ethanol concentrations achieved
during ethanol fermentations from sugar- and starch-based feedstocks; (3) osmotic
effect exerted by sugar-based feedstocks; and (4) process parameters such as
temperature and pH value that are significantly deviated from physiological
optimums of yeast cells.

The impact of these stresses on yeast cell growth and ethanol fermentation is
significant and complex, which affects process design and economics to a large
extent. For example, the severity of the pretreatment of lignocellulosic biomass and
whether detoxification is needed for the hydrolysate are dependent on the by-
products produced during the process and their inhibitory effect on yeast cells. The
cascade system designed for continuous ethanol fermentation in industry is mainly
for alleviating ethanol inhibition since ethanol concentration increases onward and
the highest ethanol concentration is achieved only within the last tank. Therefore,
identification of stresses associated with different fermentation systems and under-
standing of their impact on yeast cells are prerequisites for developing strategies to
improve stress tolerance for more efficient ethanol production.

Ethanol production at large scale from starch-based feedstocks is not sustainable
since it drives up the market prices of grains and related food products that threats
food security worldwide (Rosamond et al. 2007). Recently, intensive studies have
been focused on ethanol production from agricultural wastes, particularly lignocel-
lulosic biomass that is abundantly available with less impact on grain production
and food supply (Service 2007). Unlike starch-based feedstocks, ethanol production
from lignocellulosic biomass is not suitable to be carried out under VHG
conditions. It is mainly because the tricky component lignin makes the slurry
extremely viscous that may cause numerous engineering problems in pipeline
transportation as well as heat and mass transfer. Thus, HG fermentation with
ethanol concentration no more than 12% (v/v) is technically and economically
preferred. Therefore, ethanol inhibition is not a main stress for S. cerevisiae since
it is tolerable to ethanol at that level. However, to liberate sugars from this
kind of biomass for ethanol fermentation, a significant technical challenge of ligno-
cellulose degradation has to be addressed (Himmel et al. 2007). A pretreatment under
harsh conditions is commonly required, which inevitably generates numerous
inhibitory by-products that are toxic to yeast cells. Categories of the toxic by-
products and their concentrations in the hydrolysate are depending upon the
characteristics of feedstocks as well as pretreatment methods applied.
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Comprehensive reviews on the inhibitory compounds, microbial response, and
inhibitor detoxification are available elsewhere (Pienkos and Zhang 2009; Liu
and Blaschek 2010; Parawira and Tekere 2011). See Chap. 1 for more discussions
on molecular mechanisms of in situ detoxification by yeast.

3 Ethanol Production from Sugar- and Starch-Based
Feedstocks

Although VHG media containing total solids as high as 350 g/L are needed in order
to achieve more than 15% (v/v) ethanol at the end of the fermentation, osmotic
stress from sugars is less likely to occur on yeast cells for ethanol production from
starch-based feedstocks. During the widely used simultaneous saccharification and
fermentation (SSF) process, sugars released by glucoamylases under ethanol fer-
mentation conditions are consumed and converted into ethanol and CO, immedi-
ately by yeast cells without significant accumulation within the fermentation
system. As for ethanol production from sugar-based feedstocks such as molasses,
high sugar concentration may exert osmotic effect on yeast cells and affect their
ethanol fermentation performance. However, this kind of substrate inhibition can be
overcome by developing corresponding process engineering strategies such as a
fed-batch mode or continuous fermentation with tanks-in-series systems.

Under fed-batch conditions, ethanol fermentation is initiated by inoculating
yeast cells into diluted medium containing sugars of 100-120 g/L. When sugar
concentration decreases below a threshold, the VHG medium is fed, keeping sugar
concentration with the tank at a relatively low level to prevent substrate inhibition
in yeast cells, but ethanol concentration increases continuously until the end of the
fermentation. As for continuous fermentation, the tanks-in-series system is com-
monly used. The VHG medium is fed into the first one or two tanks and diluted
immediately so that substrate inhibition in yeast cells can be effectively prevented
(Fig. 1). In this example, ethanol concentration increases as the fermentation broth
flows through the system, and the highest ethanol concentration is achieved with the
mature broth discharged from the last tank. This design alleviates both substrate
inhibition and ethanol toxicity in yeast cells at a certain level. However, capital
investment on this kind of facilities is significantly higher compared with the batch
and fed-batch fermentation systems. It is applied mainly in plants for large scale
fuel ethanol production.

3.1 Osmotic Stress

High sugar concentrations in molasses and other sugar-based feedstocks may exert
osmotic effect on yeast cells, particularly under VHG conditions. The osmotic
stress causes water outflow from yeast cells affecting their growth, possibly by
blocking the cell cycle at G1 or G2/M by the downregulation of the kinase
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Fig.1 Continuous VHG ethanol fermentation with a tanks-in-series system to alleviate substrate
and ethanol inhibition

GIn3p—Cdc28p activity (Belli et al. 2001) or inhibiting the kinase Clb2p—Cdc28p
(Alexander et al. 2001). As a result, ethanol production is inhibited immediately
once yeast growth is arrested by osmotic stress. When yeast is exposed to osmotic
stress conditions, the compatible solute glycerol is accumulated within cytoplasm
to counteract the dehydration effect, which was supported by the osmotic sensitivity
of the mutants deficient in the key enzymes of the glycerol biosynthetic pathway
(Siderius et al. 2000), especially under anaerobic conditions for ethanol production
(Modig et al. 2007). It seems that yeast is able to regulate concentrations of
intracellular osmolytes by either metabolic activities to synthesize or degrade
them on time or by activating membrane transporters to control their traffic across
the membranes (Kayingo et al. 2001).

Knowledge of mechanisms underlying yeast response to osmotic stress is lim-
ited. It is known that the high-osmolarity glycerol (HOG) mitogen-activated protein
(MAP) kinase pathway is triggered by osmotic stress (O’Rourke et al. 2002). In this
pathway, there are two sensing branches that activate the MAP kinase (MAPK)
cascade module with different mechanisms (Fig. 2). The Shol branch needs Shol
and the mucin-like proteins Hkrl and Msb2 to detect osmotic stress (Tatebayashi
et al. 2007), followed by the involvement of the small G-protein Cdc42 and the p21-
activated kinases (PAKs) Ste20 and Cla4. The target of Ste20 is the MAPKKK
Stell, which activates the MAPKK Pbs2 under osmotic stress conditions, resulting
in activation of Hogl (Hohmann 2009). Another branch to the activation of Pbs2
involves a two-component phosphor-relay signaling system with the participation
of the transmembrane protein Sinl and the response regulator proteins Ypdl and
Ssk1, through which two redundant MAPKKKSs (Ssk2 and Ssk22) participate in the
phosphorylation of Pbs2 for the final activation of Hogl (Posas et al. 1996; Posas
and Saito 1998). Once Hogl is activated, it coordinates the transcriptional response
for yeast cells to adapt to osmotic stress (O’Rourke and Herskowitz 2004).
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Fig. 2 The yeast HOG pathway. Membrane-localized sensors and regulators are shown in red,
protein kinases in blue, protein phosphatases in orange, and transcription factors in yellow. Two
branches converge at the level of Pbs2 to activate Hogl, which accumulates in the nucleus under
stress. Stell, Ssk2, and Ssk22 are MAPKKKSs; Pbs2 is a MAPKK, and Hog1 is the MAPK in the
system (This figure is reprinted from Hohmann (2009), with permission from Elsevier)

The consequence of this induction results in the accumulation of glycerol by
closing the glycerol export channel Fpsl to decrease extracellular excretion of
glycerol (Tamas et al. 1999). It also induces the transcription of genes for glycerol
biosynthesis through two paths: (1) the expression of genes GPDI, GPPI, and
GPP?2 encoding glycerol-3-phosphate dehydrogenase and glycerol-3-phosphatase,
respectively; and (2) the activation of the enzyme phosphofructo-2-kinase, which
produces the glycolytic activator fructose-2,6-bisphosphate, and thus increase the
rate of glycerol production at the upstream of the glycolytic pathway. In addition,
the uptake of glycerol from the surrounding can also be enhanced by the expression
of gene STLI encoding the glycerol H" symporter, a member of the sugar trans-
porter family (Ferreira et al. 2005; Ferreira and Lucas 2007). An overview of the
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Fig. 3 Mechanisms by which Hogl controls glycerol accumulation. The HOG pathway is only
represented schematically. Protein kinases are indicated in blue, transcription factors in yellow,
enzymes in green, and transmembrane transporters in violet. Broken lines represent protein
production rather than regulation (This figure is reprinted from Hohmann (2009), with permission
from Elsevier)

process involved in intracellular glycerol accumulation to counteract osmotic stress
in yeast is presented (Fig. 3).

3.2 Ethanol Stress

Although substrate inhibition in yeast cells can be reduced by process engineering
strategies such as fed-batch operation and continuous fermentation with the tanks-in-
series system, ethanol inhibition is inevitable, especially near the end of the fed-batch
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fermentation or within the rear tanks of the tanks-in-series fermentation system. Such
an ethanol inhibition causes stuck or sluggish fermentations with more sugars
remained unfermented, which significantly compromise ethanol yield.

The toxic effect of ethanol on cell growth, viability, and fermentability has been
observed and studied since the very beginning of the brewery industry. The mecha-
nistic understanding of this phenomenon has experienced different stages with the
progress of bioprocess engineering and biological sciences. In the earlier years,
ethanol inhibition was quantitatively characterized by incorporating its impact into
the kinetics of yeast growth and ethanol production (Aiba et al. 1968). Later,
qualitative explanation of this phenomenon was mainly at cellular levels, particu-
larly on its damage to various membrane structures of yeast cells (Casey and
Ingledew 1986). Recently, studies of ethanol tolerance have been focused at molec-
ular levels and identification of tolerant candidate genes. For example, decreasing
trehalose degradation by the antisense RNA-mediated inhibition of the acid
trehalase gene ATH] transcription improved ethanol tolerance and fermentability
of S. cerevisiae (Jung and Park 2005). Overexpression of tryptophan biosynthesis
gene TRPI-5 and tryptophan permease gene TAT2 also resulted in improved ethanol
tolerance (Hirasawa et al. 2007). Similar results were observed by disruption of the
cytidine 5'-triphosphate (CTP) synthase gene URA7 involved in de novo biosynthe-
sis of pyrimidines and the cysteine aminopeptidase gene GAL6 (Yazawa et al.
2007). Overexpression of FPS/ encoding the plasma membrane aquaglyceroporin
reduced the intracellular accumulation of ethanol and enabled yeast cells to achieve
higher ethanol titer with a VHG medium containing 300 g L™' glucose, which
represented a 15% increase in ethanol concentration comparing with the wild type
strain (Teixeira et al. 2009). A significant amount of efforts has been made in
investigation of gene expression and regulatory networks at the genome level
(Yoshikawa et al. 2009; Stanley et al. 2010; Ma and Liu 2010). See Chap. 4 for
more detailed discussions on molecular mechanisms of ethanol tolerant in yeast.

3.3 Thermal Stress

Fermentation systems operated at temperatures of 35-40°C are preferred in indus-
try since they can be cooled down by cooling water from a regular cooling tower
with temperatures about 2-3°C lower than that of the environment, which are
usually higher than 35°C in summer for most tropical and subtropical regions
where feedstocks for ethanol production are abundant. If chilled water is required,
more capital investments on the facilities such as the lithium bromide absorption
system are needed in addition to the costs of energy consumption and operation
maintenance (Bai et al. 2008).

The optimum temperature for efficient yeast cell growth and ethanol fermenta-
tion is ranged from 30°C to 32°C, although some strains are able to tolerate
temperatures above 35°C. Under higher temperature conditions, yeast performance
on ethanol fermentation is negatively affected or deteriorated due to the synergistic
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inhibition of ethanol and high temperature. For a fed-batch fermentation under
aeration and good nutritional conditions supplemented with biotin and vitamins,
S. cerevisiae CBS 8066 was observed to have reduced viability by the synergistic
effect of ethanol concentration and fermentation temperature (Aldiguier et al.
2004). With 90% viable cells as the criterion, a threshold of ethanol concentra-
tion was detected at 80, 100, and 50 g/L for temperature at 27°C, 30-33°C, and
36°C, respectively. An ethanol concentration of 120 g/ was achieved at
30-33°C by this strain, but it was decreased drastically to 93 g/L at 36°C (Aldiguier
et al. 2004).

Biosynthesis of a set of proteins known as the heat shock proteins (HSPs) is
rapidly induced when yeast cells are suffered from thermal stress. For example,
HSP104 is greatly expressed, which is a molecular chaperone that is not essential
for yeast growth at normal temperature but promotes cell survival by disassembling
aggregated proteins (Lindquist and Kim 1996; Schirmer et al. 2004; Bosl et al.
2006). Temperature-induced transcription of the HSP genes in S. cerevisiae is
governed by the transcription factors, which bind to the promoter regions of the
HSP genes and influence a broad range of biological functions associated with heat
stress such as protein folding and maturation, energy generation, carbohydrate
metabolism, integrity maintenance, and cell signaling (Yamamoto et al. 2008).

