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Chapter 1

General introduction

In recent years, due to the increasing cost of the non-renewable fossil fuels and
the increasing concern of global warming, many governments have tried to find new
energy sources. One of the promising sources is bio-ethanol, which can be easily used as
an alternative energy for transportations, heating and industrial processes [1]. With a
natural ability to efficiently convert sugars to ethanol, yeast has been paid attentions in
the field of industrial application, particularly, in the production of bioethanol.

The budding yeast, Saccharomyces cerevisiae has been used for fermentation
processes from several thousand years before [2]. At present, it has become an important
species in the industrial applications, such as, brewing, winemaking, baking, and
recently, fuel ethanol production. During these production processes, yeast cells are
exposed to many stresses, such as osmotic, oxidative, and heat stresses. As a
consequence, the production of target product(s) is reduced. Therefore, many researches
have been studying the stress response of yeast in order to improve its stress tqlerance
ability [3-9]. Among these many stresses, the accumulation of high ethanol
concentration has been considered as one of the most harmful stresses in the industrial
production process using yeast. To study the effect of stresses on the yeast cell
physiology and the response of yeast cells to the stresses, many researches have been
performed [7, 10-16].

For surviving (or growing) under the stress condition(s), organism has to adapt
to the environmental changes by changing its intracellular physiological state.

Adaptation is an alteration or change in the structure or functioning of an organism that



makes it to become fit to its environment. In general, the adaptation process is related to
time. The “short-term” adaptation is defined as “quick” response of cells to stress in
within one or several hours after encountering the stress. At this time, cells change their
internal condition in order to recover their growth and reproduction. For a longer time
such as several days or tens of days after exposing cells to stress, it is referred as the
“long-term” adaptation.

For the “short-term” ethanol response, many studies were carried out [7, 10- 12,
17]. The stress was introduced into the culture of yeast and evaluation of dynamic
change in intracellular state of yeast cells was performed. In the “short-term” response to
stress, it was reported that there was a large changes in the intraceilular state of cells, for
example, the activation of transportation and certain amino acid biosynthesis pathways
and the down-regulation of genes related to protein synthesis. However, after several
hours after the addition of ethanol, a certain fraction of these genes recover their original
expression levels. Such genes that recover the original expression levels can be regarded
as those that are only responsible for the quick stress response. On the other hﬁnd, there
were very few reports related to the studies on the “long-term” ethanol adaptation of

yeast [18, 19].
1.1 Overview of environmental stresses occurred during the
fermentation processes of Saccharomyces cerevisiae

Several environmental stresses occur during the industrial production processes

using yeasts. At the beginning of production, a high gravity of sugars and nutrients



causes osmotic stress. Usually for propagation and growth of yeast, the aeration of
oxygen is performed and oxidative stress concomitantly affects yeast cells. Then the
aeration is‘ switched off in order to achieve anaerobic condition for production. Cultural
environment drastically changes during this production process, such as, changing the
pH, the exhaust of nutrient, the starvation stress and the ethanol accumulated to high

concentration [3, 4].

As described above, yeast cells face many stresses during fermentation process
[3, 4]. Yeast cells adaptively respond to these stresses by regulating two major stress
response pathways: the general stress response (GSR) and heat shock response (HSR)
pathways. It have been reported that GSR is induced by wide variety of stresses caused
by heat, osmotic pressure, oxidative damage, change in pH and nitrogen starvation [20,
21, 22]. Using DNA microarray, more than 200 genes were found to be related to GSR
[13, 14]. The promoter region of these GSR genes contains the pentameric cis-acting
sequence CCCCT called stress responsive element (STRE) [21, 22]. When encountering
the stress, transcriptional factors (Msn2p/Msn4p) bind to STRE region and induce the
expression of ESR gene. However, as reported by Gasch et al., gene expression via GSR
pathway is a transient process [13], and Msn2p is degraded following the stress response
progression [24].

HSR pathway is activated when cells are exposed to sublethal heat shock. This
pathway requires the activation of a specific heat-shock transcription factor (Hsflp),
which binds to the conserved heat shock element (HSE) in the promoter region of the
heat shock protein genes (HSPs). The heat shock element (HSE) consists of contiguous

inverted repeats of the sequence 5'-nGAAn-3' (where n is any nucleotide) [25]. In non-



stressed cells, Hsflp is constitutively phosphorylated and binds to the conserved heat
shock element (HSE). Under heat stress, Hsflp becomes hyperphosphorylated and
adopts an activated conformation resulting in the transcription of target genes [26].
Using DNA microarray, hundreds of genes were found to be related to HSR pathway,
these genes are involved in protein folding, detoxification, energy generation,

carbohydrate metabolism, and cell wall organization [27].

1.2 Ethanol toxicity on yeast cells

It is well known that during the fermentation process involving yeast, ethanol is
accumulated to high concentration. It has been reported that ethanol affects some
phenomena of the yeast cells; for example, the inhibition of growth [6, 9, 19], reduced
fermentation ability [28], change in morphology [29, 30], increased frequency of petite
mutation resulting in respiratory deficiency [32-35]. In addition, ethanol also changes
the membrane fluidity, permeability of the yeast cells [36, 37]. The effect of ethanol on

the lipid composition of cell membrane will be presented below.

1.2.1 Effect of ethanol toxicity on the lipid composition of plasma membrane

Plasma membrane surrounds the cell and its organelles, separate the cell from the
outside environment. Biological membranes consist of a continuous double layer of lipid
molecules in which membrane proteins are embedded. Membrane lipids are amphipathic

molecules, that is, they have a hydrophilic (“water-loving”™) or polar end and a



hydrophobic (“water-fearing”) or nonpolar end. There are three major classes of -
membrane lipid molecules: phospholipids, cholesterol, and glycolipids [38]. The lipid
bilayer is a two-dimensional ﬂuidf The fluidity of a lipid bilayer depends on its
composition. The most abundant membrane lipids are the phospholipids (PL). PL has a
polar head group and two hydrophobic hydrocarbon tails. The tails are usually fatty
acids, and they can differ in length. One tail usually has a kink because of a cis-double
bond (i.e., it is unsaturated), while the other tail does not (i.e., it is saturated) [38].
Unsaturated fatty acid has one or more cié-double bonds. This kink structure in the tail
of fatty acid preventing the fatty acids from packing together as tightly, thus deéreasing
the meltingkpoint (increasing the fluidity) of the membrane. When the membrane
enriched with unsaturated fatty acid, the fluidity of membrane is increased. By
comparing the plasma membranes of highly ethanol tolerant ye:asts to less tolerant yeast,
Chen revealed that, in every case, ethanol tolerant yeasts contain higher percentage of
unsaturated fatty acids [39].

Maﬂy studies have reported that a primary target of ethanol toxicity is cell
membrane surrounding the cell and its organelles [7, 8, 40-45]. Possibly, when ethanol
appears in the medium, it enters into the h);drophobic interior region of plasma
membrane. Then it increases the polarity of this hydrophobic region and induces a weak
interaction with the component of plasma membrane [41], as consequence, ethanol
affects to reduce the fluidity and permeability of cell membrane.

Yeast adaptively responds to ethanol by changing the structure of plasma
membrane and increasing un-saturated fatty acid in lipid composition of cell membrane
[7; 8, 38, 43-45]. The fraction of palmitoleic acid (Ci¢:1) and oleic acid (Cg,) is

increased with a reduced fraction of palmitic acid (C;¢.0) and stearic acid (Cis.9), when



ethanol is added into cultural medium [45, 46]). The importance of unsaturated fatty acid
in improvement of ethanol tolerance was reported by Kajiwara et al. [47]. The ethanol
tolerance ability of yeast was improved by modification of composition of membrane
lipid through genetic engineering and unsaturated fatty acid supplementation, and You et

al. found that oleic acid is one of the determinants of ethanol tolerance of yeast [48].

1.2.2 Effect of ethanol toxicity on proteins and biological function of yeast cells

Ethanol also affects the transport of proteins in the plasma membrane, résulting
in negative impact on their function, for example, decreased respiration and nutrient
uptake through cellular membrane [49, 50]. Previous studies have shown that ethanol
inhibits the activity of 1'<ey glycolytic enzymes and denatures proteins [6, 50]. In the
presence of ethanol, yeast cells exhibit an increase in plasma membrane H'-ATPase
activity [11, 44, 51]. Moreover, the importance of H'-ATPase in ethanol toleranae was
reported by Fujita et al., who found that homozygous diploid deletion mutants lacking

genes involved in H'-ATPase activity were sensitive to ethanol [52].

1.3 Ethanol adaptation and ethanol tolerance of S. cerevisiae

Two terms of “ethanol adaptation” and “ethanol tolerance” sometimes are used
for the similar meaning. Indeed, the term of “ethanol adaptation” is used when referring
to “an alteration or change process in the structure or functioning of an organism that

makes it becomes fitted to ethanol stress in its environment”. And the term of “ethanol



tolerance” is used when referring to the “ability” of an organism to survive in extreme
ethanol stress condition. Through the ethanol adaptation process, to know whether yeast
cells can adapt to the extreme ethanol stress environment or not, ethanol tolerance ability

of yeast strain was evaluated.
- 1.3.1 Ethanol tolerance in Saccharomyces cerevisiae

Ethanol is a major stress factor that‘ decreases the production of target products in
the fermentation processes using yeast cells. To improve the production processes, the
response to ethanol stress and the mechanism underlying ethanol tolerance of yeast cells
have been widely investigated. Many studies have reported that a primary target of
ethanol toxicity is cell membrane: Alterations in the fatty acid composition of the cell
membrane affect the ethanol tolerance of yeast and unsaturated fatty acids result in an
increase in membrane fluidity and an enhancement of ethanol tolerance [8, 41, 42, 43, 47,
48]. Piper reported that heat shock proteins (HSPs) are synthesised during ethanol stress
[53]. Of many heat shock proteins in yeast genome, however, only Hsp104p [54, 55] and
Hsp12p [56] are found to be involved in enhancing ethanol tolerant ability of yeast cells.
Trehalose, which has been reported to stabilize proteins, are synthesised and
accumulated upon ethanol stress [57]. The accumulation of trehalose is a critical
determinant of stress resistance in S. cerevisiae. It was found that two enzymes are
capable of hydrolyzing trehalose: a neutral cytosolic trehalase (NTH) and an acidic
vacuolar trehalase (ATH) [5758]. Kim et al. reported that increasing intracellular
accumulation of trehalose by deletion of ATHI improved ethanol stress tolerance [59].

And ethanol stress tolerance of yeast strain is also improved when using the antisense-



RNA technique to decrease the expression of acid trehalase gene ATHI [60]. Kajiwara et
al. found that increases in fatty acid unsaturation via metabolic engineering improved
ethanol tolerance of S. cerevisiae [47]. Takagi et al. reported that enhancement of
intracellular proline accumulation improved ethanol tolerance of yeast used for Japanese
rice wine [15]. Ethanol tqlerance and production of S. cerevisiae is also improved by
engineering yeast transcription machinery [61]. More recently, Hirasawa et al. (2007)
has investigated that over-expression of genes related to tryptophan biosynthesis

conferred the ethanol stress tolerance to yeast cells [17].

1.3.2 Analysis for understanding adaptation process to high ethanol

concentration

As for the “long-term” ethanol adaptation, Ismail and Ali reported that no
increase in the tolerance of yeast to a high ethanol concentration was observed after ten
successive transfers to an environment containing a high ethanol concentration [18]. In
this study, since the environmental condition was suddenly changed to a severe
condition, it is thought that the yeast cells could not adapt to the changed environment.
Lloyd et al. found that yeast previously grown in the presence of 5% ethanol can grow in
the medium containing 10% ethanol, whereas yeast inoculated directly into medium
containing 10% ethanol fails to grow [19]. Therefore, it is expected that exposing yeast
cells to a stepwise increase in the level of ethanol stress from low to high concentration
with the repetitive cultivations would be effective in observing the ethanol adaptation

process.



In this study, the stepwise adaptation process of S. cerevisiae was investigated by
carrying out a stepwise increase in ethanol concentration with repetitive cultivations.
Evaluation of ethanol tolerance ability of yeast strain was conducted by measuring the
specific growth rate (SGR) of yeast strain cultured in medium contained high ethanol
concentration. When subjgcting yeast cells to the stepwise increase ethanol, the SGR of
the ethanol-adapted strain did not change through repetitive cultivation under high
ethanol concentration, suggesting that the ethanol-adapted strains, whose SGR is not
changed through repetitive cultivation at high ethanol concentrations, could be

successfully obtained.

1.4. Study on ethanol adaptation in S. cerevisiae using comprehensive

analysis systems

We have many tools and methods to study about the entire biological aspects of
many organisms. S. cerevisiae genome project was completed in 1996 [62], and based
on its genome information, comprehensive analysis systems have bee\n developed. These
systems enable us to conduct large-scale quantitative experiments on studies about
biological properties of yeast cells in molecular levels, such as in the genome (i.e.
genome-wide analysis [30, 52, 63, 64]), transcriptome (i.e. using DNA microarray [11-
14, 65-68]), proteome (i.e. two-dimensional gel electrophoresis combined with the
identification of proteins by peptide mass fingerprinting method [16, 69-72]), and

metabolome (measurement of intracellular metabolites by mass spectrometry [73; 74]).



Because these systems are powerful for comprehensive analysis of the cellular state,
they have been successfully used to study about the response of yeast cells to stress.
The principle of transcriptome (DNA microarray) and proteome (2-DE) methods

I used in my study were summarized in Figure 1-1 and Figure 1-2.
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Figure 1-1  Principle of DNA microarray.

The principle of DNA microarray technology is based on the fact that
complementary sequences of DNA can be used to hybridize immobilized DNA
molecules. This involves three major multi-stage steps: (1) Array preparation: This
step involves the availability of a chip or a glass slide with its special surface chemistry,
robotics is used for producing microarrays by spotting the DNA (targets) onto the chip
or for their in situ synthesis. (2) Sample preparation and array hybridization step:
This step involves mRNA isolation followed by fluorescent labelling of cDNA probes
and hybridisation of the sample to the immobilized target DNA. (3) Image acquisition
and data analysis: Finally, this step involves microarray scanning, and image analysis
using sophisticated software programs that allows us to quantify and interpret the data.

As shown in Figure 1-1, red spots on the microarray shows that amount of cDNA of this

11



gene in the stressed cell higher than of the control, thus it represents up-regulated gene
expression in the stressed cell. Green spot represents those genes that are down-
regulated in the stressed cell, and yellow to represent those genes that are of equal

abundances in both stressed and control samples.
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Figure 1-2  The principle of proteome analysis by 2-DE gels.

Proteins, extracted from the cells, are first separated according to their isoelectric
points (the first dimension) and subsequently separated according to their molecular
weights in SDS-PAGE (the second dimension). Protein spot patterns from different
samples are compared and quantified and the protein spots of interest are identified by

mass spectrometric methods.
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In the viewpoint of transcription level, Alexandre et al. (2001) reported the
global gene expression of S. cerevisiae S288C when adding 7% ethanol to the culture
medium at mid-log phase. The expression data was obtained within 30 min after the
addition of ethanol, corresponding to the analysis “short-term” response to stress. Yeast
cell altered the expression levels of 395 open reading frames (ORFs) in response to
ethanol stress. Most of the down-regulated genes are involved in protein biosynthesis,
cell growth, RNA metabolism and cellular biogenesis. Genes that are up-regulated by
ethanol are mainly involved in energetic metabolism, protein destination, ionic
homeostasis, heat shock proteins and the stress response [11]. A consistent result was
also reported by Chandler et al. 2004 [12]. Since the authors could not identify any
induction of genes involved in lipid metabolism or cell wall biogenesis, which are
known targets of the ethanol stress response, in these studies about the “short-term”
response, it is possible that these changes might be related the “long-term” ethanol
adaptation [11].

At present, however, there are no reports on the analysis of “long-term” ethanol
adaptation process of yeast using comprehensive analysis systems. The studies of the
long-term adaptation process using comprehensive analysis systems are expected to
provide us a basis to understand the properties of biological systems that enable growth

under ethanol condition.
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1.5 Objective of this study

The objective of this study is to understand the adaptation process to high
ethanol concentration in S. cerevisiae. For this objective, I first performed repetitive
cultivation of yeast with stepwise increase in ethanol concentration. Through this
repetitive cultivation, I succeeded in obtaining ethanol-adapted yeast strains. To examine
the physiological changes in ethanol-adapted strains, cell morphology and fatty acid
composition of the obtained ethanol-adapted strains were observed. Moreover, to
observe genome-wide physiological changes in transcription and translation in ethanol-
adapted strains, transcriptome and proteome analysis of the ethanol-adapted strain using
DNA microarray and two-dimensional gel electrophoresis of intracellular proteins,
respectively, were conducted. Through this study, I discussed the properties of “long-
term” adaptation process to high ethanol concentration in S. cerevisiae and application

for conferring ethanol torelance to S. cerevisiae cells.

1.6 Overview of the thesis

This thesis consists of five chapters.

Chapter 1 deals with the overview of fermentation and ethanol adaptation of
yeast. This chapter presents the significance of this work. The “short-term™ adaptation to
ethanol has been numerously reported and well studied, however the “long-term”
adaptation of yeast to high ethanol is not. This work aims to establish the extent

understanding of the “long-term” adaptation of yeast to high ethanol concentration.

14



Chapter 2 deals with the investigatation of adaptation process of S. cerevisiae
cells to high ethanol concentration though the repetitive cultivation with a stepwise
increase in ethanol concentration. To compare yeast cells after ethanol adaptation with
that before ethanol adaptation, measurement of changes in cell morphology and fatty
acid composition was performed.

Chapter 3 deals with the study on ethanol adaptation mechanism of yeast at the
transcription level. DNA microarray was used to monitor the genome-wide gene
expression profiles of the ethanol adapted yeast and non-adapted yeast under high
ethanol concentration. Certain genes and functional categories that involved in
adaptation to high ethanol concentration were investigated.

Chapter 4 deals with the study of ethanol adaptation mechanism of yeast at the
translation level. Based on the result of two-dimensional gel electrophoresis combined
with identification of proteins by using peptide mass fingerprinting method, the
correlation between protein abundance and mRNA expression was investigated. Certain
proteins that involved in adaptation to ethanol were identified.

Chapter 5 deals with the general conclution of this research.

15



Chapter 2
Adaptation of Saccharomyces cerevisiae cells to high ethanol
concentration and changes in fatty acid composition of membrane

and cell size

2.1 Introduction

The ‘yeast Saccharomyces cerevisiae has been used for the production of useful
chemical compounds as well as alcoholic beverages. In the industrial production of
useful target products using yeast cells, cells have faced a variety of the environmental
changes, such as an increase in osmotic pressure, the accumulation of ethanol and
carbon dioxide and a decrease in the amount of nutrients [3, 4]. Of these environmental
changes, the accumulation of ethanol during cultivation causes stress to yeast cells,
leading to a decrease in cell growth and the production of target products. Thus,
understanding the adaptation process of yeast under high ethanol concentration is
important and this might lead to construction of the yeast strains that can grow well in
high ethanol concentration and are highly desired in the field of production of useful
compounds using cells. As described in Chapter 1, some researchers have analyzed
adaptation phenomena of yeast cells to high ethanol concentration. It is expected that
exposing yeast cells to a stepwise increase in the level of ethanol stress will be effective

for obtaining the ethanol-tolerant yeast strains.
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In this chapter, the results of observing the adaptation process of S. cerevisiae to
a high ethanol concentration were shown. For this purpose, a repetitive cultivation of S.
cerevisiae with a stepwise increase in ethanol concentration was performed. By exposing
to a stepwise increase in ethanol concentration in the culture medium, cell growth
activity defined by specific growth rate (SGR) of the yeast cells did not decreased during
repetitive cultivation in high-ethanol-concentration medium. This indicates that the yeast
cells successfully adapted to high ethanol concentration. In addition, to examine the
phenotypic changes during adaptation process to high ethanol concentration, analyses of
fatty acid composition of the cell membrane and cell morphology of the ethanol-adapted

strains were also performed.

2.2 Materials and methods

2.2.1 Strain, medium and cultivation conditions

S. cerevisiae FY834 (MATo. his3A200 ura3-52 leu2Al lys2A202 trplA63) [75]
obtained from the yeast genetic resource center (Osaka University, Japan), was used in
this study. Yeast cells were precultured in 5 ml of YPD medium (1% Bacto yeast
extract, 2% Bacto peptone, 2% glucose) in a test tube at 30 °C for 24 h. Then, for the
main culture, the precultured yeast was cultivated aerobically at 30 °C in a Sakaguchi
flask containing 100 ml of YPD medium. The cell density for inoculation was set to
about 10® cells/ml, because the inoculum size affects the length of the lag time of yeast

cell growth as reported by Walker-Caorioglio et al. [76].

17



2.2.2 Repetitive cultivation of S. cerevisiae with stepwise increase in ethanol

concentration

Repetitive cultivation with a stepwise increase in ethanol concentration was
performed as follows (Figure 2-1). The cultivation of FY834 strain was carried out in
YPD medium containing ethanol and then the culture was transferred to fresh medium
containing the same ethanol concentration. After that, the culture was transferred to
medium containing a higher ethanol concentration, followed by repetitive cultivations.
The initial ethanol concentration was set at 2.5% (v/v) and it was changed to 5, 6.5, 8, 9
and 10% step by step. In cases of cultivations with 2.5 and 5% ethanol in the medium,
the transfer of the broth at the end of the previous culture to medium containing the same
ethanol concentration was performed twice. In cases of the cultivations containing 6.5, 8,
9 and 10% ethanol, the transfer of the culture was performed once. I performed four
series of such repetitive cultivations from 2.5% of ethanol concentration to 10%, and the
obtained culture series were called Al, A2, A3, and A4, respectively.

The adaptation of the yeast was evaluated by measuring the optical density of the
culture at 660 nm (ODggo) and calculating SGR of all the strains examined using ODsgg
data at mid-exponential phase. The SGR is defined as increasing rate of cell
concentration (ODggo) divided by cell concentration, by calculating the slope of the
logarithmic plot of ODgg value as described by Blanch and Clark [77]. For measurement

of ODge0, spectrophotometer U-2000 (Hitachi High Technologies, Japan) was used.

18
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Figure 2-1  Scheme of adaptation process of S. cerevisiae to high ethanol

concentration.

The cultivation of FY834 strain was carried out in YPD medium containing ethanol and
then the culture was transferred to fresh medium containing the same ethanol
concentration (It \;vas indicated as circular arrow). After that, the culture was transferred
to medium containing a higher ethanol concentration (It was indicated as linear arrow),

followed by repetitive cultivations. The initial ethanol concentration was set at 2.5%

(v/v) and it was changed to 5, 6.5, 8, 9 and 10% step by step.