Mechanisms of yeast thermal tolerance are not clear, and thermal tolerant
ethanol-producing strains have not yet become available. Recent applications of
high-throughput screening tools such as DNA microarrays revealed significant
amount of information on global gene expression under the stress for S. cerevisiae
(Mensonides et al. 2002; Postmus et al. 2008; Auesukaree et al. 2009). However,
most data were generated under laboratory conditions. In practice, the impact of
sustained high temperature on yeast cells under industrial conditions is significantly
different from that induced by transient heat shocks exerted on yeast cells under
laboratory conditions. Therefore, it is necessary to adjust and develop strategies to
explore yeast thermal tolerance using fed-batch fermentation or chemostat systems
mimic industrial conditions.

3.4 Industrial Processing Stresses

Industrial processing procedures also generate numerous stresses on yeast cells,
for example, nutritional depletion. Under industrial conditions, no yeast extract or
peptone is used to nourish yeast cells, and almost all sugars are consumed at the end
of the fermentation for a high ethanol yield, which is calculated based on the starch
or sugars fed into the fermentation system without deduction of the residual sugars
(Bai et al. 2008). Low levels of nutrition supplies and quick cell growth may present
yeast cells a threat of nutritional depletion.

Unlike the production of value-added fine chemicals and pharmaceuticals such
as amino acids and antibiotics, ethanol fermentation is carried out under
semi-sterile conditions provided by vigorous propagation of yeast cells at acidic
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conditions with a pH value around 4.5, since the energy consumption is economi-
cally not acceptable if those huge tanks with working volumes of hundreds, even
thousands of cubic meters are sterilized by vapor and operated under sterilized
conditions. Thus, contamination of bacteria such as Acetobacter and Lactobacilli
that produce acetic and lactic acids and decrease of the pH value of the fermentation
system are inevitable (Narendranath 2003). In addition, the preferred anaerobic
ethanol fermentation condition and CO, produced and dissolved in the fermentation
broth significantly compromise the tolerance of yeast cells to environmental
stresses (Arcay-Ledezma and Slaughter 1984).

4 Evolutionary Engineering

Evolutionary engineering has been widely used for tolerant strain development.
This approach applies selection pressure on yeast under laboratory conditions mimic
natural evolution process to obtain adapted populations or spontaneous mutations. It
has been demonstrated to be efficient in the improvement of multiple stress toler-
ance with yeast. For example, after nine rounds of batch selection for
freezing—thawing stress resistance, a multiple stress-tolerant mutant was obtained,
which exhibited 62-fold increase in ethanol tolerance, 89-fold increase in thermal
resistance, and 1,429-fold increase in oxidative stress tolerance that were
characterized by survival percentages of yeast cells (Cakar et al. 2005). Another
example is the acquisition of anaerobic xylose utilization ability for the recombinant
yeast engineered with heterogeneous xylose metabolic pathway. The recombinant
yeast utilized xylose under aerobic conditions only, which is not suitable for ethanol
production operated with trace oxygen or anaerobic conditions. Using the evolu-
tionary engineering method through selections over 266 days, about 460 generations
in a chemostat system operated from aerobic to microaerobic until finally anaerobic
conditions for the recombinant to acquire resistance to oxygen depletion
(Sonderegger and Sauer 2003). Technically, strains with specific properties devel-
oped by rational approaches such as the recombinant engineered with the xylose
metabolic pathway can be subject of evolutionary engineering for further improve-
ment. Strains selected by the evolutionary engineering strategy can also be optimized
by rational design (Petri and Schmidt-Dannert 2004).

5 Bioprocess Engineering

With suitable yeast strains in hand, whether naturally selected or genetically
modified, bioprocess engineering strategies need to be established to ultimately
explore their potentials for more efficient ethanol production. Conventional modes
such as batch, fed-batch, continuous systems with single tank or tanks-in-series
have been used by industry. These procedures create different environmental
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conditions for yeast cells to balance their physiological requirement, fermentation
performance, and economic aspects associated with capital investment and energy
consumption. Continued efforts on improvement are needed, and novel processes
are being developed.

5.1 Medium Optimization

Stuck or sluggish fermentation occurs when sugar utilization rate becomes very
slow or fermentation time is protracted significantly, especially toward the end of
ethanol fermentation in which high ethanol concentration is achieved, and nutrition
is depleted. Nitrogen source, as a macronutrient, is crucial for yeast cells to
synthesize proteins and other nitrogenous components. In industry, the nitrogen
source is provided naturally with feedstocks, for example, corn is rich in proteins
without additional cost. However, for molasses, cassava chips, and hydrolysate of
lignocellulosic biomass that are deficient in proteins, ammonia or ammonium
sulfate/phosphate or urea that is assimilable to yeast cells should be supplemented.
The amount of the supplementation of these nitrogen sources can be estimated by
the amount of yeast biomass accumulated during ethanol fermentation. Yeast cells
are able to use ammonium as a sole nitrogen source to synthesize all kinds of
amino acids and proteins that are required for intracellular metabolism (Magasanik
and Kaiser 2002). If ammonium salts or urea that can be broken down by yeast cells
into ammonia and water are supplemented properly, the deficiency of amino acids
is unlikely to occur under the industry processing conditions.

Recent study demonstrated that supplementation of amino acids significantly
enhanced stress tolerance of yeast cells and their growth and thereafter, the perfor-
mance of ethanol fermentation under VHG conditions (Pham and Wright 2008a, b).
Proline has been shown as an effective protectant to multiple stresses including
osmotic pressure, ethanol inhibition, and oxidative damage (Takagi et al. 2005;
Takagi 2008). However, unlike other amino acids that can be utilized easily, yeast
cells are limited in uptaking of proline effectively during ethanol fermentation.
Although proline is relatively rich in mashes, especially for hydrolysate
supplemented with industrial proteases, proline-specific permease PUT4 was
found to be repressed by assimilable nitrogen, particularly by ammonium (Poole
et al. 2009). Therefore, the amount of ammonium supplementation needs to be
optimized to provide enough assimilable nitrogen at the early and middle stages of
ethanol fermentation for yeast cells to propagate quickly but gradually depleted
toward the end of the fermentation to prevent ammonium inhibition in proline
uptake. Thus, with the increased concentration of ethanol during the fermentation,
yeast cells become more tolerant to ethanol inhibition since efficient uptake of
proline in the mash protect them effectively.

Yeast cells also need many other micronutrients such as vitamins and inorganic
ions which are important regulators and cofactors of numerous enzymes that
catalyze their intracellular metabolism. But compared with assimilable nitrogen,
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trace levels of these components are adequate to nourish yeast cells, which can be
supplied easily with the feedstocks in industry. Since yeast general stress response
is mediated to a large extent by global transcription factors Msn2/Msn4, zinc
starvation could weaken their response to environmental stresses (Gauci et al.
2009). On the other hand, zinc supplementation exhibited a significant impact on
metabolic flux distribution of the self-flocculating yeast SPSCO1 during ethanol
fermentation under VHG conditions (Table 1), directing more carbon flux to the
biosynthesis of ergosterol and trehalose and reducing the production of glycerol,
one of the major by-products of ethanol fermentation, thus improved yeast toler-
ance and ethanol yield (Zhao et al. 2009; Xue et al. 2010).

Table 1 Impact of zinc supplementation on continuous VHG ethanol fermentation with
S. cerevisiae

Zinc

sulfate  Biomass g Glucose Ethanol Glycerol Total ergosterol  Trehalose
g/L (DCW)/L gL g/L Yield g/L mg/g(DCW) mg/g(DCW)
0 22.0 0.73 104.1 0.425 5.3 7.86 127.5

0.01 22.0 0.75 107.0 0.437 3.44 12.43 235.5

0.05 22.0 0.63 114.5 0.467 3.21 12.89 255.4

0.10 22.0 0.65 110.8 0.452 342 14.76 238.3

The continuous VHG ethanol fermentation was carried out at the dilution rate of 0.025 h™", and the
size of yeast flocs was detected online by the focused beam reflectance measurement (FBRM)
system

5.2 High Cell Density and Immobilized Cells

High cell density facilitates biological detoxification of inhibitors such as toxic by-
products generated in the pretreatment of lignocellulosic biomass and lactic acids
produced by contaminated bacteria, and thus alleviate their stressful impact. High
levels of cell density can be achieved by increasing inoculum size to stimulate
propagation, recycling cells separated by centrifuges, and yeast cell immobiliza-
tion. Since yeast seed needs to be prepared with supplementation of various
nutritional components under aerobic conditions that consume much more energy,
the application of the large inoculum in industry is limited from economic point of
view. As for the separation of yeast cells by centrifuges, special processes to
remove non-fermentable solid residues in feedstocks to prepare a clear substrate
are required, which is not suitable for ethanol production due to the significant loss
of sugars with the removal of the residues. It also increases contamination risk
associated with these process operations. In addition, a significant capital invest-
ment is required for centrifuges and energy consumption for the operation.

High cell density can be obtained when cells are immobilized. Ethanol fermen-
tation with immobilized yeast cells has been intensively studied since the 1970s.
Unfortunately, no commercial application has been reported up until now. Techni-
cally, ethanol is a primary metabolite, and its production is tightly associated with
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yeast growth. When yeast cells are immobilized by supporting materials, particu-
larly by gel entrapment, cell growth is compromised significantly by the physical
constraint, making immobilized cells unlikely productive compared with free yeast
cells. Economically, the extra cost of the preparation of immobilized cells at large
scales is very high, and the contamination of the supporting materials to the by-
products including yeast biomass and feedstock residues to be used as animal feed
is unacceptable by the industry. All of these have attributed to the incompetent
utilization of immobilized cells for ethanol fermentation (Bai et al. 2008).

When cells self-flocculate/aggregate together to form particles with suitable size
distributions, they can be immobilized within fermentors without consumption of
any supporting materials, and all disadvantages associated with yeast cells
immobilized by supporting materials can be overcome. Recently, this technology
was commercialized in fuel ethanol production (Zhao and Bai 2009). More signifi-
cantly, flocs developed by the self-flocculation of yeast cells might provide close
contact for individual cells to benefit their communication and coordination under
stressful conditions, and research progress supported such an expectation (Table 2)
(Lei et al. 2007), which can be used as a new strategy for yeast cells to overcome
stressful conditions.

Table 2 Impact of the self-flocculation of yeast cells on ethanol tolerance and membrane
composition

Pl PE PC

d,pm X, g(DCW)/L Cell viability,% P, cm/h ng/g(DCW) E g/l Y%
100 10.78 3.5 3.5 x 1077 5117 4320 3634 113.0 783
200 10.03 26.7 29 x 1077 857.1 5350 808.0 117.2 81.2
300 10.07 48.8 1.5 x 1077 1429.1 1386.8 413.1 1234 855
400 10.32 37.6 20 x 1077 1014.6 7708 963 118.8 823

The average size of yeast flocs (d) was detected online by the focused beam reflectance measure-
ment (FBRM) system, and cell viability was evaluated after yeast flocs were treated by ethanol
shock. X, E, and Y biomass, ethanol concentration, and ethanol yield detected at the end of the
fermentation; P plasma membrane permeability, and PI, PE, and PC phosphoinositol,
phosphoethanolamine, and phosphocholine, respectively

5.3 Consecutive Batch Fermentation

Based on the self-flocculation of yeast cells, an innovative process of consecutive
batch fermentation was developed for ethanol fermentation under VHG conditions
(Li et al. 2009). In this system, a high-cell density was achieved for ethanol
fermentation. In the meantime, yeast flocs were separated automatically from the
fermentation broth by sedimentation at the end of each batch, so the condensed
yeast slurry remained can be applied as inoculums to quickly start the next batch
fermentation. The basic idea for such a process design is to alleviate ethanol
inhibition in yeast cells by reducing the fermentation time and duration of yeast
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cells exposed to high ethanol concentration since the osmotic impact from the VHG
medium was approved to be negligible for the self-flocculating yeast.

It seems that the shorter the fermentation time is, the less the ethanol inhibition
in yeast flocs could be. However, it was demonstrated that the ethanol productivity
also affected the variability of yeast cells and their ethanol fermentation perfor-
mance (Li et al. 2009), which should be controlled properly in order to maintain
suitable cell variability for efficient ethanol fermentation for more batches. Theo-
retically, this process can be repeated unlimitedly if yeast flocs are purged at the end
of each batch to keep a dynamic balance between cell growth and death during the
fermentation.