2.2.3 Measurement of fatty acid composition of cell membrane

Yeast cells exposed to the stepwise adaptation process were cultivated in YPD
medium containing 10% ethanol and harvested at the mid-log phase by centrifugation.
After the cells were washed twice with sterilized water, they were lyophilized for one
day using the lyophilizer (VD-500F; Taitec, Japan). The extraction of fatty acids and
their methyl esterification were carried out as described by Hama et al. [78]. Analysis
was performed using a gas chromatograph (GC-3000; Hitachi, Japan) with a column,
TC-FFAP (30 m x 0.25 mm i.d., 0.5 pm phase thickness; GL Sciences, Japan). The
analytical conditions used for gas chromatography were as follows. The initial
temperature of the column was 120°C. The column temperature was increased to 240°C
at 10°C/min and then maintained for 10 min [79]. Injector and detector temperatures
were 250 and 280°C, respectively. Nitrogen gas was used as a carrier. Fatty acid methyl
ester mixtures (Sigma-Aldrich Inc, catalog number 18918) were used as lipid standards.
The peaks corresponding to each fatty acid methyl ester in the obtained samples were

identified comparing their retention times with those of the lipid standards.

2.2.4 Measurement of the size of yeast cells

Yeast cells exposed to the stepwise adaptation process were cultivated in YPD
medium and the cells at the mid-log phase (ODgso=about 1) was observed using phase
contrast microscope (BX60, Olympus). Microphotographs of yeast cells were taken by a
digital camera (Camedia C-5060 Wide Zoom, Olympus). For each strain, long and short

diameters of mother and daughter cells from 50 cells were measured. For evaluation of

20



the difference in cell sizes between the ethanol-adapted and non-adapted strains, average
and standard deviation of long and short diameters of mother and daughter cells,

respectively, from 50 cells were calculated.

2.3 Results and Discussion

2.3.1 Effect of ethanol addition on cell growth of S. cerevisiae

To evaluate the effect of ethanol on yeast cell growth, a laboratory strain of S.
cerevisiae FY834 was directly inoculated into YPD medium containing 2.5, 5, 6.5, 8, 9,
or 10% (v/v) ethanol, respectively, and then the cells were incubated at 30°C (Figure 2-
2A). After that, the culture was transferred to medium with the same ethanol
concentration. The cell density for inoculation was set to about 10° cells/ml, because the
inoculum size affects the length of the lag time of yeast cell growth as reported by
Walker-Caorioglio et al. [76].

The SGRs during the repetitive cultivation in which the cells were directly
inoculated into medium with a high ethanol concentration are summarized in Table 2-1.
In the YPD medium, the SGR of FY834 was 0.45+0.04 h! and decreased as a result of
increase in ethanol concentration. The SGR further decreased in the second cultivation,
compared with that in the first cultivation in medium with the same ethanol
concentration. This phenomenon was clearly observed when ethanol concentration was
more than 6.5%, that is, the difference in SGR between the first and second cultivations

became large.
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Figure 2-2.  Growth characteristics of FY834 under high ethanol concentrations. (A) Growth characteristics of FY834 in repetitive
cultivations at high ethanol concentrations. FY834 was inoculated into medium containing 2.5, 5, 6.5, 8, 9 or 10% ethanol, respectively,
and then the growth of each culture was monitored, measuring at ODggo. In each culture, the culture broth was transferred to fresh medium
containing the same ethanol concentration and then the growth was observed. The timing of the transfer to fresh medium is shown by the
dotted lines. (B) Growth characteristics during subjection of FY834 to stepwise increase in ethanol concentration with repetitive
cultivations. The method used for subjecting the yeast cells to a stepwise increase in ethanol concentration is described in Materials and
methods. The timing of the transfer of culture to fresh medium is shown by the dotted lines. In the experiment shown in this figure, we

obtained an ethanol-adapted strain series A2.
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Table 2-1 Effect of ethanol addition on growth of S. cerevisiae strain FY834

Specific growth rate at each ethanol concentration (h™)

Cultivation
0% 2.5% 5% 6.5% 8% 9% 10%
First 045+0.04 039+0.02 0.27+0.02 0.19+0.03 0.13+0.02 0.09+0.01 0.04+0.01
Second - 038+001 026+0.01 0.15£0.02 0.11+0.01 0.06+0.02 0.03+0.01
Third - 0.38+0.01 0.26 +0.01 - - - -

Average of SGR + standard deviation of three independent experiments in each culture condition is shown.

Table 2-2 Specific growth rates of ethanol-adapted yeast strain series during stepwise increase in ethanol concentration with repetitive

cultivation

Specific growth rate at each ethanol concentration (h™)

Cultivation
0% 2.5% 5% 6.5% 8% 9% 10%
First 045+ 0.03 0.38+0.01 0.26+0.01 0.18+0.01 0.12+0.03 0.08+0.01 0.06+0.01
Second - 037+0.01 0.26%£0.01 0.17+0.02 0.12+0.02 0.09+0.01 0.06+0.01
Third - 0.39+0.01 0.26+0.01 - - - -

Average of SGR =+ standard deviation of four ethanol-adapted strain series in each culture condition is shown.



2.3.2 Adaptation of S. cerevisiae to high ethanol concentration during stepwise

increase in ethanol concentration in culture medium

Adaptation to environmental changes is achieved by the mechanism that a cell
adjusts its intracellular physiological conditions to the surrounding environment to
grow. Ismail and Ali reported that adaptation does not occur when the environmental
changes are extreme [18]. Yeast cells are expected to be able to grow well even in the
severe environments, when intracellular physiological conditions can be appropriate for
growth in such environments through the stepwise adaptations to the environmental
changes. Therefore, the adaptation process of yeast to a high ethanol concentration was
analyzed through a repetitive cultivation of S. cerevisiae with a stepwise increase in the
ethanol concentration.

The FY834 strain was subjected to a stepwise increase in the ethanol
concentration of the medium from 2.5 to 10% via 5, 6.5, 8 and 9% through the
repetitive cultivation, and the SGR in each cultivation process was measured. Four
series of ethanol-adapted strain, named Al, A2, A3 and A4 were independently
obtained. As an example, the growth of yeast strain series A2 during stepwise
adaptation process is shown in Figure 2-2B. Similar growth properties were observed in
the series A1, A3 and A4 to that in series A2 (data not shown). As shown in Table 2-2,
the SGR of ethanol-adapted strain series decreased in the first culture with an increase
in the ethanol concentration of the medium. Unlike the case of Table 2.1, the SGR of
the second cultivation became almost the same as that of the first cultivation. This result
suggests that the yeast cells once subjected to certain ethanol concentration are able to
adapt to the same condition. Even though the ethanol-adapted strains showed a decrease

in SGR with increase in ethanol concentration in the medium, a relatively high SGR
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was maintained in the yeast cells experiencing the cultivation with stepwise increase in
ethanol concentration. Here, the strain showing the phenotype in which the SGR does
not decrease through repetitive cultivation with a stepwise increase in ethanol
concentration is called the ethanol-adapted strain.

Next, the SGR in the second cultivation of the ethanol-adapted yeast strain series
were compared (Table 2-2) with that in the second cultivation of the non-adapted yeast
strain (Table 2-1). In case of medium containing more than 6.5% ethanol, the SGR of
ethanol-adapted strain became larger than that in non-adapted strain. However, in the
case of lower than 6.5%, the difference in SGRs between ethanol-adapted and non-

adapted strains in the presence of same ethanol concentration was not significant.

2.3.3 Comparison of fatty acid compositions of cell membrane between non-

adapted and ethanol-adapted strains

Some researchers have shown that the cell membrane is one of the primary
targets of ethanol: Alterations in the fatty acid composition of the cell membrane affect
the ethanol tolerance of yeast and unsaturated fatty acids result in an increase in
membrane fluidity and an enhancement of ethanol tolerance [8, 41, 42, 43, 47, 48].
Therefore, the fatty acid compositions of the cell membrane were analyzed and
compared them among ethanol-adapted yeast strains in media containing ethanol.

The content of oleic acid (C;s.1) in FY834 strain grown in the presence of 10%
ethanol was higher than that of the FY834 grown in the medium without ethanol
addition (Figure 2-3). However, the content of oleic acid in the cell membrane of the
ethanol-adapted strains was similar to that of the non-adapfed yeast grown in the

presence of 10% ethanol, while the fraction of palmitic acid (C;¢.0) fatty acids was lower
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in ethano-adapted yeast strains than in the non-adapted strain in the presence of 10%
ethanol (Figure 2-3). These results suggest that the fatty acid composition in
cytoplasmic membrane was changed by exposing yeast cells to high ethanol
concentration, but the increased fraction of oleic acid was not observed in the ethanol-
adapted strain compared with the non-adapted strain. Decreased fraction of Cig fatty
acid in ethanol-adapted strains was found in the presence of 10% ethanol, suggesting
that the content of other fatty acid(s) that could not be measured in this study might be

changed during adaptation process to high ethanol concentration.
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Figure 2-3  Comparison of fatty acid compositions of yeast cell membrane among
four ethanol-adapted strains. Ethanol-adapted strain series were cultivated in YPD
medium in the presence of 10% ethanol and the fatty acid composition of each strain
was determined. Fatty acid compositions of FY834 strain cultured in the presence and
absence of ethanol were also measured. Data represented the average values of three

independent experiments with standard deviations.
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2.3.4 Comparison of cell size between non-adapted and ethanol-adapted strains

Since Kubota et al. showed that the size of the cells cultured in the presence of
ethanol was enlarged [30], the morphology of ethanol-adapted and non-adapted strains
cultured in the presence of 10% ethanol was observed. The yeast cells that finally
obtained through a stepwise increase in ethanol concentration in each culture series
were inoculated into medium without the addition of ethanol. After reaching the mid-
log phase, the morphologies of the cells were microscopically observed. Cells at the
mid-log phase were used for microscopic observation because at this phase yeast cells
have adapted to new condition of medium. It is thought that during batch cultivation the
cells achieve the “steady state” at the mid-log phase. Microscopic observation revealed
that the size of cells of the ethanol-adapted strains seemed to be larger than those of in
the non-adapted strain (Figure 2-4A).

To quantitatively evaluate the change in cell morphology, the longest and
shortest diameters of the cells of ethanol-adapted and non-adapted strains were
compared (Figure 2-4B). The shortest diameters of the mother and daughter cells in the
non-adapted and ethanol-adapted strains were similar. In contrast, the longest diameter
of cells was different between the ethanol-adapted and the non-adapted strains, namely,
a difference in the longest diameters of the mother cells between the non-adapted and
ethanol-adapted strains was clearly observed. The longest diameter of the mother cells
of the ethanol-adapted strains was larger than that of the non-adapted strain. These

phenomena were consistent with the results shown by Kubota et al. {30].
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Figure 2-4

A
Series Al Series A2

FY834

25 um
Series A3 Series A4
B
10 5 @ ML
ONS
MW DL
w 99
5
—]
L]
&)
0 =

FY834 Al A2 A3 Ad

Adapted strain series

30



Figure 2-4  Cell morphology of control and ethanol-adapted yeast strain series. The
yeast cells obtained through the repetitive cultivation with a stepwise increase in the
ethanol concentration were cultivated in the YPD medium and the cell morphology was
observed. (A) Microscopic observation of cell morphologies of ethanol-adapted strain
serieses Al - A4 and non-adapted yeast strain (FY834). The bars in each photograph
represent 25 pm. (B) Comparison of cell size between non-adapted strain and adapted
strain series at mid-log phase. ML, the longest diameter of mother cell; MS, the shortest
diameter of mother cell; DL, the longest diameter of daughter cell; DS, the shortest
diameter of daughter cell. Data represent the average size of counted 50 cells with

standard deviations.

In the budding yeast S. cerevisiae, it is well known that the cells must achieve
the critical cell size [80, 81]. The cell division of S. cerevisiae is asymmetric, i.e. one
small daughter cell is budded from one mother cell during one cell division event. In
principle, the size of the mother cell always achieves the critical cell size, indicating that
the size of mother cell is independent on the cell cycle. In contrast, the size of daughter
cell is dependent on the cell cycle, because the daughter cell has to enlarge to achieve
the critical cell size for initiating cell division during cell cycle progression.
Enlargement of the mother cell size of the ethanol-adapted strains shown in this study
suggests that the critical cell size of the ethanol-adapted strains might be changed to
adapt to high ethanol concentration. The change in cell size is one of the typical

phenotype of ethanol-adapted yeast cells.
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2.4 Conclusion

In this chapter, the stepwise adaptation process of S. cerevisiae was investigated
by carrying out exposure to a stepwise increase in ethanol concentration with repetitive
cultivations. When subjecting yeast cells to a stepwise increase in the ethanol
concentration of the culture medium, the SGR of the ethanol-adapted strain did not
change through repetitive cultivation under high ethanol concentration, suggesting that
the ethanol-adapted strains, whose SGR is not changed through repetitive cultivation at
high ethanol concentrations, could be successfully obtained. Observations of cell
morphology and measurement of fatty acid composition of the cell membrane in
adapted and non-adapted yeast strains revealed that yeast cells change the intracellular
physiological state, such as a change in the composition of fatty acid and the increase in
the size of yeast, to adapt to ethanol stress.

From the observation results of the difference in sizes of the mother cell between
the non-adapted and ethanol strains, the cell size, cell cycle and adaptation to ethanol
are thought to be closely correlated. Enlargement of the mother cell size of the ethanol-
adapted strains shown in this study suggests that the critical cell size of the ethanol-
adapted strains might be changed to adapt to high ethanol concentration. Moreover, the
relationship between the stress response and the cell cycle of yeast has been also
suggested [82].

In addition, another factors related to the adaptation to high ethanol
concentration should be taken into account, such as fatty acids in the cell membrane that
could not be observed in this study, lipids content in the cell membrane and ergosterol
that is one of the component of cell surface and responsible for ethanol stress tolerance

in S. cerevisiae [8, 41-43, 47, 83]. Analyses of these factors as well as cell cycle
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progression in ethanol-adapted strains will help us to understand the molecular

mechanism of adaptation to high ethanol concentration in S. cerevisiae.
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Chapter 3
Analysis of adaptation to high ethanol concentration in

Saccharomyces cerevisiae using DNA microarray

3.1 Introduction

As described above, the yeast, Saccharomyces cerevisiae, has been used for
fermentation processes of alcoholic beverages, and is also important for the production
of biofuel. During these production processes, yeast cells are generally exposed to
several types of environmental stresses which decrease the productivity of the target
products, such as osmotic pressure, low pH, and oxidative stresses [3, 4]. Since ethanol
is a major stress factor that decreases the production of target products in the
fermentation processes using yeast, the response to ethanol stress and the mechanism
underlying ethanol tolerance of yeast cells have been investigated to improve the
production processes [47, 84, 85].

The stepwise adaptation process of S. cerevisiae was investigated by subjecting
yeast cells to a stepwise increase in ethanol concentration with repetitive cultivations, as
described in Chapter 2. And the change in the intracellular physiological state of the
ethanol-adapted yeasts in comparison with those the control was observed, such as a
change in the composition of fatty acid and the increase in the size of yeast. However it
is not enough to understand the properties of biological system that enable yeast cells to
adapt and grow under ethanol stress condition, further studies are necessary for a detail

understanding about ethanol adaptation in S. cerevisiae.
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DNA microarray is a powerful tool for comprehensively investigating the
intracellular state; thus it is used to survey the changes in the intracellular state after
exposing yeast cells to ethanol stress. In fact, many studies have revealed changes in
characteristics after the addition of ethanol based on genome-wide expressions profiles,
such as the activation of transportation and certain amino acid biosynthesis pathways
and the down-regulation of genes related to protein synthesis [11, 12, 17, 67]. However,
these genome-wide expression analyses have mainly been focused on the “short-term”
adaptation process, where the expression data were obtained within several hours after
the addition of ethanol [11, 12, 17]. It is known that despite the fact that many genes
change their expression levels soon after stress exposure, a certain fraction of these
genes recover their original expression levels after cells adapt to the stress and recover
their growth [13, 67, 86, 87]. Such génes that recover the original expression levels can
be regarded as those that are only responsible for the stress response and are not
important for growth under the stress condition. Thus, in order to understand which
genes are important for growth under ethanol stress condition, one possible strategy is
to screen genes whose expression remains up-regulated after the recovery of cell growth
under the ethanol stress condition.

Therefore, I sought to identify the genes and the functional categories of the
genes that could be involved in growth under the ethanol stress condition by analyzing
the comprehensive expression profile of an ethanol-adapted yeast strain. It is known that
when yeast cells are exposed to ethanol stress, the cells often are able to adapt to the
stress environment, i.e., change their intracellular state and recover sufficiently to grow
under the stress condition [11, 12, 17]. As reported in Chapter 2, it was shown that by
cultivating yeast cells over a long period (26 days) under the ethanol stress condition, I

could obtain ethanol-adapted strains that exhibited significantly higher growth rate
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under the stress than did the wild-type strain [88]. However, no detailed analyses of the
intracellular state of the ethanol-adapted yeast cells have been performed yet, even
though such analysis can provide a better understanding what cellular state enables
active growth under ethanol stress. In this chapter, using DNA microarray analysis,
comparison of comprehensive expression profiles of two yeast trains (i.e, the previously
obtained ethanol-adapted yeast strain and the parental strain as control) under the

ethanol stress condition was shown.

3.2 Materials and methods

3.2.1 Strains, medium and cultivation conditions

A laboratory strain of S. cerevisiae FY834 (MATo his3A200 ura3-52 leu2Al
lys2A202 trpl A63) [75] and the ethanol-adapted yeast strain A1 [88] obtained from the
FY834 as a parent were used.

Yeast cells were precultured in 5 ml of YPD medium (1% bacto yeast extract,
2% bacto peptone, 2% glucose) at 30 °C for 24 h. Then, for the main culture, the
precultured yeast cells were cultivated aerobically at 30 °C in a 500 ml Sakaguchi flask
containing 100 ml of YPD medium or synthetic complete medium (0.67% yeast
nitrogen base without amino acids, 0.19% yeast synthetic drop-out without uracil, 2%
glucose and 7.6x10°% uracil) adding 10% (v/v) ethanol at the beginning of the main
culture. This main culture was repeated twice, where a part of the medium used for the
first main culture along with yeast cells were transferred to fresh medium containing

10% ethanol.
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The growth of each strain was monitored by measuring the optical density of the
culture medium at 660 nm (ODgg) with a spectrophotometer, UVmini-1240 (Shimadzu
Corporatidn, Japan). The relationship between the optical density (ODggo) and the dry
cell weight (DCW) was obtained as follows. Samples of 20-50 ml culture medium
containing cells were filtered through previously dried and weighted Whatman filters
(N# 111107, 0.4 um), and then these filters were dried at 60 °C for 48 hours until their
weights become constant. The dry cell weight was calculated from the ODggo value
using the following formulae;

Dry cell weight of the FY834 (g/1) = ODggp x 0.252

Dry cell weight of the ethanol-adapted A1 strain (g/l) = ODsgo x 0.261.

3.2.2 DNA microarray experiments

DNA microarray experiments were carried out as described in previous papers
[87, 89]. Cells cultivated in YPD medium containing 10% ethanol were harvested by
centrifugation at the logarithmic growth phase. After that, cells were immediately
frozen in liquid nitrogen, and then stored at —80°C until preparing the total RNA
samples. Total RNA was extracted by the hot phenol method [9190] and purified into
mRNA using an Oligo dT30<Super> mRNA purification kit (Takara Bio Inc., Japan).
Fluorescent-dye-labeled cDNA targets were prepared from purified mRNA (1-2 ug)
using Superscript II RNase H reverse transcriptase (Invitrogen Co., USA) and
fluorescent-dye-labeled nucleotides, Cy3-dCTP and CyS-dCTP (Amersham Biosciences
Inc., UK). Cy3- or Cy5-labeled cDNA targets were prepared from mRNA samples of
the adapted and control strains with and without the 10% ethanol addition. The samples

were mixed and then hybridized with cDNA probes corresponding to each open reading
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frame of S. cerevisiae on a slide glass-based DNA microarray, Yeast Gene Chip ver. 2
(DNA Chip Research Inc., Japan). The fluorescence intensity of each spot was
measured using a Genepix 4000A scanner (Axon Instruments, USA) and software
Genepix pro ver. 3.0 (Axon Instruments). The preparation of fluorescent-dye-labeled
cDNA targets, hybridization, and washing were carried out as described in instruction

manuals supplied by the manufacturer of the DNA microarray.
3.2.3 Data analysis

The fluorescent signal intensities of Cy3 and CyS on the DNA microarray were
acquired using Genepix pro ver. 3.0 software (Molecular Devices, CA, USA). The
signal was normalized by the locally weighted linear regression (Lowess) method [91].
Data analysis accompanied by gene functional category was performed using the data
from the Munich information center for protein sequences (MIPS) database
(http://mips.gsf.de/genre/proj/yeast/) [92]. 1 applied a hypergeometric test to evaluate
whether or not a functional category was overrepresented by a group of selected genes

from total genes in genome by the following formula:

m\ (N-m
f(k; N,m,n) = M

(%)

where N is the total number of genes, M is the number of genes related to a
functional category from the total genes, n is the number of genes in the selected genes,
and k is the number of genes related to a functional category from among the selected
genes.
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The data analysis was performed using Matlab ver. 2006b (Mathworks Inc.,

USA) and Microsoft Excel (Microsoft, USA).

3.3 Results and discussion

3.3.1 Ethanol-adapted yeast strain

The adaptation process of yeast cells under the ethanol stress condition has been
reported previously in chapter 2 [88]. Briefly, S. cerevisiae FY834 strain was
repetitively cultivated with a stepwise increase in the ethanol concentration in YPD
medium, with the basal concentration being 0%, increased to 2.5, 5, 6.5, 8, 9%, and
finally, 10% ethanol. By this method, the yeast cells adapted to a high ethanol
concentration, and the growth rate under the ethanol stress condition significantly
increased. In this study, I used the yeast strain Al adapted to 10% ethanol. Figure 3-1
showed the growth curves of the ethanol-adapted strain and its parent strain as a control
in the presence of the 10% ethanol condition. As shown in the figure, the growth rate of
the ethanol-adapted strain was significantly higher than that of the control strain under
high ethanol concentration. Since the control strain FY834 has auxotrophy for amino
acids and uracil, I examined the effect of the auxotrophy on the growth behavior under
ethanol stress condition. I confirmed that the higher growth rate in the adapted strain
was also observed in synthetic medium with the addition of 10% ethanol (Figure 3-2),
suggesting that the difference in growth rates between the two strains is independent of

the choice of culture media.
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Figure 3-1  Growth characteristics of the ethanol-adapted strain Al and the control
strain FY834 under high ethanol concentration. Yeast strains were cultivated aerobically
at 30 °C in YPD medium containing 10% ethanol. I repeated this culture, where a part
of the first culture medium along with the yeast cells was transferred to a fresh medium
containing 10% ethanol. The timing of the transfer to the fresh medium is indicated by
the dotted lines. The time of cells harvest for RNA extraction is indicated by the arrows.