5.4 Process Oscillation

Sustained oscillations of residual sugar, ethanol, and biomass concentrations were
observed for continuous ethanol fermentation under VHG conditions. Mechanisms
triggering this phenomenon were proposed to be the inhibition of high ethanol
concentration accumulated within the fermentation system and the lag response of
yeast cells to this stressful condition. Studies using packed bioreactors to immobi-
lize yeast cells and improve their ethanol tolerance as well as the metabolic flux
analysis for yeast cells under oscillatory conditions supported this hypothesis (Bai
et al. 2004, 2009; Shen et al. 2009, 2010).

It is reasonable for yeast cells to deal with the environmental stress by oscillatory
behavior instead of steady state that is prevailing for continuous ethanol fermenta-
tion under normal gravity conditions with ethanol concentration <12% (v/v), as
commonly adopted by most laboratory studies. Under oscillatory conditions, sugar
and ethanol concentrations change periodically in reverse directions due to their
coupling characteristics: The more sugar left, the less ethanol produced, and vice
versa. Since osmotic stress from sugar is not a major problem for industrial yeast
under continuous ethanol fermentation conditions, the impact of ethanol inhibition
can be alleviated periodically through this kind of oscillation, which provides yeast
cells opportunities to recover from stressful conditions and be better prepared for
the next round of stress attack, and thus, higher ethanol concentration and lower
residual sugar could be achieved (Table 3).

Residual sugars must be controlled at extremely low levels in industry, and
relatively constant ethanol concentration is also required for the fermentation broth
to be processed by distillation. Therefore, the whole ethanol fermentation system
cannot be operated at oscillatory conditions. Instead, some tanks in front of the
system can be operated at oscillatory state to improve stress tolerance of yeast cells
as well as their ethanol productivity, which is attenuated gradually as ethanol
fermentation is carried out with the flow of the fermentation broth through the
remaining tanks. Thus, steady state is achieved within the last one or two tanks for
constant ethanol concentration and required residual sugars in the mature broth,
which presents a good example that combines systems biology of yeast cells and
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Table 3 Continuous VHG ethanol fermentation operated at oscillatory and steady states

Oscillatory state Steady state
Glucose, g/L. Ethanol, g/L Glucose, g/L. Ethanol, g/L
CSTR 112.0 72.8 128.0 65.1
TB 1 27.0 114.3 58.0 99.8
TB 2 18.0 119.8 47.0 105.7
TB 3 11.0 122.9 37.0 110.6
TB 4 5.0 1254 25.0 115.6

The fermentation system composed of a stirred tank bioreactor (CSTR), followed by four tubular
bioreactors (TB 1-4), was operated at the dilution rate of 0.04 h™' by feeding the medium
containing 280 g/L glucose, supplemented with 5 g/L yeast extract and 3 g/L peptone. The glucose
and ethanol concentrations were average values for comparison

industrial process engineering together to address stress impact exerted on yeast
cells under VHG fermentation conditions.

6 Conclusions and Perspectives

The HG/VHG fermentations save energy consumption for both ethanol distillation
and the treatment of distillage discharged from the distillation system. Since
ethanol concentration achieved during the fermentation of the hydrolysate of
lignocellulosic biomass is usually <12% (v/v), the toxic effect of the harmful by-
products released during the pretreatment of the feedstock instead of ethanol
inhibition will be the major stress exerted on yeast. For ethanol production from
starch-based feedstocks, ethanol inhibition in yeast cells is a major concern because
much higher ethanol concentration can be achieved; while osmotic stress can be
prevented effectively by the SSF process. When sugar-based feedstocks such as
molasses are used, osmotic effect may exert on yeast cells, which affects cell
growth and ethanol fermentation to certain degree, particularly at the early stage
of the fermentation. Also, high temperature is always preferred in industry since the
fermentation system operated at elevated temperature can be cooled down by
regular cooling water with low cost rather than by chilled water which demands
additional capital investment and energy consumption. Thus, the synergistic effect
of high temperature and ethanol inhibition may further complicate the industrial
fermentation system.

Most studies in stress response of yeast cells are using laboratory strains and
media chemically defined or semi-defined with yeast extract and peptone
supplemented rather than industrial strains and complex media from various
feedstocks. In addition, stresses exerted on yeast cells in laboratory research are
generally short period of shocks while sustained and multiple stresses are exerted on
yeast cells under industrial conditions, particularly with continuous fermentation
systems, which make experimental results, mechanistic analysis, and conclusions
developed correspondingly more scientifically significant but limited in practice. For
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example, osmotic stress has been intensively studied but will never occur with ethanol
fermentations from starch-based feedstocks and lignocellulosic biomass, regardless
of how much sugar in the form of starch or cellulose is contained in the media, since the
well-established SSF process in the industry makes sugars released from starch or
cellulose fermented immediately by yeast cells without significant accumulation
within the fermentation system. Therefore, research under ethanol fermentation
conditions mimic to industrial production should be applied, and industrial strains
are recommended to be used as hosts for genetic manipulations.

Acknowledgment The assistance of Dr. Z. Lewis Liu is gratefully acknowledged. Without his
great effort and valuable comments, it would not have been possible for us to make the chapter
accommodated to the theme of this book.
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Abstract The efficient utilization of all available sugars in lignocellulosic bio-
mass, which is more abundant than available commodity crops and starch,
represents one of the most difficult technological challenges for the production of
bioethanol. The well-studied yeast Saccharomyces cerevisiae has played a tradi-
tional and major role in industrial bioethanol production due to its high
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fermentation efficiency. Although S. cerevisiae can effectively convert hexose
sugars, such as glucose, mannose, and galactose, into ethanol, it is limited to utilize
pentose sugars, including xylose and arabinose, leading to low ethanol yields from
lignocellulosic biomass. Numerous approaches for enhancing the conversion of
pentose sugars to ethanol have been examined, particularly those involving meta-
bolically engineered S. cerevisiae. In this chapter, recent progress in several
promising strategies, including genetic recombination of xylose reductase, xylitol
dehydrogenase, and xylose isomerase, genetic engineering and evolutionary engi-
neering, characterization of xylose transporters, and approaches toward understand-
ing of molecular mechanisms for xylose utilization are discussed, with particular
focus on xylose-utilizing strains of engineered S. cerevisiae.

1 Introduction

The utilization of biofuels, such as bioethanol, is a promising alternative to liquid
fossil fuels for reducing both petroleum dependence and the environmental impact
of combustion processes. However, further technology development is required for
the efficient production of bioethanol from lignocellulosic biomass, such as wood
and agricultural residues, to replace the use of starchy biomass that could be
alternatively used for food and animal feed. Lignocellulosic biomass, which is
the most abundant material in the world, is comprised of cellulose, hemicellulose,
and lignin, whose composition varies widely among plant species (Sun and Cheng
2002). Cellulose and hemicellulose can be used as carbohydrate sources to produce
ethanol through chemical or enzymatic hydrolysis (saccharification) and fermenta-
tion. During hydrolysis, glucose is released from the cellulose component of
lignocellulose, while pentose (i.e., xylose and arabinose) and hexose (i.e., glucose,
mannose, and galactose) sugars are released from the hemicellulose component. As
xylose, the second most abundant monosaccharide in nature following glucose is
the dominant pentose sugar in hemicellulose hydrolysates; economically feasible
biomass—ethanol fermentation processes require the utilization of this pentose
sugar. However, only a few traditional ethanol-producing microorganisms can
ferment xylose, albeit with limited efficiency.

In the past two decades, several microorganisms, including yeasts and bacteria
(e.g., Zymomonas mobilis and Escherichia coli), have been engineered to convert
xylose to ethanol (Dien et al. 2003; Lin and Tanaka 2006). Among yeasts, Saccha-
romyces cerevisiae has traditionally been used for industrial ethanol production
because of its high ethanol productivity, tolerance to ethanol (Taylor et al. 2008)
and lignocellulose-derived inhibitory compounds (Olsson and Hahn-Hagerdal
1993; Olsson and Nielsen 2000; Liu et al. 2004, 2008), relative resistance to low
pH (a characteristic that reduces contamination by other bacteria), and is generally
regarded as safe. Although S. cerevisiae does not exhibit many of the limitations
encountered with bacteria, as stated above, it is unable to utilize xylose for growth
or fermentation. Therefore, metabolic engineering of this promising microorganism
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for efficient xylose fermentation has been a major goal of many research groups.
To date, many S. cerevisiae strains capable of utilizing xylose for ethanol produc-
tion have been successfully engineered (Table 1). Numerous excellent reviews have
addressed the current advances in metabolic engineering of xylose-utilizing strains
and factors which affect xylose metabolism in yeasts (Gong et al. 1999; Ho et al.
1999; Jeffries and Shi 1999; Aristidou and Penttila 2000; Hahn-Hagerdal et al.
2001, 2007a, b; Jeffries and Jin 2004; Jeffries 2006; van Maris et al. 2006, 2007,
Chu and Lee 2007; Almeida and Hahn-Hagerdal 2009; Van Vleet and Jeffries 2009;
Matsushika et al. 2009c¢). This chapter focuses on recent advances in the improve-
ment of xylose utilization by engineered strains of S. cerevisiae for bioethanol
production.

2 Xylose Metabolic Pathways

Xylose is converted to the keto-isomer xylulose through two different pathways in
microorganisms. In xylose-utilizing bacteria (e.g., E. coli and Streptomyces sp.),
xylose is directly isomerized to xylulose by xylose isomerase (XI). Xylulokinase
(XK) then phosphorylates xylulose to yield xylulose 5-phosphate (X5P), which is
further metabolized through the pentose phosphate pathway (PPP) and glycolysis
(Fig. 1). In contrast, most fungi and xylose-fermenting yeasts (e.g., Scheffersomyces
(Pichia) stipitis, Candida shehatae, and Pachysolen tannophilus) convert xylose to
xylulose by two oxidoreductases that require the cofactors NAD(P)H/NAD(P)*. In
this pathway, NAD(P)H-linked xylose reductase (XR) initially reduces xylose to
xylitol, which is then oxidized to xylulose by NAD*-linked xylitol dehydrogenase
(XDH). Subsequent phosphorylation of xylulose is followed by X5P metabolism
and glycolysis, as occurs in bacteria.

3 DNA Recombination of Xylose Reductase and Xylitol
Dehydrogenase

As S. cerevisiae is only able to metabolize xylulose at a minimal rate (Wang and
Schneider 1980; Hsiao et al. 1982), the conversion of xylose to xylulose is a critical
target for the metabolic engineering of an efficient xylose-utilizing S. cerevisiae
strain. Anaerobic ethanol fermentation from xylose using recombinant S. cerevisiae
strains has predominantly been accomplished by heterologous expression of the
S. stipitis XYLI and XYL2 genes, which encode XR (PsXR) and XDH (PsXDH)
(Kotter and Ciriacy 1993; Tantirungkij et al. 1993), respectively.
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Fig. 1 An overview of catabolic pathways for engineered Saccharomyces cerevisiae in utilization
of major hexoses including glucose, galactose, and mannose, and pentoses including xylose and
arabinose for ethanol production. In the diagram, underlined EC numbers represent endogenous
enzymes, and those in normal cases indicate exogenous origin or introduced to the yeast. Enzyme-
encoding genes and EC numbers are presented in parentheses as follows: hexokinase (HXK1/
HXK2, 2.7.1.1); glucokinase (GLKI, 2.7.1.2); galactokinase (GALI, 2.7.1.6); galactose-1-phos-

phate uridylyltransferase (GAL7, 2.7.7.12);

UDP-glucose 4-epimerase (GALIO, 5.1.3.2);
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3.1 Challenges for Improving Xylose Utilization

Although expression of both PsXR and PsXDH permits the growth of S. cerevisiae
on xylose, such engineered strains produce little ethanol and accumulate a consid-
erable amount of xylitol as a by-product, limiting their application in industrial
bioprocesses. One of the main reasons for this poor ethanol production is an
intracellular redox imbalance resulting from differences in coenzyme specificities
between the mainly NADPH-dependent XR and strictly NAD*-dependent XDH
(Bruinenberg et al. 1983; Kotter and Ciriacy 1993).

In addition to redox imbalance, poor ethanol yields from S. cerevisiae are ascribed
to low levels of endogenous XK activity, which leads to slow xylulose consumption
(Chang and Ho 1988; Deng and Ho 1990). However, overexpression of the XKS/
gene encoding XK from S. cerevisiae (ScXK) improves ethanol production from
xylose (Ho et al. 1998; Eliasson et al. 2000b; Toivari et al. 2001), although xylitol
remains a major by-product. Thus, controlling the specific expression of XR, XDH,
and XK is essential for effective utilization of xylose, as a higher level of XDH
relative to XR decreases the xylitol yield (Walfridsson et al. 1997; Eliasson et al.
2001; Jin and Jeffries 2003; Karhumaa et al. 2007a; Matsushika et al. 2009a), while
high activity of both XR and XDH is important for xylose fermentation (Jeppsson
et al. 2003; Karhumaa et al. 2007a; Matsushika and Sawayama 2008). In addition,
recent studies have demonstrated that only finely tuned overexpression of XK in
S. cerevisiae leads to improved xylose fermentation (Rodriguez-Pena et al. 1998;
Johansson et al. 2001; Jin et al. 2003; Matsushika and Sawayama 2008).