Average and standard deviation of dry cell weights in three independent experiments

were shown.
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Figure 3-2  Growth characteristics of the ethanol-adapted strain Al and control
strains (FY834 and S288c) under high ethanol concentration. Yeast strains were
cultivated aerobically at 30 °C in synthetic complete medium (0.67% yeast nitrogen
base without amino acids, 0.19% yeast synthetic drop-out without uracil, 2% glucose
and 7.6x10-3% uracil) adding 10% (v/v) ethanol. I repeated this culture, where a part of
the first culture medium along with the yeast cells was transferred to a fresh medium
containing 10% ethanol. The timing of the transfer to the fresh medium is indicated by
the dotted lines. Average and standard deviation of ODgg in three independent

experiments were shown.
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3.3.2 Transcriptional analysis of the ethanol-adapted and control yeast strains

under ethanol stress

The gene expression profiles of the ethanol-adapted and control yeast strains
under the ethanol stress condition were analyzed using DNA microarray. Cy5-labeled
cDNA targets were prepared from mRNA isolated from the ethanol-adapted and control
strains cultivated in YPD medium containing 10% ethanol, while Cy3-labeled cDNA
targets were obtained from mRNA isolated from the control strain cultivated in YPD
medium without the addition of ethanol. In this study, I analyzed the expression profiles
of the adapted and control strains in the logarithmic phase of the second culture
(denoted by arrow in Figure 3-1), where the growth rate was significantly different
between these two strains. As reported previously, an expression ratio of more than 2
and less than 0.5 between two samples can be regarded as a significant change in this

microarray analysis [87].

Using the microarray data, I screened genes whose expression levels were
significantly up-regulated under the ethanol stress condition in comparison with the
non-stress condition. I classified genes into three classes as follows: (1) up-regulated in
the adapted strain only, (2) up-regulated in both the adapted and control strains, and (3)
up-regulated in the control strain only. The number of genes in each class is shown in
Table 3-1 and the list of up-regulated or down-regulated genes is presented in
Supplemental data, Table I-VI. It is expected that, the genes in classes (1) and (2)
would include those genes that were important for the recovery of growth of the adapted
strain under the ethanol stress condition. In contrast, genes in class (3) are not essential
for the growth under ethanol although they might play a role in the ethanol stress

response. Then, to characterize the up-regulated genes in each class, I further classified
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these genes into functional categories using the MIPS database [92]. I screened the
functional categories in which the genes classified above were significantly
overrepresented by using a hypergeometric test. The list of these functional categories

with p <0.01 is shown in Table 3-2.

Table 3-1 Numbers of genes changing their expression levels under ethanol stress

condition.

Number of genes

Up-regulated Not changed Down-regulated Total
(1) Ethanol-adapted strain 473 789 462 1724
only
(2) Both control and
ethanol-adapted strains 312 3028 315 3855
(3) Control strain only 494 1084 373 1951
Total 1479 4901 1150
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Table 3-2 Representative functional categories of overrepresented genes which

were up-regulated in the ethanol-adapted yeast or control strains or both

. No. of up- No. of total
MIPS functional category p value regulated genes
genes
Up-regulated genes only in the ethanol-adapted strain
12.01.01 ribosomal proteins 6.90E-05 36 229
42.16 mitochondrion 4.61E-04 26 161
Up-regulated genes in both control and ethanol-adapted strains
01.05.01 C-compound and carbohydrate utilization 5.24E-03 47 370
02 Energy generation 8.90E-11 68 350
giéléyeclgfltsreorl‘ll ;:?:;port and membrane-associated 9.60E-15 27 56
02.13 respiration 2.33E-12 39 131
14.13.04 lysosomal and vacuolar protein degradation 2.68E-03 7 23
20.01 transported compounds (substrates) 2.20E-06 81 562
20.09.04 mitochondrial transport 6.22E-03 17 101
32.01 stress response 5.98E-07 67 422
32.01.01 oxydative stress response 3.35E-07 18 54
34.01.01.03 homeostasis of protons 3.94E-03 10 44
Up-regulated genes only in the control strain
01.01 amino acid metabolism 2.55E-08 46 233
glll;:)alri)aie;ssélr?;lation of ammonia, metabolism of the 8.44F-06 14 a4
01.01.03.02 metabolism of glutamate 1.20E-03 7 21
01.01.03.05 metabolism of arginine 8.63E-04 7 20
01.01.09.04 metabolism of phenylalanine 8.42E-03 5 16
01.01.09.05 metabolism of tyrosine 6.21E-03 5 15
01.05 C-compound and carbohydrate metabolism 1.91E-05 67 482
2;0% ;)’ ]tf'(i:c:rsszl)él)ic-acid pathway (citrate cycle, Krebs 3.39E-03 8 31
32.01 stress response 1.39E-05 61 422
42.16 mitochondrion 1.96E-03 25 161
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Table 3-3 Representative functional categories of overrepresented genes which

were down-regulated in the ethanol-adapted yeast or control strains or both

. No. of down- No. of total
MIPS functional category p value regulated
genes genes
Down-regulated genes only in the ethanol-adapted strain
01.01 amino acid metabolism 1.38E-04 35 233
01.01.06 metabolism of the aspartate family 4.36E-03 12 65
01.01.09.01 metabolism of glycine 2.09E-03 4 8
01.01.09.02 metabolism of serine 9.52E-04 6 16
s el f b pre By (e oipey g
01.03.01 purine nucleotide metabolism 2.90E-03 12 62
10.03.03 cytokinesis (cell division) /septum formation 6.35E-03 12 68
16.21 complex cofactor/cosubstrate binding 3.80E-03 11 56
42.10 nucleus 6.24E-03 19 130
Down-regulated genes in both control and ethanol-adapted strains
01.01 amino acid metabolism 3.34E-03 23 233
01.01.06.05.01 biosynthesis of methionine 5.38E-03 4 14
01.01.09.07 metabolism of histidine 1.59E-03 5 17
01.03.01 purine nucleotide metabolism 1.91E-05 13 62
02.07 pentose-phosphate pathway 1.93E-04 7 24
11.04.01 rRNA processing 1.85E-04 21 165
12.04.01 translation initiation 7.68E-04 8 38
12.10 aminoacyl-tRNA-synthetases 3.04E-06 11 38
16.03.03 RNA binding 2.59E-03 19 175
16.19 nucleotide binding 2.38E-03 21 200
16.19.03 ATP binding 3.61E-03 18 167
20.01.21 RNA transport 3.01E-04 13 80
20.09.01 nuclear transport 1.85E-03 11 74
Down-regulated genes only in the control strain
01.03.04 pyrimidine nucleotide metabolism 7.83E-03 8 46
11.04 RNA processing 2.11E-09 55 375
11.04.01 rRNA processing 5.11E-14 40 165
11.06 RNA modification 7.98E-06 15 64
11.06.02 tRNA modification 1.29E-03 9 43
12.01 ribosome biogenesis 2.09E-06 40 290
12.04 translation 7.61E-04 14 84
16.03 nucleic acid binding 4.17E-03 33 322
16.03.03 RNA binding 2.72E-04 24 175
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With respect to the genes up-regulated in the adapted strain only, I found that
these genes were significantly concentrated in the category of “ribosomal proteins”, as
shown in Table 3-2. This result suggests that the adapted yeast strain enhances the
activity of protein synthesis under the ethanol stress condition. It is worth noting that in
the control strain, the expression of the genes related to protein synthesis, i.e.
“translation” and “ribosomal biogenesis”, was significantly down-regulated as shown in
Table 3-3. Such difference suggests that the recovery of protein synthesis activity plays

an important role in growth recovery under high ethanol concentration.

In the case of genes up-regulated in both strain, I found that genes related to
“energy generation” (for example, ATP synthase) were significantly overrepresented
(p< 10™'°, Table 3-2). In this functional category, which is involved in ATP synthesis in
mitochondria, the genes encoding the subunits of F-type ATP synthase (ATP14, ATP18
and ATP19) were up-regulated specifically in both adapted and control strains. This fact
indicates that ATP production is activated under the ethanol stress condition in
comparison with the non-stress condition. Under the ethanol stress condition, the
increase in ATP synthesis might be responsible for the activation of protein synthesis as
mentioned above and as also for proton transportation through plasma membrane [11].
Furthermore, I found that genes related to “oxidative stress response” to be significantly
overrepresented. This result is consistent with the evidence that reactive oxygen species
are produced in yeast cells exposed to ethanol [4, 93].

In the case of genes that were specifically up-regulated in the control strain, the
functional categories of several amino acid metabolisms were screened (Table 3-2). It is
known that genes related amino acid biosynthesis changes their expression levels

significantly during the response to several stresses such as ethanol and osmotic
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pressure [11, 12, 17, 87]. However, the results of this study suggests that, at least as for
the glutamate, arginine, phenylalanine and tyrosine, the up-regulation of the genes
responsible for the biosynthesis of these amino acids involve only in the response to
ethanol stress, but are not important for growth under this stress.

Martinez et al. found that 127 genes of S. cerevisiae were up-regulated in a
stationary phase in comparison with a logarithmic growth phase [94]. Of these 127
genes, 74 % were up-regulated in the control strain in the presence of ethanol,
suggesting that the expression profile of the control strain under the ethanol stress
condition is similar to that in the stationary phase, although the sample was collected in
the mid-exponential phase. In the stationary phase, the yeast cells alter their gene
expression such as an increase in expression of genes related to the response to
environmental stress and amino acid metabolism and a decrease in expression of genes
related to translation, ribosome biogenesis and protein synthesis; further, the growth rate
is reduced [95]. Our results agree with the suggestion of Marks et al. [96] that ethanol
concentration rather than nutrient starvation appears to be responsible for the entry of
yeast cells into the stationary phase. Under the high ethanol concentration, the control
strain receives signal(s) to enter the stationary phase, but the ethanol-adapted strain does
not. This fact might suggest that there is a difference in the signal transduction
mechanism between the ethanol-adapted and control yeasts.

Powers and Water, (1999) found that Rapamycinsensitive TOR-signaling
pathway regulates the ribosomal biogenesis [97]. Further, Martin et al (2004)
investigated that the signal transduction TOR regulates ribosomal protein gene
expression via PKA and the Forkhead transcription factor FHL1, and the two cofactors
IFH1 (a co-activator) and CRF1 (a co-repressor). TOR, via PKA, negatively regulates

YAK]1 and maintains CRF1 in the cytoplasm. Upon TOR inactivation, activated YAK1
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phosphorylates and activates CRF1. Phosphorylated CRF1 accumulates in the nucleus
and competes with IFH1 for binding to FHL1 at RP gene promoters, and thereby
inhibits transcription of ribosomal protein genes [98]. In this chapter, gene expression of
YAKI, IFH1 and CRF1 were up-regulated in the control strain only. The up-regulated
YAKI1 activates CRF1 and as consequence described above, the transcription of
ribosomal protein was inhibited because CRF1 bind with FHL1 at promoter [98]. In the
case of the ethanol-adapted yeast, gene expression of YAKI1, IFH1, FHL1 and CRF1
did not change and might be the gene expression of ribosomal proteins was maintained.
However, the mechanism how do ethanol adapted yeast maintain the expression of these
gene is remained unknown.

Oleic acid (un-saturated) is formed in S. cerevisiae by the oxygen- and NADH-
dependent desaturation of stearic acid (C18:0), catalyzed by a single integral membrane
desaturase encoded by the OLEI gene. Result of DNA microaary showed that the
expression of gene related oleic acid production (OLEI) did not change in both the
ethanol-adapted and the control strains. One possibility is that the post transcription in
oleic synthesis is effective to increase the oleic acid production, although it has been
reported that transcriptional upregulation of OLE]! is effective to increase amount of
unsaturated fatty acids [47].

Other fatty acids biosynthesis, I found that only in the ethanol adapted yeast, the
expression of gene related very long chain fatty acid biosynthesis was increased. The
expression of SUR4 and TSCI3 (very-long-chain fatty acid metabolism) were up-
regulated in the ethanol-adapted strain only. The content of very-long-chain fatty acid
that could not be measured in Chapter 2 might be changed during adaptation process to

high ethanol concentration.
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3.3.3 Comparison of gene expression analysis with gene deletion analysis

As mentioned above, the comparison of expression profiles between the ethanol-
adapted and control yeast strains enables us to screen the genes that can be important for
growth under the ethanol stress condition. To further support the results of DNA
microarray analysis, I compared the microarray results to the results of comprehensive
phenotypic analysis of single gene-deletion strains under ethanol stress condition [30,
52, 63, 64]. To investigate the relationship between effect of gene deletion and
expression analysis of genes in the ethanol adapted and control strains, first I defined a
set of genes whose deletion exhibit ethanol growth defect as the sum of all genes
screened in these four previous studies [30, 52, 63, 64]. Furthermore, I removed the
genes whose deletion strain showed growth defect also under non-stress condition from
the analysis, to focus on the effect of gene deletion specifically under ethanol stress
condition. For the data of growth defect under non-stress condition, I referred ref. [64],
where growth rates of all single-gene deletion strains were measured in YPD medium
without ethanol stress. As result of this data analysis, I screened 494 genes whose
deletion results growth defect under ethanol stress condition specifically (the list of
these 494 genes are presented in Supplemental data, Table VII). Then, I checked the
relationship between above genes and results of microarray analysis of the ethanol-
adapted and control strains. As result, it was found that, among 494 genes whose
deletion strains showed the growth defect under the ethanol stress condition, 51 genes
were specifically up-regulated in the adapted strain under ethanol stress condition. An
important point here is that, the ratio (51/494) is significantly larger than that expected
from random selection, confirmed by a hypergeometric test (p < 0.05). These genes
were concentrated in functional category such as those concerning ribosomal proteins,

and they were up-regulated in the adapted strain only; moreover, their deletion strains
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showed growth defect under the ethanol stress condition (data not shown). In contrast,
the genes which are up-regulated in both strains and specifically up-regulated in the
control strain did not exhibit such overrepresentation. This result indicates the genes
which are specifically up-regulated in the adapted strains are more important for the
growth under ethanol stress condition than other classes, i.e., genes which are up-

regulated in both strains and in the control strains only.

3.4 Conclusion

Comprehensive gene expression analysis of the ethanol-adapted and control
strains revealed certain genes and functional categories that are possible involved in
growth under the ethanol stress condition. Although there are several studies as for
transcriptome analysis under ethanol stress condition in S. cerevisiae [11, 12, 17, 61, 67,
68], the most significant difference between our study and earlier studies is the stage of
ethanol adaptation process to be investigated. In the previous studies, the measurements
of growth behavior and transcriptome analysis were generally done within several hours
or tens of hours after ethanol stress addition. In contrast, our previous study presented in
[88] showed that the longer adaptation process as it takes several tens of days results in
significant improvement of growth under the ethanol stress, and in the present study I
investigated the transcriptomic response in such long adaptation process. The
transcriptome analysis of the long-term adapted strain can provide a basis to understand
the properties of biological systems that enable growth under ethanol stress condition.
For example, our results showed that the expression of the genes encoding ribosomal
proteins was specifically up-regulated in the adapted strain under the ethanol stress
condition, suggesting the increase in protein synthesis activity in the adapted strain. The
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importance of such genes that were specifically up-regulated in the adapted strain was
supported by comparing the result of single-gene deletion analysis under the ethanol
stress condition. Further, I found that genes related to ATP synthesis in mitochondria
and oxidative stress response were significantly up-regulated in both the adapted and
control strains. This suggests that these functions are also involved in growth under the
ethanol stress condition. In contrast, I found that genes related to amino acid
biosynthesis are up-regulated specifically in the control strain under the ethanol stress
condition, indicating that such genes are not involved in the growth recovery under the
ethanol stress condition. A relationship between the expression profile of the control
strain under the ethanol stress condition and that at the stationary phase was also
suggested. So far, it is unclear whether the phenotypic differences between the adapted
and control strains are due to mutations elsewhere in the yeast genome or due to
adaptive changes in the intracellular state without mutations. However, in either case, I
expect that the differences in the gene expression levels reflect different phenotypes
with respect to the growth rate under ethanol stress condition. I expect that these results
of the comprehensive expression analysis of long-term adaptation process to high
ethanol concentration will provide the basis for a better understanding of ethanol

tolerance of yeast cells.
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Chapter 4
Proteomic analysis of adaptation to high ethanol concentration in

Saccharomyces cerevisiae

4.1 Introduction

Saccharomyces cerevisiae, the brewing yeast, has been widely used in food
fermentation and brewing industry (such as beer and sake wine) and recently in the bio-
ethanol production [3, 4, 99]. In these fermentation processes, ethanol is produced and
gradually accumulated to high concentration which affects on the growth, metabolic
activities, and other functions of yeast cells [6, 19, 28, 30]. Therefore, making yeast
strains that have high ethanol tolerance is desirable in order to optimize industrial
processes.

Environmental stress conditions elicit responses of S. cerevisiae at proteomic
and transcriptomic levels. Some researchers revealed the potential of proteomes as a
measure of global change in protein abundance during fermentation processes [16, 69-
72, 101-104]. For instance, Kolkman et al. (2005) performed analysis of the global
changes of proteins of yeast, however, only the enzymes involved in the central carbon
metabolisms of yeasts displayed a significant change in steady-state expression under
limitation of glucose or ethanol [72].

As shown in Chapter 2, adaptation process of yeast to high ethanol concentration
in repetitive cultivation was investigated [88]. In Chapter 3, using DNA microarray, the
global gene expression of ethanol-adapted strain under high ethanol concentration was

performed [100] in which genes and functional categories specifically up-regulated or
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down-regulated in the adapted yeast strain were identified, suggesting that such genes
and categories are involved in the adaptation of cell to high ethanol stress condition.
However, several previous studies revealed that the expression levels of mRNAs as
obtained from microarray analysis does not necessarily correspond to the expression
levels of the corresponding proteins [101-103], as the efficiency of translation and the
protein degradation rate can be different among proteins. Thus, analyzing only mRNA
expression profile can fail to detect the change of protein expression levels influencing
the ethanol tolerance of the adapted strain. To measure the protein expression levels
directly and then analyze the difference in the protein expression levels between the
ethanol-adapted and control strains are desirable to characterize the molecular
mechanism of ethanol adaptation process.

In this chapter, the intra-cellular protein expression levels of yeast strains was
analyzed by two dimensional gel electrophoresis (2-DE) combined with peptide mass
fingerprinting method (matrix assisted laser desorption /ionisation time-of-flight mass
mpectrometry, MALDI-TOF MS) for identification of the proteins. First, the correlation
between changes in mRNA expression levels and protein expression levels of yeast
strains was analyzed to evaluate the availability of protein expression data obtained by
2-DE. Then, the functions of proteins whose expression levels were up-regulated in the

ethanol-adapted yeast strain were discussed.

4.2 Materials and Methods

4.2.1 Strain, medium and cultivation condition
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A laboratory strain of S. cerevisiae FY834 (MATa his3A200 ura3-52 leu2Al
lys2A202 trpl1A63) [75] and the ethanol-adapted yeast strain Al obtained from FY834
as the parent were used as reported in Chapter 2 [88].

Yeast cells were precultured in 5 ml of yeast extract-peptone-dextrose (YPD)
medium (1% bacto yeast extract, 2% bacto peptone, 2% glucose) at 30 °C for 24 h.
Then, for the main culture, the precultured yeast cells were cultivated aerobically at 30
°C in a 500 ml Sakaguchi flask containing 100 ml of YPD medium containing 10%
(v/v) ethanol at the beginning of the main culture. I repeated this main culture twice,
where a part of the medium used for the first main culture along with yeast cells were
transferred to a fresh medium containing 10% ethanol. The growth of each strain was
monitored by measuring the optical density of the culture medium at 660 nm (ODgg)

with a spectrophotometer, UVmini-1240 (Shimadzu Corporation, Japan).
4.2.2 Preparation of yeast cells sample and protein extraction

Yeast cells were collected at the mid-log phase by centrifugation. After
washing by cold distilled water, the cell pellet was immediately frozen in liquid
nitrogen and was kept at —80°C until use.

To extract the proteins from the cells, the pellet was suspended in 150 pl of
lysis buffer consisting of 10 mM Tris-Cl (pH 8.0), 2 mM MgCl,, 1% protease inhibitor
cocktail for fungi (SIGMA), followed by addition of an equivalent volume of glass
beads prewashed by sulfic acid. Cells were disrupted by vigorously shaking with glass
beads. The sample was centrifuged, and the supernatant was transferred to vivaspin 500
(Sartorious) for ultrafiltration. The protein solution was transferred into a new 1.5 ml

tube and 2 pl of Benzonase nuclease (Novagen) was added to digest DNA and RNA for
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30 min on ice. Then digested DNA was removed using vivaspin 500, and the protein
sample was collected. Protein concentration was determined by Bradford method using

Protein assay solution (Bio-Rad).

4.2.3 Two-dimensional electrophoresis

Isoelectric focusing was performed using a Multiphor II electrophoresis unit
(GE Healthcare UK, Buckinghamshire, UK) and a commercially available immobilized
pH gradient (IPG) strip (Immobiline drystrip, p/ range 3—10, 13 cm, linear gradient; GE
Healthcare UK) [106]. 30 pg of protein in 250 pl of rehydration buffer (6.25 M urea,
2% 3-[(3-cholamidopropyl)dimethylammonio]propane sulfonate, 1% protease inhibitor,
2% IPG buffer [GE Healthcare UK], 0.96% destreak reagent [GE Healthcare UK],
0.01% bromophenol blue) was loaded onto the IPG dry strip, which was then rehydrated
for 15 h. Isoelectric focusing was carried out at 20 °C as follows: 50 V for 30 min, 200
V for 3.5 h, linear increase to 3500 V for 1.5 h, and 3500 V for 6 h.
For the polyacrylamide gel electrophoresis (PAGE) in the second dimension,
the focused IPG strip was equilibrated in 10 mol of buffer A (50 mM Tris-Cl [pH8.8], 6
M urea, 30% glycerol, 2% sodium dodecyl sulfate [SDS], 10 pg/ml dithiothreitol,
0.01% bromophenol blue) for 15 min and then in buffer B (dithiothreitol in
equilibration buffer A was replaced with 25 pg/ml of iodoacetamide). The equilibrated
IPG strip was applied onto 12.5% polyacrylamide gel for standard SDS-PAGE (160 mm
x 160 mm x 1 mm) and the proteins in the IPG strip were separated [105].
Electrophoresis was performed at 15 mA for 15 min and then at 30 mA until the
bromophenol blue buffer front reached the end of the gel using a slab gel
electrophoresis apparatus (TMN-5S; Taitec, Saitama, Japan).
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The gel was stained with SYPRO red protein gel stain (Invitrogen, Carlsbad,
CA) [107], according to the manufacturer’s protocol and scanned using Typhoon 9210
(GE Healthcare) to detect the protein spots on the gel. Image Master 2-D Elite software
(GE Healthcare) was used to quantify the volume of each spot.