Optimizing fermentation conditions, such as temperature, pH, growth substrates,
and initial cell concentrations, is important for obtaining the maximum rate and
yield of ethanol production from xylose. For instance, starting the fermentation
with a highly concentrated inoculum of metabolically engineered S. cerevisiae
strains can improve the rate of xylose utilization and ethanol production (Zhong
et al. 2009; Matsushika and Sawayama 2010). In recombinant S. cerevisiae strains
generated to date, however, the rate of ethanol production from xylose is consider-
ably lower than that from glucose. The difference in ethanol production between
these two substrates may be related to the use of xylose as a nonfermentable carbon
source (Salusjarvi et al. 2003, 2008; Jin et al. 2004; Souto-Maior et al. 2009).

The uptake of xylose by S. cerevisiae is considered to be one of the main rate-
limiting steps of xylose metabolism due to the lack of xylose-specific transporters in
this yeast. The uptake of xylose proceeds through hexose transporters encoded by
the HXT gene family (Kruckeberg 1996), albeit with significantly lower affinity

<
«<

Fig. 1 (continued) phosphoglucomutase (GAL5/PGM?2, 5.4.2.2); hexokinase 1 (HXKI, 2.7.1.1);
mannose-6-phosphate isomerase (PM140, 5.3.1.8); xylose reductase/aldose (GRE3/xyll, 1.1.1.21);
xylitol dehydrogenase (XYL2/xyl2, 1.1.1.9); xylulokinase (XKS1/xyl3,2.7.1.17); xylose isomerase
(YXI?"[xylA, 5.3.1.5); arabinitol 4-dehydrogenase (ladl, 1.1.1.12); L-xylulose reductase (Ixrl,
1.1.1.10); L-arabinose isomerase (araA, 5.3.1.4); L-ribulokinase (araB, 2.7.1.16); and L-ribulose-
5-phosphate 4-epimerase (araD, 5.1.3.4) (This figure is reprinted from Liu et al. 2008b)
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compared to glucose (Kotter and Ciriacy 1993). The transport of xylose is thus
competitively inhibited by glucose, and in the case of mixed sugar substrates,
xylose is typically consumed only after the depletion of glucose (van Zyl et al.
1993; Sedlak and Ho 2004). Another factor limiting ethanol production from xylose
in S. cerevisiae is the lower activity of the PPP compared to that in other species of
yeast (Gancedo and Lagunas 1973; Fiaux et al. 2003), as this pathway also affects
the rates of xylulose conversion. This finding partially explains why S. cerevisiae
almost exclusively produces ethanol from hexose sugars.

3.2 Improvement of the XR/XDH Pathway

Recombinant S. cerevisiae strains capable of utilizing the XR/XDH pathway
excrete substantial amounts of xylitol as a by-product, thereby decreasing ethanol
yields. This finding is mainly ascribed to differences in coenzyme specificity
between the predominantly NADPH-dependent XR and strictly NAD*-dependent
XDH, as described above. Under anaerobic conditions, the poor recycling of NAD*
causes an intracellular redox imbalance in S. cerevisiae (Bruinenberg et al. 1983;
Kotter and Ciriacy 1993). Therefore, altering the coenzyme specificity of XR and/
or XDH by protein engineering is an attractive approach for reducing xylitol
production and enhancing ethanol yield using recombinant S. cerevisiae.

Several research groups have engineered S. cerevisiae strains to express mutated
XR/XDH enzymes from various yeasts. For example, Nidetzky and coworkers
generated several NADH-preferring mutant enzymes of XR from Candida tenuis
(CtXR), which were then used to generate several S. cerevisiae strains (Kavanagh
et al. 2002, 2003; Leitgeb et al. 2005; Petschacher and Nidetzky 2005; Petschacher
et al. 2005). One of the recombinant strains, S. cerevisiae strain BP10001 harboring
the K274R-N276D CtXR double mutant, exhibited decreased xylitol formation
(Petschacher and Nidetzky 2008). In addition to XR, four NADP"-preferring
XDH mutants have also been generated from Galactocandida mastotermitis
(GmXDH). Two of the S. cerevisiae strains, expressing mutated GmXDH in
combination with a matching NADPH-preferring C+XR mutant, showed decreased
glycerol yield without an increase in ethanol production (Krahulec et al. 2009).
Jeppsson et al. (2006) engineered a recombinant S. cerevisiae strain that expresses
mutated PsXR, which has reduced affinity for NADPH (K270M; Kostrzynska et al.
1998), resulting in enhanced ethanol production accompanied by decreased xylitol
formation. Makino and collaborators (Watanabe et al. 2007a, b) also created several
strains expressing NADH-preferring PsXR mutants and found that the R276H
strain had the most positive effect on xylose fermentation to ethanol. This group
also generated several PsXDH mutants with complete reversal of coenzyme speci-
ficity toward NADP* (Watanabe et al. 2005) and demonstrated that expression of a
quadruple ARSdR mutant (D207A/1208R/F209S/N211R) in recombinant
S. cerevisiae achieved increased ethanol and decreased xylitol production
(Watanabe et al. 2007c; Matsushika et al. 2008a, b, 2009b). Significantly,
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expression of this modified enzyme also increased xylose consumption and ethanol
production rates with not only xylose-supplemented artificial medium, but also with
lignocellulosic hydrolysate as a substrate (Matsushika et al. 2008b, 2009b).

As another strategy to relieve intracellular redox imbalance, Jeppsson et al.
(2002) constructed a PsXR-PsXDH-ScXK — expressing S. cerevisiae strain by
inactivating the oxidative PPP through the GNDI and ZWF I genes, which encodes
NADPH-producing 6-phosphogluconate dehydrogenase (6PGDH) and glucose-6-
phosphate dehydrogenase (G6PDH), respectively. Compared to the parent strain,
the Agndl and Azwfl mutants decreased xylitol yield, with a corresponding
increase in ethanol yield. Using a slightly different approach, Verho et al. (2003)
demonstrated that the rate and yield of xylose fermentation to ethanol can be
improved by expressing the Kluyveromyces lactis GDP1 gene (Verho et al.
2002), encoding NADP"-dependent glyceraldehyde 3-phosphate dehydrogenase,
and deleting the ZWF1 gene. In addition, deletion of the GRE3 gene encoding a
strictly NADPH-dependent aldose reductase decreases xylitol excretion by recom-
binant S. cerevisiae (Traff et al. 2001; Traff-Bjerre et al. 2004), which represents a
particularly useful strategy for XI-expressing strains, because xylitol inhibits the
activity of XI (Yamanaka 1969; Lonn et al. 2003; Kuyper et al. 2005a).

4 Genetic Engineering of Xylose Isomerase

Eukaryotic pathways for xylose metabolism utilize oxidoreductases with different
cofactor requirements, yielding a substantial increase in xylitol accumulation. To
avoid cofactor imbalance in S. cerevisiae, expression of bacterial XI encoded by the
xylA gene may be a reasonable approach (Walfridsson et al. 1996; Kuyper et al.
2003; Lonn et al. 2003); however, nearly all attempts to express functional XI in
this yeast have failed because of reduced or no XI activity (Sarthy et al. 1987,
Amore et al. 1989; Moes et al. 1996; Gardonyi and Hahn-Hégerdal 2003). Unsuc-
cessful heterologous expression in S. cerevisiae is speculated as a result of protein
misfolding, improper posttranslational modifications, and disulfide bridge forma-
tion (Sarthy et al. 1987).

4.1 Improvement of Xylose Isomerase Pathway

Walfridsson et al. (1996) reported the first successful expression of a functional XI
from Thermus thermophilus in S. cerevisiae. Although reduced xylitol excretion
had been previously achieved when T. thermophilus XI expression was combined
with other genetic modifications (Traff et al. 2001), the activity of XI at 30°C was
too low to allow fermentation of xylose. In a subsequent attempt at XI
overexpression, three cold-adapted XI mutants, which were created by random
PCR mutagenesis and expressed individually in a recombinant S. cerevisiae strain
(Lonn et al. 2002), did not permit ethanol production from xylose at 30°C
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(Lonn et al. 2003). Recent studies, however, have reported successful heterologous
expression of XI genes from the anaerobic fungi Piromyces (Kuyper et al. 2003)
and Orpinomyces (Madhavan et al. 2009a), as well as bacterial XI from Clostridium
phytofermentans (Brat et al. 2009), in S. cerevisiae at high levels. Further adapta-
tion (Kuyper et al. 2004, 2005b; Madhavan et al. 2009b) and genetic engineering
(Kuyper et al. 2005a; Hughes et al. 2009) have been applied for improving xylose
fermentation to ethanol. However, growth on xylose and xylose fermentation in an
XI-expressing strain was slower than in an XR-XDH-expressing strain, despite the
higher yield of ethanol (Karhumaa et al. 2007b). Moreover, XI has only been
expressed under strong promoters on multicopy plasmids, indicating that
Xl-expressing strains tend to be unstable, particularly during continuous cultiva-
tion. A recent development by chromosomal integration of a synthesized yeast
xylose isomerase gene into tolerant industrial yeast appeared to be stable and
promising for engineered yeast strain development using Xxylose isomerase
(Liu et al. 2011; Ma et al. unpublished data). See following sections for more
detailed discussions.

4.2 Evolutionary Engineering

Approaches involving natural selection, random mutation, and evolutionary engi-
neering (Sauer 2001) have also been applied to a number of S. cerevisiae strains for
enhancing xylose fermentation (Sonderegger and Sauer 2003; Wahlbom et al.
2003a; Kuyper et al. 2004, 2005b; Karhumaa et al. 2005; Pitkanen et al. 2005;
Madhavan et al. 2009b; Wisselink et al. 2009; Matsushika et al. 2010). As a number
of recombinant S. cerevisiae strains are often unable to grow anaerobically on
xylose alone, these approaches allow the generation of adapted strains that are not
only capable of anaerobic growth on xylose as the sole carbon source, but also
exhibit improved xylose utilization. Notably, evolutionary engineering approaches,
in which xylose-utilizing S. cerevisiae strains were adapted to lignocellulosic
hydrolysates, have been used to improve tolerance to inhibitors (Liu et al. 2005;
Heer and Sauer 2008) and ethanol production (Martin et al. 2007). Microarray,
metabolic flux, enzymatic, and metabolite analyses of these evolved strains have
provided important comparative information concerning bottlenecks in xylose
metabolism (Sonderegger et al. 2004; Wahlbom et al. 2003b; Pitkanen et al.
2005; Bengtsson et al. 2008; Karhumaa et al. 2009); however, in many cases, the
observed changes in evolved strains were identical to those observed in earlier
metabolically engineered strains.

As robustness and tolerance to inhibitors present in lignocellulosic hydrolysates
depend on the strain background (Martin and Jonsson 2003; Brandberg et al. 2004),
the selection of a suitable xylose-utilizing S. cerevisiae host strain is important
for efficient industrial ethanol fermentation of lignocellulose. S. cerevisiae strains
have varying xylulose conversion abilities (Yu et al. 1995; Eliasson et al.
2000a; Matsushika et al. 2009a, b) due to differences in PPP flux linking the
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xylose-to-xylulose conversion pathway to glycolysis (Johansson and Hahn-
Hagerdal 2002a). Therefore, evaluation of xylulose conversion ability is a useful
engineering strategy for selecting a suitable yeast host strain for fermentation of
xylose.

S5 Xylose Transporters

For most previous efforts to improve xylose utilization using genetic engineering
methods, xylose transporters were not included in recombinant S. cerevisiae.
However, the importance and necessity of an efficient xylose transport system in
a host cannot be underestimated. The lack of such a transport system in S. cerevisiae
may be a major hurdle, preventing balanced utilization of divergent biomass sugars
by the yeast.

5.1 Diauxic Lag

In the presence of glucose, xylose-utilizing enzymes are repressed as mentioned
earlier, which effectively inactivates xylose catabolism until glucose is depleted.
For mixed-sugar utilization by yeast, including natural pentose-utilizing S. stipitis
and engineered strains of S. cerevisiae, diauxic lag during the sequential consump-
tion of the substrates is a commonly observed practical problem (Slininger et al.
1987; Krishnan et al. 1999; Zaldivar et al. 2002; Kuyper et al. 2005b). Stalling
during the transition to xylose may be due in part to oxygen-dependent induction of
xylose-specific transporters and enzymes. The diauxy not only causes economic
losses by extending fermentation process time, but it also introduces additional
contamination opportunities.

5.2 Functions of Sugar Transporter

Sugar transport across the plasma membrane is a necessary first step of carbohy-
drate utilization. In yeast cells, the uptake of carbohydrates is mediated by a large
family of related transporter proteins. Disruption of the transport process hinders
biosynthesis by limiting uptake of essential amino acids, sugars, and other essential
nutrients. Numerous monosaccharide transporters in yeasts function through
facilitated diffusion, which is an energy-independent mechanism that allows
substances to freely cross membranes. Other yeast monosaccharide transporters
are proton symporters, which typically operate only when the amount of sugar is
limited. Proton symporters are energy-consuming systems that are able to transport
a monosaccharide against its concentration gradient, coupled to the simultaneous
movement of protons. Comprehensive information on function and classification of
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sugar transporter proteins is available elsewhere (Saier et al. 2006; http://www.tcdb.
org/; http://homes.esat.kuleuven.be/~sbrohee/ytpdb/index.php/Main_Page).

5.3 Applications on S. cerevisiae

There are 20 different transporter-related proteins for hexose that have been
identified in S. cerevisiae (Kruckeberg 1996). Among these proteins, HXTI,
HXT2, HXT4, HXTS, HXT7, and GAL2 serve as xylose-transporting proteins
(Hamacher et al. 2002; Saloheimo et al. 2007); however, their affinity for xylose
is significantly lower than that for glucose, and xylose uptake is strongly inhibited
in the presence of glucose (Saloheimo et al. 2007; van Zyl et al. 1993). Most xylose
transporters studied to date are from S. stipitis since it is a natural xylose-utilizing
yeast. Xylose uptake in S. stipitis is mediated by at least two transport systems,
involving low- and high-affinity proton symporters (Kilian and van Uden 1988;
Does and Bisson 1989). The limiting factor of xylose catabolism in this yeast
appears to be the uptake of xylose into cells, at least under aerobic conditions
(Ligthelm et al. 1988; Kilian and van Uden 1988).

In S. cerevisiae, xylose uptake is mediated by a nonspecific hexose transport
system and is significantly less efficient than that of glucose. The characterized
glucose transporter genes SUTI, SUT2, and SUT3 from S. stipitis exhibit a much
higher affinity for glucose than xylose (Weierstall et al. 1999). The glucose
transporters SUT1, SUT2, and SUT3 function via facilitated diffusion, with Km
values in the millimolar range. These transporter proteins are also able to transport
xylose and other monosaccharides, but with a considerably lower affinity. In
addition, culture conditions influence the expression of SUTI, SUT2, and SUT3.
For example, the transcription of SUT! is strongly induced by glucose and is
independent of the oxygen supply, whereas SUT2 and SUT3 are only expressed
under aerobic conditions and are independent of the carbon source (Weierstall et al.
1999). Under semi-anaerobic conditions, xylose uptake activity was observed in a
S. stipitis strain with a sut/ mutation when SUT2 and SUT3 were not expressed,
which indicates that additional regulatory systems exist for high-affinity xylose
uptake (Weierstall et al. 1999). High (HXT7 and GAL2)- and intermediate (HXT4
and HXTS)-affinity glucose transporters in S. cerevisiae also show limited xylose
transport potentials (Hamacher et al. 2002; Sedlak and Ho 2004). Notably, expres-
sion of SUTI in xylose-assimilating S. cerevisiae increases both xylose uptake
ability and ethanol productivity during xylose fermentation (Katahira et al. 2008).

Heterologous expression of a xylose transporter homologue (TrXLT1) isolated
from Trichoderma reesei in a S. cerevisiae strain lacking the major hexose and
galactose transporter genes (hxt/-7 and gal2) led to cell growth on xylose, but not on
glucose (Saloheimo et al. 2007). This finding suggests that TrXLT1 possesses
xylose-specific activity. In addition, two xylose transporters, GXF/ and GXS/
from Candida intermedia, an efficient xylose-utilizing yeast, were cloned
and characterized for potential enhancing xylose transport in S. cerevisiae
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Table 2 Xylose transporters characterized for improving xylose uptake and utilization in
Saccharomyces cerevisiae

Substrate

Gene Origin Type (Km, mM) Reference

SUT1 S. stipitis Facilitator Glucose (1.5) Weierstall et al. (1999)
Fructose (36) Runquist et al. (2009a)
Xylose (145)

SUT2 S. stipitis Facilitator Glucose (1.1) Weierstall et al. (1999)
Xylose (49)

SUT3 S. stipitis Facilitator Glucose (0.8) Weierstall et al. (1999)

Fructose (49)
Xylose (103)
Galactose (176)

HXT1 S. cerevisiae  Facilitator Xylose (880) Sedlak and Ho (2004)
Saloheimo et al. (2007)

HXT2 S. cerevisiae  Facilitator Xylose (260) Sedlak and Ho (2004)
Saloheimo et al. (2007)

HXT4 S. cerevisiae  Facilitator Xylose (170) Hamacher et al. (2002)

Sedlak and Ho (2004)
Saloheimo et al. (2007)

HXTS5 S. cerevisiae  Facilitator Xylose Hamacher et al. (2002)
Sedlak and Ho (2004)
HXT7 S. cerevisiae  Facilitator Xylose Hamacher et al. (2002)

Sedlak and Ho (2004)
Saloheimo et al. (2007)
GAL2 S. cerevisiae  Facilitator Xylose Hamacher et al. (2002)
Sedlak and Ho (2004)
Saloheimo et al. (2007)

TrXLTl1 Trichoderma  Unknown Xylose Saloheimo et al. (2007)
reesei

GXS1 Candida Symporter Glucose (0.2) Leandro et al. (2006)
intermedia Xylose (0.4)

GXF1 Candida Facilitator Glucose (2) Leandro et al. (2006)
intermedia Xylose (49) Rungquist et al. (2009,

2010)

At5g59250 Arabidopsis Unknown Xylose Hector et al. (2008)
thaliana Runquist et al. (2010)

At5g17010 Arabidopsis Unknown Xylose Hector et al. (2008)
thaliana

An5 (EAA35128) Neurospora Facilitator Xylose (176) Du et al. (2010)
crassa

Xyp29(XUT6) S. stipitis Facilitator Xylose (56) Du et al. (2010)

XUT4 S. stipitis Unknown Xylose Moon et al. unpublished

XUTS5 S. stipitis Unknown Xylose Moon et al. unpublished

XUT6 S. stipitis Facilitator Xylose Moon et al. unpublished

XUT7 S. stipitis Unknown Xylose Moon et al. unpublished

RGT2 S. stipitis Unknown Xylose Moon et al. unpublished

SUT4 S. stipitis Unknown Xylose Moon et al. unpublished
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(Leandro et al. 2006) (Table 2). GXF1 is a glucose/xylose facilitator (Km 49 mM for
xylose), and GXS1 is a glucose/xylose proton symporter (Km 0.4 mM for xylose),
which both displayed higher affinities for glucose than xylose. Coexpression of
GXFI and GXSI in S. cerevisiae drastically reduced GXS/ mRNA levels and
consequently, symport activity, suggesting that limiting the expression of high-
affinity sugar transporter systems may be a widespread mechanism in yeast when-
ever their activities are dispensable (Leandro et al. 2008). GXF1 and GXS1 from
C. intermedia have also been expressed in a xylose-utilizing S. cerevisiae strain,
which resulted in faster xylose uptake and ethanol production (Runquist et al.
2009a). Recently, two heterologous xylose transporters from Arabidopsis thaliana
(At5g59250 and At5g17010) were expressed in S. cerevisiae, resulting in increased
xylose uptake and consumption by 46% and 40%, respectively (Hector et al. 2008).
Using GXS1 from C. intermedia as a probe sequence, An25 from Neurospora crassa
and XUT6 from S. stipitis were found to function for xylose transport (Du et al.
2010).

5.4 New Yeast Xylose Transporters

Annotations of genome sequence of S. stipitis CBS 6054 suggested that putative
xylose transporter genes exist in this yeast (Jeffries et al. 2007; http://www.ncbi.
nlm.nih.gov/). Although high-affinity xylose transporters were not identified, sev-
eral new xylose transporter genes, XUTI, XUT2, XUT3, XUT4, XUT5, XUT6,
XUT7, SUT4, RGT2, and HXT2 4 from S. stipitis were cloned and expressed in a
S. cerevisiae strain with tolerance to inhibitors present in lignocellulose
hydrolysates (Moon et al. unpublished) (Table 2). The genetically engineered
S. cerevisiae strains with heterologous XUTS, XUT7, and RGT2 showed high levels
of expression under both aerobic and anaerobic conditions. Overexpression of these
putative xylose transporter genes in S. cerevisiae resulted in higher intracellular
xylose accumulations than that in wild-type cells. These transporter genes also
enhanced expression of yeast xylose isomerase. Such results suggest these genes
encode proteins involved in xylose transport (Moon et al. unpublished data).
Further investigations of these candidate genes are expected to facilitate enhanced
xylose utilization by engineered S. cerevisiae.

5.5 Enhancing Pentose Utilization Using Systems Biology

A significant lesson we learned from genomics is the underestimate of complex
interactions of a biological system. Often, a single gene approach is unable to
resolve complicated problems such as efficient utilization of divergent biomass
sugars by yeast. Using systems biology approaches, a tolerant industrial yeast strain
against biomass pretreatment inhibitors was selected as a host in a genetic
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engineering effort to improve its xylose utilization. An in vitro-synthesized yeast
xylose isomerase gene (GenBank Accession No. JF261697) was engineered into a
tolerant yeast by chromosomal integration as xylose utilization-driving route (Liu
et al. 2011; Ma et al. unpublished data). Additional xylose transporter genes and
downstream xylose utilization facilitating genes such as XKS/ and XYL2 were
further introduced into the recombinant strains by genetic engineering. The resulted
strain S. cerevisiae NRRL Y-50463 is able to grow and ferment ethanol on xylose as
sole carbon source. It produced the highest ethanol yield to date for anaerobic
cofermentation on mixed sugars of glucose and xylose by utilizing the xylose
isomerase pathway (Table 1). The strain remains tolerant and able to in situ
detoxify major inhibitory compounds derived from biomass pretreatment. Certain
xylose transporter genes significantly improved xylose uptake in cells as measured
by cellular accumulation of xylose (Moon et al. unpublished data). However, it is
clear that without the functional yeast xylose isomerase, xylose transporter alone is
unable to utilize xylose.

6 Molecular Mechanisms of Xylose Utilization

Molecular mechanisms of the improved xylose uptake and utilization are recently
not clear. As S. cerevisiae is unable to sufficiently utilize the nonoxidative PPP
(Gancedo and Lagunas 1973; Fiaux et al. 2003), enhancement of the PPP in xylose-
utilizing strains by the overproduction of nonoxidative PPP enzymes has been
attempted. For example, overexpression of the endogenous transaldolase gene
(TALI) (Walfridsson et al. 1995; Jin et al. 2005) and all four nonoxidative PPP
genes, including transketolase (TKLI), ribulose-5-phosphate 3-epimerase (RPE]),
and ribose-5-phosphate ketol-isomerase (RKI!) (Johansson and Hahn-Hagerdal
2002a, b; Karhumaa et al. 2005, 2007b; Kuyper et al. 2005a) in xylose-utilizing
S. cerevisiae improved growth on xylose and the rate of xylulose consumption. To
overcome the growth inhibition caused by overexpression of the ScXK or PsXK
genes, overexpression of TALI or deletion of the PHOI3 gene encoding alkaline
phosphatase specific for p-nitrophenyl phosphate is a useful approach, as this
enables growth on and fermentation of xylose (Ni et al. 2007; Van Vleet et al.
2008). Mutations of S. cerevisiae with improved xylose utilization showed
enhanced expression of proteins involved in transport, initial xylose metabolism,
and the PPP (Wahlbom et al. 2003b).