For staining the gels with SYPRO red gel stain (Invitrogen, Carlsbad, CA), one
side of the glass was coated with bind silane solution (0.1% bind silane in 80% ethanol

and 2% acetate) before preparing the gel.

4.2.4 Peptide mass fingerprinting for protein identification

Protein spots were identified by peptide mass fingerprinting using matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF
MS) [108, 109]. The 2-D PAGE gels were stained with Coomassie brilliant blue R-250
by the standard method and SYPRO red by the method described in the preceding.
Silver staining and negative staining were performed using Silver stain MS kit (Wako
Pure Chemicals Inc., Osaka, Japan) [110], and Negative gel stain MS kit (Wako Pure
Chemicals Inc.), respectively, according to the manufacturers’ protocols. For the silver-
stained gel pieces, pretreatment of the gel was required according to the supplied
instruction manual.

Protein spots excised from the gel were transferred in the Treff tube (Treff AG,
Degersheim, Switzerland). The excised spots were destained by incubation in 100 pl of
destaining solution consisting of 50% methanol and 40 mM ammonium bicarbonate for
30 min with vigorous shaking, and then dried at 60 °C with evaporation. 20 ul of trypsin
solution (4 nM Trypsin [SIGMA] in 40 mM NH4HCO3) was added to each sample tube
and it was incubated on ice for 45 min. Then the enzyme solution was replaced with 20—
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40 pl of 10% acetonitrile in 40 mM NH4HCOs; and the gel was incubated at 37 °C for
14-16 hours.

Extraction of the trypsin-digested pfotein was performed by sonication and the
supernatant after each ultrasoinication steps were collected as sequence: 10 min in 100
ul of 0.1% trifluoroacetate (TFA), 10 min in 100 pl of 0.1% TFA in acetonitrile, 10 min
in 50 pl of 0.1% TFA in 50% acetonitrile, and 10 min in 80 ul of 0.1% TFA in
acetonitrile. Samples were then collected and concentrated with evaporation by 3 steps;
20 min at room temperature, 20 min at 40°C, and at 60°C until 30 pl of solution was
remained in the tubes.

The extracted peptides were purified with ZipTipC18 (Millipore, Billerica,
MA) using water containing 0.1% TFA, acetonitrile containing 0.1% TFA and 50%
acetnitrile containing 0.1% TFA, according to the manufacturer’s protocol. 2 ul of
matrix solution (a-cyano-4-hydroxy-cinnamic acid-buffered 33% acetonitrile containing
0.1% TFA) and then spotted onto a target plate for MALDI-TOF MS.

For the MALDI-TOF MS, Autoflex (Bruker Daltonics, Bremen, Germany) was
used in the measurement range of 800-4600 (m/z) [110]. Calibration was achieved
using a peptide calibration standard (Bruker Daltonics) containing angiotensin II
(average m/z, 1047.19 Da), angiotensin I (1297.49 Da), substance P (1348.64 Da),
bombesin (1620.86 Da), ACTH clip 1-17 (2094.43 Da), ACTH clip 18-39 (2466.68
Da), and somatostatin 28 (3149.57 Da). The m/z data from the detected peptides were
used to search for the S. cerevisiae genome in the NCBInr database with Mascot 2.0
(Matrix Science Inc., Boston, MA). Proteins identified by peptide mass fingerprinting
were evaluated and compared with each molecular mass and the p/ calculated from the

amino acid sequence.
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4.3 Results

4.3.1 Experimental design for analyzing the difference in protein abundance

between two gel images obtained by 2-D gel electrophoresis

As shown in Figure 4-1, 400 protein spots could be detected in my proteomic

experiments with SYPRO red staining.

144 —

Figure4-1 SYPRO red stained gel images of proteins separated by two-

dimensional (2-D) polyacrylamide gel electrophoresis.
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Using the same protein sample, reproducibility of two dimensional gel
electrophoresis experiments was examined. For comparison of the patterns of proteins
obtained from two gel images, each spot volume was normalized as the summation of
the volumes of all detected spots. To evaluate any significant change in protein amount,
the same samples were independently applied to 2-D gel electrophoresis and volumes of
spots on one gel were compared with those of the corresponding spots on the other gel.
Ratios of the spot volumes of more than 99% proteins were in the range between 3 and
0.33 (= 1/3), suggesting that the ratio of intensity of protein spot with more than 3 fold

or less than 1/3 was significant (Figure 4-2).
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Figure 4-2 Reproducibility of proteomic experiment. X and Y axes represent the
protein spot intensities obtained from 1st and 2nd proteomic experiments,

respectively, in which the same protein sample was used.
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Using MALDI-TOF MS, 36 proteins and two fragments of proteins (Enol and
Eaf3, as indicated with asterisk (*)) could be identified and the proteome reference map
of the FY834 strain was made (Figure 4-3). The molecular weight of Eaf5 protein is
31.64 kD with p/=8.9, however as shown in Figure 4-3, the spot which was identified as
Eaf5 located in 2-DE gel with molecular weight about 25.4 kD and p/ about 4.5 - 4.7.

Thus it suggested that EafSp was degraded and I found the fragment of Eaf5p.

Figure 4-3  Protein map of FY834 yeast strain using 2D gel electrophoresis. Names
of proteins identified by peptide mass fingerprinting are shown. The asterisk (*) near

the spots indicated the spot is fragment of protein.
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4.3.3 Proteome analysis of the ethanol adapted strain of S. cerevisiae

The Al strain was grown in YPD medium containing 10% of ethanol, and at
mid-log phase, the cells were collected for 2-D gel electrophoresis. The proteomic data
was simultaneously obtained from the FY834 grown in the YPD medium without
adding ethanol and compared with that obtained from the same strain cultured in YPD
medium containing 10% ethanol. The growth behavior and sampling point of the Al

strain were shown in Figure 4-4.
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Figure 4-4  Growth characteristics of the ethanol-adapted strain Al and the control
strain FY834 under high ethanol concentration. Yeast strains were cultivated aerobically
at 30 °C in YPD medium containing 10% ethanol. I repeated this culture, where a part
of the first culture medium along with the yeast cells was transferred to a fresh medium
containing 10% ethanol. The timing of the transfer to the fresh medium is indicated by
the dotted lines. The time of cells harvest for protein extraction is indicated by the

arrows. Average and standard deviation of ODgg in three independent experiments

were shown.
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First, the correlation in the change of mRNA expression levels and protein
abundance levels between two yeast strains was conducted. In Figure 4-5, the horizontal
axis shows the logarithmic fold change in protein amount, while the vertical axis
indicates the logarithmic fold change in gene expression. As shown the figure, there is a
significant correlation between mRNA expression levels and protein abundance levels,
indicating that the results of DNA microarray analysis using mRNA reflected the
changes in protein amount. The correlation coefficient values of these two data are 0.51
and 0.53, respectively, which were statistically significant (p<0.01). However, these
correlations are not perfect, indicating that there is some difference between the change
of mRNA expression levels and protein abundance levels, as depicted by the previous

studies [101-103].
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Figure 4-5  Correlation between the abundance of the identified proteins and mRNA
expression levels of corresponding genes in the ethanol-adapted (A) and control (B)
strains under high ethanol concentration condition. The gene expression data reported in
chapter 3 and protein amount data of 34 identified proteins (of the ethanol-adapted and

control strains) were used for examining correlation.
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SYPRO red stained gel images of proteins separated by two-dimensional (2-D)
polyacrylamide gel electrophoresis from the yeast samples of the control and ethanol-
adapted strains grown in medium contained 10% ethanol was shown in Figure 4-7.
Comparison of the intensity of protein spots of two yeasts (i.e., ethanol-adapted Al and
the control FY834 strains grown under high ethanol stress) was shown in Figure 4-6 and
Table 4-1. Amount of five proteins (Ssb2p, Wtm1p, Hxk2p, Gvp36p and Egd2p) of the
ethanol-adapted A1l strain were significantly higher than those of the control FY834
strain. In contrast, amount of two proteins (Hsp26p and fragment of Eaf5p) of the

control were significantly higher than those of the ethanol-adapted Al strain.
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Figure 4-6  The scatter plot of intensity of protein spots in 2-DE gels in
comparison between the FY834 (X axis) and ethanol adapted yeast (Y axis) grown in

YPD medium containing 10% ethanol.
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Figure 4-7  SYPRO red stained images of identified proteins spots. (A) Intensity of
five protein spots of the ethanol-adapted strain A1 was 3-fold higher than those of the
control strain. (B) Intensity of protein spots of the control strain was 3-fold higher than

those of the ethanol-adapted strain.
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Table 4-1

The protein amount ratio of each identified protein spot of the ethanol-

adapted yeast to those of FY834 yeast under the stress condition (10% ethanol).

A10/C10 indicated the protein ratio of each identified protein of the adapted strain to

those of FY834, the asterisk (*) indicated a main biological process of the protein.

Systematic

Name Al10/C10 Biological process

name
YALO005C S§S41 2.07 protein biosynthesis
YNL209W SSB2 4.27 protein biosynthesis
YLR259C HSP60 1.56 protein folding*
YFRO19W FABI 2.07 phosphoinositide phosphorylation
YOR230W WTMI 3.01 protein import into nucleus
YPLO61W ALDG6 1.02 acetate biosynthesis
YGRI155W CYS4 1.31 cysteine biosynthesis
YFLO18C LPDI 0.37 glycine catabolism*
YGL253W HXK2 3.17 replicative cell aging*
YFR044C DUGI 1.75 glutathione catabolic process
YGR254W ENO!I 0.84 glycolysis*
YHR174W ENO2 1.86 glycolysis*
YCRO12W PGK1I 2.59 glycolysis*
YHR179W OYE2 0.64 biological process unknown
YOLO086C ADHI 0.98 fermentation
YORO007C SGT2 1.13 glutathione catabolic process
YILO41W GVP36 4.16 vacuole organization and endocytosis
YKL060C FBAI 1.41 glycolysis*
YLR355C ILVS 0.94 mitochondrial genome maintenance*
YGR192C TDH3 1.96 glycolysis*
YBRO11C IPP] 1.19 phosphate metabolism
YDR353W TRRI 0.90 regulation of cell redox homeostasis
YPRO69C SPE3 0.71 pantothenate biosynthesis*
YMR116C ASC1 1.09 glucose mediated signaling
YILOS3W RHR2 0.51 response to osmotic stress*
YER062C GPP2 0.75 response to osmotic stress*
YDRO050C TPl 0.98 glycolysis
YDR226W ADK1 0.83 nucleotide metabolism
YBRO72W HSP26 0.27 response to stress*
YKL056C TMAI9 1.30 response to oxidative stress
YHR193C EGD2 3.65 'de novo' cotranslational protein folding
YELO18W EAFS5 0.09 DNA repair
YMLO028W TSA1 2.15 response to oxidative stress*
YLR109W AHPI 1.21 regulation of cell redox homeostasis*
YJR104C SOD! 0.41 zinc ion homeostasis*
YHRO008C SOD2 0.80 replicative cell aging*
YKL152C GPM1 0.85 glycolysis*
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4.4 Discussion

As shown in previous chapter 2 and Fig 4-4, the growth rate of the ethanol-
adapted strain Al was higher than of the control strain grown under high ethanol
condition. In Chapter 3, using DNA microarray, the global gene expression of the
ethanol-adapted strain under high ethanol concentration was conducted. To examine the
protein expression in the ethanol-adapted strain, proteome analysis of the ethanol-
adapted Al and FY834 strains grown in medium containing high ethanol concentration
was also performed. Futcher ef al. (1999) investigated that there was a relatively high
correlation (r=0.74) between protein abundance and mRNA expression levels [104]. In
contrast, Gygi et al. (1999) found that even similar in mRNA expression levels could be
accompanied by a wide range of protein abundance level, and vice versa [101]. I found
that there is a significant correlation between mRNA expression levels (in Chapter 3)
and protein abundance levels (in this chapter). The correlation coefficient values of
these two data are 0.51 and 0.53, respectively, which were statistically significant
(p<0.01). However, these correlations are not perfect, indicating that there is some
difference between the change of mRNA expression levels and protein abundance levels,
as depicted by the previous studies [101-103]. This fact means that there are several
proteins whose abundant amount changes cannot be detected by DNA microarray
experiments, but are detectable by 2-DE experiments. Such proteins might be involved
in the adaptation process to the high ethanol stress condition.