Data obtained by studies of genomics, transcriptomics, proteomics, metabolo-
mics, and fluxomics are useful for targeting metabolic changes to enhance the rate
and yield of ethanol production from xylose (Otero et al. 2007). Using these
“omics” analyses, several groups have analyzed xylose-utilizing S. cerevisiae
strains (Sedlak et al. 2003; Salusjarvi et al. 2003, 2006, 2008; Sonderegger et al.
2004; Jin et al. 2004; Bengtsson et al. 2008; Runquist et al. 2009b; Karhumaa et al.
2009). Global expression analyses of these metabolically engineered S. cerevisiae
strains revealed that high levels of transcripts related to the tricarboxylic acid
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(TCA) cycle and respiration were present during growth on xylose under oxygen-
limited conditions. This finding suggests that xylose was used as a nonfermentable
carbon source in xylose-utilizing S. cerevisiae and that respiratory proteins
are induced in response to intracellular redox imbalances (Jin et al. 2004).
Transcriptome analyses have also revealed that S. cerevisiae exhibits improved
growth on xylose when SOL3 and TALI are upregulated, and YLR042C, MNII, and
RPA49 are downregulated (Bengtsson et al. 2008). For recombinant S. cerevisiae
strains using xylose reductase—xylitol dehydrogenase pathway, xylose was found
not to be recognized as metabolic carbon source and starvation response was
closely related by transcription analysis (Salusjarvi et al. 2006). Xylose was
found only partially reprocessed for metabolic genes encoding proteins involved
in respiration, TCA, glyoxylate cycle, and gluconeogenesis, and that xylose
decreases the expression of several genes repressed by glucose via the SNF1/
MIG1 pathway (Salusjarvi et al. 2008). Metabolic flux and genome-wide transcrip-
tion analyses have verified that anaerobic growth on xylose causes upregulation of
the oxidative PPP and gluconeogenesis (Runquist et al. 2009b) due to the necessity
for NADP™" reduction during anaerobic xylose metabolism (Jeppsson et al. 2002).
Finally, proteomic analyses have identified 22 proteins in S. cerevisiae (e.g., ADH2,
ALD4, ALD6, and GPP1) that exhibited increased expression during growth on
xylose compared to growth on glucose (Salusjarvi et al. 2003) and have also
demonstrated that the levels of ALD6, XR, XDH, and TKL1 were significantly
elevated in a S. cerevisiae mutant with good xylose fermentation ability compared
with the parental strain. Investigations on genome response using the yeast xylose
isomerase—xylose transporter system for engineered S. cerevisiae are needed.

7 Conclusion and Perspectives

Balanced utilization of biomass sugars, particularly xylose, has become a focus of
various research efforts for improvement of cellulosic ethanol production since last
decade. Recombinant engineering of S. cerevisiae using heterologous genes such as
XR, XDH, and XI generated a significant amount of knowledge and many strains
that are capable of utilizing xylose at varied levels. The recent development of
engineering synthesized yeast xylose isomerase, xylose transporters, and other
xylose-utilizing genes into tolerant industrial yeast refreshing the effort. The suc-
cessful outcome in applying systems biology marks a new phase in yeast strain
development for improving biomass sugar utilizations for cellulosic ethanol pro-
duction. As omics analyses of metabolically engineered strains are rapidly
progressing, the practical application of more desirable strains capable of efficiently
fermenting all biomass sugars, including xylose, found in lignocellulosic
hydrolysates to ethanol may soon be realized on the commercial and industrial
levels.
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Abstract The development and use of robust ethanologenic microorganisms resis-
tant to industrially relevant pretreatment inhibitors will be a critical component in
the successful generation of biofuel on the industrial scale. Recent progress to
understand the genetic basis of pretreatment inhibitor tolerance using genomics
and systems biology tools for metabolic engineering for the model ethanologenic
bacterium Zymomonas mobilis is reviewed in this chapter. The importance of
accurate genome annotations and the integration of systems biology data for
annotation improvement are highlighted, and case studies that describe the identifi-
cation and characterization of the Z. mobilis nhaA, hfg, and himA inhibitor tolerance
related gene targets are presented.
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1 Introduction

A core challenge for next-generation biomass-based cellulosic biofuels is over-
coming biomass recalcitrance, or gaining access to its sugars that can then be
converted to biofuels (Himmel et al. 2007; Alper and Stephanopoulos 2009).
Biomass pretreatment is necessary for optimal release of C-5 and C-6 sugars but
can also create a range of inhibitory by-products such as aldehydes, ketones, organic
acids, and phenols (Pienkos and Zhang 2010; Palmqvist and Hahn-Hagerdal 2000;
Klinke et al. 2004; Liu and Blaschek 2010). Synergistic or additive inhibitory effects
are also likely among different hydrolysate inhibitors or metabolic by-products
generated during the fermentation such as ethanol, acetate, and lactate (see recent
reviews (Mills et al. 2009; Almeida et al. 2007)). An increased lag phase and slower
growth increase the biofuel production costs due to reduced production rates and
decreased yields (Kadar et al. 2007; Takahashi et al. 1999).

Acetic acid is one major organic acid inhibitor. It is generated by the
de-acetylation of hemicelluloses during the pretreatment of biomass. At pH 5.0,
about 36% of acetic acid is in the uncharged and undissociated form (HAc). In this
form, it is able to pass through the bacterial plasma membrane, leading to uncoupling
of the HAc and anion accumulation which causes cytoplasmic acidification (Lawford
and Rousseau 1993). Its importance comes from the significant concentrations
of acetate that are produced relative to fermentable sugars (McMillan 1994). The
produced acetate concentration is also dependent on the feedstock used during the
conversion process. An approach to overcoming possible inhibition caused by
pretreatment is to remove the inhibitors from the biomass physically or chemically
after pretreatment (Pienkos and Zhang 2010). This requires additional equipment and
time, thus leading to higher cost. For example, acetate removal processes have been
described, but they are energy- or chemical-intensive, and a full-cost analysis has not
been reported (McMillan 1994). Applications of inhibitor-tolerant microorganisms
appear promising for lower-cost cellulosic biofuel conversion (Almeida et al. 2007;
Liu and Blaschek 2010; Liu et al. 2004, 2005, 2008, 2009; Liu and Moon 2009).

Yeast strains are among the current leading industrial biocatalyst microorganisms
for fuel production (Hahn-Hagerdal et al. 2006). However, bacteria such as
Escherichia coli, Zymomonas mobilis, and others are being engineered, developed,
and deployed to address commercially important inoculum requirements (Dien et al.
2003; Alper and Stephanopoulos 2009). Z. mobilis is a Gram-negative facultative
anaerobic bacterium with desirable industrial biocatalyst characteristics, such as high
specific productivity, high ethanol yield, and ethanol tolerance (12% v/v) (Dien et al.
2003; Panesar et al. 2006; Rogers et al. 2007). The genome sequence of strain ZM4
has been determined (Seo et al. 2005) and an updated annotation was released recently
(Yang et al. 2009a). In addition, the genome sequence and annotation of Z. mobilis
NCIMB 11163 strain has been reported (Kouvelis et al. 2009) with more strains to be
finished or sequenced. Wild-type Z. mobilis strains can only utilize a limited range of
carbon sources, namely, glucose, fructose, and sucrose. To overcome this limitation,
recombinant strains have been engineered to ferment hexose and pentose sugars such
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as xylose, arabinose, and other substrates with high yields (Deanda et al. 1996;
Zhang et al. 1995), but a low tolerance to acetic acid and a decreased tolerance to
ethanol have been reported (Dien et al. 2003; Lawford and Rousseau 1998; Lawford
et al. 2001; Ranatunga et al. 1997). In addition, recent achievements to improve
transformation efficiency by modifying the DNA restriction-modification systems
(Kerr et al. 2010), cellulase expression and secretion (Linger et al. 2010), as well as
the genome-scale modeling and in silico analysis (Widiastuti et al. 2010), will aid
future metabolic engineering and synthetic biology endeavors greatly.

The development and use of robust ethanol-generating microorganisms resistant
to industrially relevant inhibitors and with a high-yield ethanol production will be
a critical component in the successful generation of fuel ethanol on the industrial
scale. However, limited progress has been made in understanding the genetic basis
of inhibitor tolerance (Stephanopoulos 2007), and there are few examples of
metabolic engineering with systems biology tools for bioprocess development to
date (Park et al. 2008). In this chapter, the focus is on genome-based approaches
to elucidate molecular mechanisms of inhibitor tolerance for Z. mobilis.

2 Genome Annotation of ZM4 Using Systems Biology Studies

Genome sequencing projects provide opportunities for fundamental insights and
facilitate strain development (Jeffries 2005). The next generation of new sequencing
technologies are delivering fast and relatively inexpensive genome information (see
recent reviews (MacLean et al. 2009; Metzker 2010)). Since the first complete
microbial genome was published in July 1995 (Fleischmann et al. 1995), the number
of finished microbial genomes has grown rapidly. As of August 24, 2010, 1,213
microbial genome sequencing projects have been completed with 3,422 in progress.
Detailed information on prokaryotic genome sequencing projects can be accessed
at the NCBI Microbial Genomes Resources database: http://www.ncbi.nlm.nih.gov/
genomes/MICROBES/microbial_growth.html or the Genomes OnLine Database at:
http://www.genomesonline.org/.

The majority of annotation efforts have focused on automatic bioinformatics
approaches that are indispensable and based on similarity searches. However,
there are issues related to the quality of genome sequencing, and intrinsic annota-
tion errors have also been raised (Devos and Valencia 2001). Inaccurate prediction
of open reading frames (ORFs), hypothetical protein descriptions, and discovery of
new regulatory elements such as small regulatory are just some of the examples
of issues related to genome sequences. On occasions, scientists are faced with
different annotation versions generated by different groups for the same genome
sequence.

In the case of Z. mobilis ZM4, many differences can be seen between the primary
annotation and one performed by the J. Craig Venter Institute (JCVI) (http://cmr jcvi.
org/cgi-bin/CMR/GenomePage.cgi?org=ntzm01). Differential gene expression for
ORFs predicted by JCVI but absent from the primary annotation has been reported


http://www.ncbi.nlm.nih.gov/genomes/MICROBES/microbial_growth.html
http://www.ncbi.nlm.nih.gov/genomes/MICROBES/microbial_growth.html
http://www.genomesonline.org/
http://cmr.jcvi.org/cgi-bin/CMR/GenomePage.cgi?org=ntzm01
http://cmr.jcvi.org/cgi-bin/CMR/GenomePage.cgi?org=ntzm01
http://cmr.jcvi.org/cgi-bin/CMR/GenomePage.cgi?org=ntzm01

164 S. Yang et al.

(Yang et al. 2009b). In addition, the existence of ZM4 plasmids has been reported
previously (Yablonsky et al. 1988), but they were not included in the original
genome annotation for the strain (Seo et al. 2005). The ZM4 genome annotation
has been improved using an updated microbial genome annotation pipeline, the
addition of annotated DNA sequences for five plasmids, and data generated from
several proteomics studies (Yang et al. 2009a). Almost one-third of the original
genome ORF predictions were changed, including important genes such as nhaA
(ZMOO0119) (see detailed descriptions at a later section). The 156 new plasmid gene
models represent coding sequences for important genes like an iron-containing
alcohol dehydrogenase, hypothetical genes with unknown functions, genes for
plasmid maintenance, transport, regulation, metabolism, as well as genes belonging
to restriction-modification systems and phage-related genes (Yang et al. 2009a).
It is therefore feasible to apply proteomics and next-generation sequencing
information for genome annotation improvements, an activity that has received
extensive attention recently with several other genome annotations undergoing
similar improvements (Armengaud 2009; Baudet et al. 2010; Payne et al. 2010;
Wright et al. 2009). The accurate Z. mobilis ZM4 genome sequence and annota-
tion are essential components for successful systems biology studies in this and
other important ethanologenic microorganisms. In the case of the Z. mobilis ZM4
genome update, the improvement was conducted in collaboration with the
authors of the primary sequence, which meant the research community was better
served by a unified GenBank accession number.

3 Identification of Genes Tolerant to Acetate

Classic strain development that combines random mutagenesis and selection has
a long history of success in generation of biocatalysts with industrially designed
traits (Parekh et al. 2000; Patnaik 2008). However, the genetic loci contributing to
the phenotypic strain changes can be difficult to identify. Systems biology tools and
greater access to next-generation sequencing technologies are being increasingly
exploited to gain insights into molecular mechanisms that link genotypes to impor-
tant phenotypes. This section discusses strategies of tolerant gene identifications
against acetate in Z. mobilis.

3.1 nhaA

An acetate-tolerant Z. mobilis mutant (AcR) was created via chemical mutagenesis
with N-methyl N -nitro N-nitrosoguanidine and selection in a continuous culture
with a progressively increasing concentration of sodium acetate in the medium feed
(Joachimstahl et al. 1998). AcR can efficiently produce ethanol in the presence of
20 g/L NaAc, while the parent organism ZM4 is inhibited above 12 g/l NaAc under
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the same conditions (Joachimstahl et al. 1998). Acetic acid was inhibitory to the
wild-type-derived strain ZM4(pZB5), which contains the plasmid pZB5 expressing
Escherichia coli genes for pentose metabolism and xylose assimilation (Zhang et al.
1995) on xylose medium. The major inhibition mechanisms were possibly the
intracellular de-energization and acidification (Kim et al. 2000). A recombinant
strain was generated by transforming plasmid pZB5 into the AcR background,
which can utilize both xylose and glucose with increased acetate resistance and
improved fermentation characteristics in the presence of 12 g/l NaAc (Jeon et al.
2002). However, strain AcR was generated while many systems biology tools were
being developed or had yet to be conceived, and the molecular mechanism of AcR
sodium acetate tolerance was elusive until recently (Yang et al. 2010a).

The mutations in the AcR strain were identified and confirmed through the
combination of microarray-based comparative genome sequencing (CGS), next-
generation 454-pyroresequencing, and Sanger sequencing (Fig. 1) (Yang et al.
2010a). The CGS results from AcR identified a 1,461-bp (~1.5 kb) region of deleted
DNA, which was confirmed using polymerase chain reaction, agarose gel electro-
phoresis, and Sanger sequencing analysis (Fig. 2). CGS results also identified 38
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Fig.2 Z. mobilis nhaA (ZMOO0119) and its adjacent genes. ZMOO0116, ZM0O0117,ZMO0119, and
ZMOO0120 indicate Z. mobilis ZM4 genes. The open box labeled “Region deleted in AcR” is
present in ZM4 but deleted in the AcR mutant. The open box labeled “Updated ZMO0119”
represents the updated annotation of ZMOO0119, which was also used for nhaA overexpression
plasmid p42-0119 construction

putative AcR single-nucleotide polymorphisms (SNPs), 26 of which were within
coding regions and 12 within intergenic regions. From the 454-pyrosequencing
shotgun and paired-end sequencing reads generated for ZM4 and AcR, 200 and 219
high confidence differences (HCDiffs) were identified for strains ZM4 and AcR,
respectively, compared to the ZM4 reference genome (GenBank accession:
AE008692) (Seo et al. 2005). An analysis of the putative mutations shared between
ZM4 and AcR identified that most did not contribute to the AcR phenotype and led
to improvements in the ZM4 chromosome sequence (Yang et al. 2009a). Only two
confirmed SNPs were unique to AcR, with one synonymous SNP (i.e., no change at
the amino acid level) found within ZMO1184 encoding a hypothetical protein and a
nonsynonymous SNP in kup (ZMO1209) encoding a putative potassium transporter.
Therefore, the only differences between strains AcR and ZM4 after the ZM4
reference genome annotation update were the 1.5-kb deletion region that truncated
ZMOO0117 and DNA upstream of the nhaA gene ZMOO0119 (Fig. 2), and two SNPs
that affected ZMO1184 and ZMO1209.

To further investigate the correlation between genotypic differences with phe-
notypic changes, transcriptomics studies were conducted to compare gene expres-
sion profiles between wild-type ZM4 and the acetate-tolerant mutant AcR under
selective conditions. An analysis of variance (ANOVA) was conducted using
JMP Genomics (SAS Institute Inc., Cary, NC) to identify significant differences
in exponential and stationary phase transcriptomic profiles for ZM4 and AcR
growing either in the presence of NaCl (146 mM or 8.6 g/LL NaCl, pH 5.0) or NaAc
(146 mM or 12 g/L. NaAc, pH 5.0) (Fig. 1). Microarray analysis showed that nhaA
expression was significantly increased (>16-fold) in strain AcR compared to ZM4
under all conditions tested (Fig. 1). The 1,461-bp deletion of AcR included a 1,363-
bp region of ZMOO0117 with only a 275-bp 5’ fragment left and a 160-bp ZM4 nhaA
upstream region with only 98-bp of the nhaA upstream region unchanged in AcR
(Fig. 2). A consistently decreased ZMOO0117 signal was detected in each condition
in the AcR strain compared to that of ZM4 in transcriptomics studies (Fig. 1). These
findings suggested that the deletion in AcR enhanced the nhaA expression and
likely led to enhanced NaAc tolerance in strain AcR.

To test the hypothesis that the deletion in AcR resulted in higher nhaA expression,
which augmented NaAc tolerance, a deletion mutant ZM4DMO0117 was generated to
mimic the AcR 1,461-bp deletion in the wild-type ZM4 strain background by marker
exchange (Fig. 2). To test the influence of ZMOO0117 on NaAc tolerance, a ZMOO0117
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insertion mutant strain ZM4IMO117 was constructed (Yang et al. 2010a). The
ZMOO0118 gene was combined with ZMOO0119 in the recent update to the ZM4
genome (Yang et al. 2009a, shown in Fig. 2), which demonstrates the importance of
working with the best available genome annotation.

To test the correlation between nhaA overexpression and NaAc tolerance,
a plasmid p42-0119 for nhaA overexpression was generated and introduced into
wild-type ZM4 background through conjugation and selection (Yang et al. 2010a).
The overexpression and mutant strains grew similarly to wild-type ZM4 under
anaerobic conditions in RM broth without NaAc supplementation (Fig. 3a). ZM4
wild type and the ZM4IMO117 were unable to grow with the supplementation of
195 mM (or 16 g/L) NaAc at pH 5.0, while the positive control strain AcR grew
well (Fig. 3b). The expression of nhaA in ZM4 via plasmid p42-0119 restored the
growth of ZM4 under these selective conditions, reaching three-fourths of the AcR
growth rate. The final cell density (ODggonm) of ZM4 (p42-0119) was only 13% less
than that of AcR. ZM4DMO0117 was able to grow in the presence of NaAc, achieving
more than half of the growth rate and three-fourths of the final cell density of the AcR
strain. The similar growth for the insertional mutant ZM4IMO117 as wild-type ZM4
indicated ZMO117 was not responsible for NaAc tolerance. ZM4 NaAc tolerance
was augmented substantively by either additional nhaA copies provided via plasmid
p42-0119 or by recreating the deleted DNA region of AcR in ZM4 wild-type
background, which further suggested that the deletion in AcR truncated the nhaA
promoter region resulted in higher nhaA expression, and in turn conferred the
tolerance against NaAc.

To investigate the role of nhaA with different forms of acetate, ZM4 and AcR
strains were grown with the supplementation of the same molar concentrations
(195 mM) of sodium chloride (NaCl), NaAc, potassium acetate (KAc), or ammo-
nium acetate (NH,OAc) (Yang et al. 2010a). Both the sodium and acetate ions had
an inhibitory effect on the growth of both Z. mobilis wild-type ZM4 and AcR, with
decreases in both growth rate and final cell density. The acetate ion was more toxic
than the sodium ion. Z. mobilis grew more rapidly in the presence of 195 mM NaCl,
and the final cell density was higher compared to growth with the supplementation
of same molar concentration of NH;OAc or KAc. At the same molar concentration
(195 mM), NaAc was more toxic than KAc or NH,OAc for ZM4, and the combi-
nation of elevated Na™ and Ac” ions exerted a synergistic inhibitory effect on ZM4,
with its growth totally inhibited.

The AcR strain was selected for sodium acetate tolerance (Joachimstahl et al.
1998). It also has an enhanced tolerance to NaCl, but not NH,OAc or KAc as
compared to the Z. mobilis wild-type ZM4 (Yang et al. 2010a). Strain ZM4DMO0117
and ZM4 harboring the nhaA expression plasmid p42-0119 similarly had enhanced
tolerance to NaCl that did not extend to NH;OAc or KAc. The increased tolerance to
NaAc for these strains therefore may be due mostly to an increased tolerance to the
sodium ion arising from overexpression of the Na™/H" antiporter gene nhaA. The
strains were also tested for tolerance to other pretreatment inhibitors such as furfural,
HMF, or vanillin, and advantages were not observed. These data again further
suggested that NhaA mostly confers enhanced specific tolerance to Na* but not to
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Fig. 3 Higher levels of Z. mobilis NaAc tolerance were not achieved through overexpression of
both hfg and nhaA. The impact of Hfq overexpression (via p42-0347) in Z. mobilis wild type,
acetate-tolerant mutant AcR, and a Z. mobilis deletion mutant ZM4DMO0117 was assessed at
different concentrations of NaAc and compared to that of corresponding parental strains: (a) RM
broth only without NaAc supplementation as control and (b) RM broth with 195 mM NaAc). The
growth of Z. mobilis strains were monitored by Bioscreen C (Growth Curves USA, NJ) under
anaerobic conditions. Strains included in this study were: ZM4 (Z. mobilis ZM4 wild-type), AcR
(previously described ZM4-derived acetate-tolerant mutant), AcR(p42-0347) (AcR containing a
gateway plasmid p42-0347 for hfg (ZMOO0347) expression), ZM4(p42-0347) (ZM4 containing a
gateway plasmid p42-0347 for hfg (ZMO0347) expression), ZM4DMO0117 (a deletion mutant of
ZM4 that mimics the 1.5-Kb deletion in AcR), and ZM4DMO0117(p42-0347) (ZM4DMO117
containing a gateway plasmid p42-0347 for hfqg (ZMOO0347) expression). This experiment has
been repeated at least three times with similar results. Duplicates were used for each condition

other inhibitors, which reinforces the idea that “you get what you select for.” There-
fore, inhibitors used in selection regimes need to reflect the real conditions for desired
performance where strains are also likely to face a number of different inhibitors.

A similar approach could be used for two other random mutants in the American
Type Culture Collection (ATCC), the Z. mobilis (ATCC 31822) flocculent mutant
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strain ZM401 and the ethanol-tolerant Z. mobilis mutant ZM481 (ATCC 31823).
The investigation of the genetic differences between the wild-type and mutant
strains may provide molecular mechanisms for ethanol tolerance and enhanced
flocculation for strain development purposes. The development of high-throughput
random mutant generation and selection for improved industrial processing traits,
such as those tolerant to high substrate loading and a high concentration of hydroly-
sate, is needed to further develop industrial microorganisms, and subsequent charac-
terization will allow for more-rapid strain development.

3.2 hfq

Z. mobilis ZM4 gene expression and metabolomic profiles during aerobic and
anaerobic conditions were investigated, and it was determined that the ethanol
production by Z. mobilis decreased with several inhibitory secondary metabolites
produced in aerobic conditions (Yang et al. 2009b). This study also revealed that
the expression of the putative hfg gene ZMOO0347 was increased in anaerobic
stationary phase compared to that in aerobic conditions (Yang et al. 2009b). Hfq
is an RNA chaperone with pleiotropic regulatory roles involved in numerous stress
responses (Tsui et al. 1994; Sittka et al. 2008; Zhang et al. 2003; Valentin-Hansen
et al. 2004). However, little was known about the role of Z. mobilis Hfq in multiple
pretreatment inhibitor tolerances until a recent reverse genetics study (Yang et al.
2010b). In this study, an Afg insertional mutant was generated in an ZM4 acetate-
tolerant strain AcR with the pKnock-Km suicide plasmid system, and plasmid
p42-0347 overexpressing hfg gene ZMOO0347 was introduced into ZM4 wild
type, acetate-tolerant mutant AcR, and /ifg mutant AcRIMO0347 by conjugation
and selection (Yang et al. 2010b).

An hfg mutant (strain AcRIM0347) was unable to grow with the supplementa-
tion of 195 mM ammonium acetate or potassium acetate (Yang et al. 2010b). Both
the final cell density and the growth rate of the 4fg mutant were reduced by at least
25% and about 60% in the presence of 195 mM sodium chloride or sodium acetate
as compared to that of the parental strain AcR. Consistent with previous reports
(Joachimstahl et al. 1998; Yang et al. 2010a), the growth of wild-type ZM4 was
completely inhibited in the presence of 195 mM sodium acetate. The introduction
of an hfg-expressing plasmid (p42-0347) into wild-type ZM4 allowed wild-type
ZM4 to obtain a similar growth rate and final cell density to those of acetate-tolerant
strain AcR with the supplementation of 195 mM sodium acetate (Yang et al.
2010b). As hfg plays a central role in normal Z. mobilis physiology, the growth
rate of hfg mutant AcRIMO0347 was reduced to about 20% even without any
inhibitor in rich medium (RM) although the final cell density of AcRIM0347 was
similar to that of the AcR parental strain. The resistance of AcR to both sodium ion
and acetate ion decreased when the /fg gene of AcR was inactivated by an
insertional mutation. The AcRIMO0347 hfg mutation was complemented partially
by the introduction of an Afg-expressing plasmid p42-0347 into the strain.
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The reduced inhibitor tolerance of an Afg mutant of acetate-tolerant strain AcR
and enhanced acetate tolerance of the acetate-sensitive Z. mobilis wild-type strain
by hfg overexpression indicated that Afq is important for optimal Z. mobilis growth.
In addition, the study also showed the possibility to identify inhibitor-tolerant gene
targets by top-down systems biology studies followed by reverse genetics approaches.

3.3 nhaA and hfq

The hfg overexpression plasmid p42-0347 was introduced into acetate-tolerant
Z. mobilis strains AcR (Joachimstahl et al. 1998) and ZM4 deletion mutant
ZMADMO117 (Yang et al. 2010a), which overexpress the nhaA gene to examine
whether or not even higher levels of NaAc tolerance could be achieved (Fig. 3). All
the strains grew similarly in RM broth, except that those carrying plasmid DNA had
slightly reduced growth rates (Fig. 3a), consistent with previous reports (Yang et al.
2010a,2010b). The combined overexpression of hfg and nhaA, either in an AcR or
in a ZM4DMO117 background, did not augment the NaAc tolerance phenotype
(Fig. 3b). ZM4 is unable to grow in RM with 195 mM (16 g/L) NaAc, while strain
AcR grows well (Joachimstahl et al. 1998; Yang et al. 2010a) (Fig. 3b). The
introduction of /fg-overexpressing plasmid p42-0347 can improve the NaAc tolerance
of wild-type Z. mobilis with 195 mM NaAc (Yang et al. 2010b) but neither the
deletion mutant ZM4DMO117 nor acetate-tolerant mutant AcR that both already
have enhanced NaAc tolerance through nhaA overexpression (Yang et al. 2010a)
(Fig. 3b). A similar trend for the growth phenotypes was observed under more
inhibitory conditions, i.e., 243 mM (20 g/L) or 364 mM (30 g/L) NaAc for AcR
strain containing p42-0347 plasmid. The growth rate of ZM4DMO0117 (p42-0347)
was approximately one quarter less than that of ZM4DMO0117 in RM with 195 mM
NaAc (Fig. 3b). In addition, the final culture turbidity of ZM4DMO117(p42-0347)
in RM with 195 mM NaAc, as measured by ODggonm, Units, was also reduced by
more than one-fifth to 0.37 £ 0.007 compared to the parental strain ZM4DMO0117
(Fig. 3b). This indicates that higher levels of NaAc tolerance are not achieved
by combining the two independent Afg and nhaA overexpression mechanisms for
Z. mobilis NaAc tolerance.

3.4 himA

Another approach to identifying inhibitor-tolerant gene targets and to better under-
standing microbial physiology uses targeted mutant library construction and char-
acterization. For example, scientists at NREL and DuPont constructed a transposon
mutant library of a xylose-utilizing Z. mobilis strain and identified a himA gene
involved in acetate tolerance of Z. mobilis (Viitanen et al. 2009). They further
engineered a himA markerless mutant with reduced himA activity and increased
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ethanol production compared to parental strains when cultured in a mixed-sugar
medium containing xylose, especially in the presence of acetate (Viitanen et al.
2009).

In a similar approach, scientists at the Energy Biosciences Institute (EBI) con-
structed a “bar-coded” transposon library of Z. mobilis. They have established a
pooled transposon library containing insertions in 1,695 different genes from 14,009
transposon insertion mutants that includes most non-essential genes in the Z. mobilis
genome. In addition, a high-throughput 96-well growth screen has been carried out
to determine the inhibitory concentration of various inhibitors and potential fuel
molecules. The details about this ongoing project can be accessed at the website:
http://www.energybiosciencesinstitute.org/index.php?option=com_content&task=
view&id=124&Itemid=20. The gene targets identified through this study will
hopefully add more inhibitor-tolerant genes for future metabolic engineering or
synthetic biology endeavors.

4 Heterologous Expression for Strain Improvement

Heterologous expression of genomic DNA from resistant microorganisms is another
strategy that can be employed for strain development purposes. Deinococcus
radiodurans is an extremely tolerant microorganism isolated in highly radioactive
and extreme environments (White et al. 1999). The D. radiodurans IrtE protein was
identified as a regulator of recA expression (Earl et al. 2002), and its heterogeneous
expression in E. coli promotes DNA repair and protection against oxidative damage
(Gao et al. 2003). Although D. radiodurans and E. coli are quite different organisms,
the irrE gene protects E. coli against multiple stresses, including oxidative, osmotic,
and thermal shocks, and confers greater salt tolerance in plants (Pan et al. 2009).
Recently, researchers have shown that the D. radiodurans irrE gene also confers
improved Z. mobilis cell viability, abiotic stress tolerance, and ethanol production
(Zhang et al. 2010). Numbers of transcripts for key Z. mobilis genes (pyruvate
decarboxylase and alcohol dehydrogenase) and their enzyme activities were higher
in IrrE-expressing Z. mobilis as compared to empty vector control strains (Zhang
etal. 2010). These studies and others show the potential for heterogeneous expression
to expand the genetic pool for strain improvement.

5 Conclusion and Perspectives

In conclusion, recent studies using Z. mobilis as a model indicated that accurate
genome annotation is crucial for systems biology studies and, in turn, that the data
generated from systems biology studies are important for genome annotation
improvements. A paradigm for rapid identification and characterization of process-
relevant traits created by classical strain development has been proposed through


http://www.energybiosciencesinstitute.org/index.php?option=com_content&task=view&id=124&Itemid=20
http://www.energybiosciencesinstitute.org/index.php?option=com_content&task=view&id=124&Itemid=20
http://www.energybiosciencesinstitute.org/index.php?option=com_content&task=view&id=124&Itemid=20
http://www.energybiosciencesinstitute.org/index.php?option=com_content&task=view&id=124&Itemid=20
http://www.energybiosciencesinstitute.org/index.php?option=com_content&task=view&id=124&Itemid=20

172 S. Yang et al.

the integration of systems biology and next-generation sequencing approaches with
genetics tools. This affirms the notion that near-term pathway engineering
strategies benefit from a combinatorial approach (Alper and Stephanopoulos
2009) as well as the potential to identify the inhibitor-tolerant gene targets by
forward genetics (hfg case). Gene targets identified from the approaches above
can be extended to other industrial biocatalysts by homolog searching and genetics
tools (Yang et al. 2010a, b). The phenotypic trait of the acetate-tolerant AcR mutant
is largely due to truncation of the nhaA promoter region in the AcR, which suggests
that future investigations into transcription unit architecture will be a valuable
area to pursue through the application RNA-Seq or tiling array technologies.
At the same time, integration of information from other omics platforms such as
proteomics and metabolomics will provide a more comprehensive profile for
metabolic engineering and modeling (Lee et al. 2010). Finally, regulatory networks
need to be taken into consideration to better understand and manipulate microbial
physiology. (Alper et al. 2006; Alper and Stephanopoulos 2007; Tyo et al. 2007,
Cho et al. 2007).
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Abstract Biofuels currently feature heavily on scientific, social, and political
agenda, and particular focus is reserved for liquid fuels that may act as a substitute
or blending agent for petroleum. Many pertinent questions arise when a thorough
analysis of the feasibility of liquid alcohol fuels is performed. The focus of this
chapter is to analyze our current understanding of the mechanisms that contribute to
one of these issues, namely, how can an organism adapt to tolerate usually cytotoxic
levels of solvent or alcohol. A considerable volume of research has contributed to
our current understanding of the general cellular mechanisms and physiological
responses that occur in response to solvent shock. This foundation of knowledge
has subsequently allowed a deeper understanding as to adaptive changes responsi-
ble for solvent-tolerant phenotypes in mutant progeny. Here we review a number of
more common cell responses to solvents, with particular focus on alcohol tolerance,
with the aim to place this topic in its correct context as a central theme in
understanding the microbial physiology of biofuel production.

1 Introduction

Organic solvents are important chemicals since they (i) are commonly used in
laboratories and in many chemical and pharmaceutical processes, (ii) constitute by-
products or wastes of various industrial processes, and (iii) are a principal focus as
alternative fuels. Many solvents used in industrial manufacturing are environmental
contaminants (e.g., polyaromatic hydrocarbons [PAH]) and may be hazardous
components of common industrial wastes (e.g., phenolic compounds). Solvents of
this kind require removal or deconstruction into less harmful compounds, a process
generally referred to as bioremediation. Moreover, the ongoing interest in
alternatives to classic oil-based fuels and the global concern over their greenhouse
gas (GHG) emissions have led to the development of the bioproduction of fuel(s)
and chemicals from “environmental friendly” renewable sources (Lynd et al. 2008;
Taylor et al. 2009).

Organic solvents, when produced in sufficient quantities biologically or when
present as permanent or transient contamination in the external environment, pose a
significant biological threat. Exposure to organic solvents has multiple debilitating
effects on the cell, principally involving interference with cell membrane integrity
and function. With the exception of a few well-characterized processes, such as the
fermentative production of ethanol, such effects have always been a major disad-
vantage in the development of biotechnological processes centered on organic
solvent production. In spite of this limitation, the development of microbial
technologies to produce and/or degrade solvents remains a major research focus,
as summarized for the readers’ convenience in Table 1 (Lynd et al. 2008; Prpich
and Daugulis 2005; Sardessai and Bhosle 2002; Taylor et al. 2009; Zverlov et al.
2006). A correlation between solvent hydrophobicity and antimicrobial properties
has been established (Isken and de Bont 1998) and is used as an assay of solvent
tolerance. Microorganisms that are able to survive and thrive in the presence of high
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solvent concentrations are considered as “extremophiles” and can either be isolated
from natural environments or engineered to be so (Clomburg and Gonzalez 2010;
Essam et al. 2010; Fischer-Romero et al. 1996; Isken and de Bont 1998; Lee et al.
2008a; Wierckx et al. 2008).

The ability to isolate or develop extremely solvent-tolerant bacteria and to study
their physiology in order to understand how they are able to survive conditions that
are lethal to ‘“normal” prokaryotes has thrown light on many synergistic
mechanisms that maintain intracellular homeostasis in these organisms. However,
the development of solvent-resistant organisms and their integration into biotech-
nology processes have remained largely undeveloped in spite of a growing under-
standing of the unique physiology and solvent tolerance of such strains. Whole-cell
biotransformations are often favored over enzymatic systems as they allow multiple
and complex enzymatic reactions and avoid the use of expensive cofactors or
coenzymes (e.g., ATP, NAD(P)H); (Heipieper et al. 2007). Nevertheless, the issues
of solvent tolerance have recently been thrown back into the spotlight as a result of
the rapid resurgence of interest in solvent-related processes, such as the
bioproduction of alcohols.

The active pursuit of suitable renewable alternatives to oil-based fuels has
become a global socioeconomic priority, the dominant interest being in developing
biotechnological ethanol production destined for an alcohol-petroleum blend that
can be used in current or modified combustion engines. Conventional ethanol
production for such purpose is well established and supports the current global
demand for transportation ethanol. To date, the biological production of ethanol for
fuel supplementation has focused on conventional fermentation with Saccharomy-
ces cerevisiae (Lin and Tanaka 2006; van Zyl et al. 2007), a process that delivers
economical ethanol yields while being highly ethanol-tolerant. However, with
concerns over the impacts that a renewable fuel economy may have on food
security and agricultural land use, developers have sought to circumvent any
potential conflict involving the use of consumable (food-grade) carbohydrate
feedstocks. The current focus is on the development of processes based on ligno-
cellulosic fermentation and requires a degree of catabolic versatility beyond that
possessed by wild-type strains of S. cerevisiae. Concurrently, there has been a
realization that a much wider range of potentially valuable metabolites can be
produced from this carbohydrate source, such as butanol, branched-chain alcohols,
acetone, etc. (Ezeji et al. 2007a; Fischer et al. 2008; Rogers et al. 2007).

Unfortunately, a diverse catabolic nature and the ability to produce a single end
point metabolite do not appear to come hand in hand. In consequence, researchers
have sought to engineer fermentative versatility in ethanologenic organisms, such
as Z. mobilis (Buchholz and Eveleigh 1990; Lin et al. 2005; Mohagheghi et al.
2002) and ethanol production capability in more catabolically diverse organisms,
such as E. coli (Alterthum and Ingram 1989; Bothast et al. 1999; Ingram et al. 1987;
Wang et al. 2008). In both cases, the development of an organism capable of
producing high solvent yields induces a parallel requirement for tolerance to
previously cytotoxic concentrations of solvent.
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2 Biological Application and Relevance

Ethanol (C,HsOH) is a common fuel oxygenate in reformulated gasoline. The
bioproduction of ethanol is now divided into first- and second-generation processes
(Taylor et al. 2009). First-generation ethanol is derived from food crops, such as
starch or sugar cane (Lee et al. 2008a; Taylor et al. 2009), via the anaerobic
fermentation of the constituent sugars, sucrose and glucose. Many microorganisms
are able to ferment sugars and produce bioethanol, the most widely known being the
yeast Saccharomyces cerevisiae. This technology is mature and commercially
developed. However, even though first-generation bioethanol is renewable (i.e.,
the feedstocks can be regrown), the requirement for expensive feedstock plantations
can negatively impact on product costs, and te