The amount of 2 proteins, Hsp26p and fragment of EafSp in the ethanol-adapted
strain Al were significantly lower than that in the control strain FY834 grown in 10%
ethanol. Hsp26p is a cytosolic member of small heat shock protein (sHSP) family of

molecular chaperones. I found that the Hsp26 protein is expressed with a low amount in
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unstressed cells but it is strongly induced by high ethanol stress. Under the stress
condition, HSP26 expression is up-regulated by the transcription factors Hsflp and
Msn2p/Msn4p which binds to heat shock elements and stress responsive elements,
respectively, in the HSP26 promoter [111]. Since Carmelo et al. previously reported
that Hsp26p accumulates when cells enter stationary phase growth [112]. And in this
chapter, it was found that Hsp26p amount of the control strain was significantly higher
than that of the ethanol-adapted strain. This fact confirmed the conclusion in Chapter 3
that there is a relationship between the expression profile of the FY834 control strain
under the ethanol stress condition and that at the stationary phase. In this chapter,
fragment of EafSp of the control strain was identified with significant higher amount
than of the ethanol-adapted strain. EafSp is involved in DNA repair process [113], thus
further investigation of the change of Eaf5p is needed to understand the effect of
ethanol on yeast cell.

The production of five proteins, Ssb2p, Wtmlp, Hxk2p, Gvp36p and Egd2p, of
the ethanol-adapted strain A1 was 3-fold higher than those of the control strain FY834.
Ssb2p is a chaperone protein that is member of SSB (Stress-Seventy subfamily B), a
subfamily of cytosolic heat shock proteins 70 (HSP70s) [114]. The main function of
HSP70s is to serve as molecular chaperones that binds with newly-translated proteins to
assist proper folding and to prevent aggregation. Wtmlp is a transcriptional modulator
that involves in regulation of meiosis, silencing, and expression of RNR
(RiboNucleotide Reductase) genes [115]. Hxk2p, a hexokinase isoenzyme 2 that
catalyzes phosphorylation of glucose in the cytosol is a predominant hexokinase during
growth on glucose [116]. Gvp36p, a BAR (Bin/Amphiphysin/Rvs) domain-containing
protein that localizes to both early and late Golgi vesicles, it is required for adaptation to

varying nutrient concentrations, fluid-phase endocytosis, polarization of the actin
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cytoskeleton, and vacuole biogenesis [117]. Egd2p is an alpha subunit of the
heteromeric nascent polypeptide-associated complex (NAC), which involves in protein
sorting and translocation, associated with cytoplasmic ribosomes [118]. The induction
of production of these five proteins might be important for the yeast cells to adapt and
grow in the medium containing high ethanol concentration. Three of them, Ssb2p,
Wtmlp and Egd2p are involved in translation, these proteins might have an important
impact on enhancing the activity of protein synthesis during the adaptation to high

ethanol concentration.

4.5 Conclusion

As shown in Chapter 2, adaptation process of yeast to high ethanol concentration
in repetitive cultivation was investigated. In Chapter 3, using DNA microarray, the
global gene expression of the ethanol-adapted strain under high ethanol concentration
was performed. In this chapter, a further study about the intracellular proteins of the
ethanol-adapted strain was investigated using 2-D electrophoresis to identify the
differential protein expression under ethanol adaptation.

The correlation between the change of mRNA expression levels and protein
abundance levels between two yeast strains was conducted. Even though there is a
significant correlation between mRNA expression levels and protein abundance
however, these correlations are not perfect, indicating that there is some difference
between the change of mRNA expression levels and protein abundance levels.

In the control strain, the amount of Hsp26p and EafSp were significantly high,
suggesting a relationship between the expression profile of the FY834 control strain

under the ethanol stress condition and that at the stationary phase. On the other hand, an
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increase in abundance of five proteins, Ssb2p, Wtmlp, Hxk2p, Gvp36p, and Egd2p,
was found in the ethanol-adapted yeast when compare to the control strain. Three of
them, Ssb2p, Wtmlp and Egd2p are involved in translation, these proteins might have
important impacts on enhancing the activity of protein synthesis and growth recovery of

the ethanol-adapted strain during the adaptation to high ethanol concentration.

71



Chapter 5

General conclusion

There have been many previous studies on the “short-term” ethanol adaptation
of Saccharomyces cerevisiae. However few studies about the “long-term” ethanol
adaptation have been reported. It is well known that despite the fact that many genes
and proteins change their expression levels soon after stress exposure, certain fractions
of them recover to their original expression levels after cells adapt to the stress and
recover growth [13, 67, 86, 87]. Thus, the “long-term” expression of genes/proteins in
response to stress might be much more important for conferring stress tolerance of yeast
cells. The objective of this study was to investigate the phenomena of S. cerevisiae
during “long-term” ethanol adaptation:

In Chapter 1, the significance of this research was described. General
introduction presented the toxicity of ethanol to yeast cells and the ethanol adaptation of
yeast cells during fermentation processes. The objective of thesis and an outline of this
study were also presented in this chapter.

In Chapter 2, the stepwise adaptation process of S. cerevisiae was investigated
by carrying out exposure to a stepwise increase in ethanol concentration with repetitive
cultivations. When subjecting yeast cells to a stepwise increase in the ethanol
concentration of the culture medium, the specific growth rate (SGR) of the ethanol-
adapted strain did not change through repetitive cultivation under high ethanol
concentration, suggesting that I could successfully obtain a strain, whose SGR is not
decreased through repetitive cultivation at high ethanol concentrations. Observations of

cell morphology and measurement of fatty acid composition of the cell membrane in the
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adapted and the non-adapted yeast strains revealed that yeast cells change the
intracellular physiological state, such as change in the composition of fatty acid and the

increase in the size of yeast, to adapt to ethanol stress.

In Chapter 3, by using DNA microarray, a comprehensive expression analysis of
the ethanol-adapted and the control yeast strains was performed and it was revealed that
certain genes and functional categories were involved in the ethanol adaptation of yeast
to ethanol stress condition. Our results showed that the expressions of ribosomal
proteins were specifically up-regulated in the adapted strain under the ethanol stress
condition, suggesting an increase in protein synthesis activity in the adapted strain.
Furthermore, I found that genes related to ATP synthesis in mitochondria and oxidative
stress response were significantly up-regulated in both the adapted and control strains.
These results suggested that these functions are involved in growth recovery under the
ethanol stress condition. In contrast, I found that genes related to amino acid
biosynthesis were up-regulated specifically in the control strain under the ethanol stress
condition, indicating that such genes are not involved in the growth recovery under
ethanol stress condition.

In Chapter 4, proteomic analysis of the ethanol-adapted strain was performed
using 2-D electrophoresis combined with MALDI-TOF MS to identify the differential
protein expression of the ethanol adapted and control yeast strains. It was initially
shown that the ethanol-adapted strain changes expression level of some proteins. For
example, protein abundances of Hsp26p and Eaf5p in the ethanol-adapted strain were
significantly reduced than those of the control strain in 10% ethanol. In contrast,
increased abundance of five proteins was identified in the adapted yeast. Three of them,

Ssb2p, Wtmlp and Egd2p, have main function involved in translation. These proteins
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might have important impacts on enhancing the activity of protein synthesis and growth
recovery of the ethanol-adapted strain during the adaptation to high ethanol
concentration.

In conclusion, the stepwise adaptation process of S. cerevisiae was investigated
in this study by culturing yeast cells to a stepwise increase in ethanol concentration with
repetitive cultivations. Observations of cell morphology revealed that yeast cells change
the intracellular physiological state, such as a change in the composition of fatty acid
and the increase in the size of yeast, to adapt to ethanol stress. Comprehensive analysis
of the ethanol-adapted and control yeast strains at transcriptional and translational levels
were performed. Certain genes and proteins involved in the “long-term” ethanol
adaptation were identified. Results suggested that the recovery of protein synthesis

activity plays an important role in the adaptation to high ethanol concentration.
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Supplemental data

Table 1

List of up-regulated genes only in the ethanol-adapted strain. The

asterisk (*) indicated a main biological process of encoding protein.

Number Systematic Standard Biological Process
name name

1 YPLOI2ZW RRP12 fg;?[e\sfing of 2biological process unknownS pre-
2 YCLO46W YCL046W biological process unknown

3  YLR404W YLR404W biological process unknown

4 YDRI72W SUP35 mRNA catabolism, deadenylylation-dependent decay*
5 YLR274W CDC46 DNA replication initiation*

6 YPLO35C YPLO35C biological process unknown

7 YBRI25C PTC4 biological process unknown

8 YCL002C YCL002C biological process unknown

9 YPRO027C YPRO27C biological process unknown

10 YDR237W MRPL7 protein biosynthesis

11 YPRISTW YPRI157TW biological process unknown

12 YPL244C HUT1 UDP-galactose transport

13 YGL252C RTG2 intracellular signaling cascade*

14 YJL143W TIM17 mitochondrial matrix protein import
15 YGL162W SUTI1 regulatiori of transcription from RNA polymerase II

promoter

16  YDR455C YDR455C biological process unknown

17 YDR328C SKP1 protein complex assembly*

18 YLR372W SUR4 sphingolipid biosynthesis*

19 YGR263C YGR263C biological process unknown
20 YGLo041C YGL041C biological process unknown
21  YLR374C YLR374C biological process unknown
22 YLR316C TAD3 tRNA modification
23 YLR285W NNTI chromatin silencing at ribosomal DNA*
24 YJL114W YJL114W biological process unknown
25 YCRO47C BUD23 bud site selection
26 YOROI2W YORO12W biological process unknown
27 YLRI&2W SWI6 mejosis*
28 YIL12IC RPE1 pentose-phosphate shunt
29 YPRI47C YPR147C biological process unknown

30 YMLO095C RADI10 removal of nonhomologous ends*
31  YLR319C BUDé6 actin filament organization*

32 YGL042C YGLO042C biological process unknown

33 YERO60W FCY21 biological process unknown

34 YPLI148C PPT2 protein-cofactor linkage

35 YORI125C CATS ubiquinone metabolism

36 YPL226W NEWI biological process unknown

37 YPLO37C EGD1 nascent polypeptide association

38 YMRIS8W MRPS8 protein biosynthesis

39 YLR264W RPS28B protein biosynthesis
40 YLR383W SMCé6 DNA repair*
41 YHRI131C YHR131C biological process unknown
42 YCRO15C YCRO15C biological process unknown
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Number Systematic Standard Biological Process
name name
43 YPL064C CwC27 biological process unknown
44 YPRI21W THI22 thiamin biosynthesis
45 YLR393W ATP10 protein complex assembly
46 YBRO70C ALG14 dolichol-linked oligosaccharide biosynthesis
47 YNL319W YNL319W biological process unknown
48 YCRO027C RHB1 L-arginine transport*
49 YDRI6TW TAF10 transcription initiation from RNA polymerase II
promoter
50 YFLO46W FMP32 biological process unknown
51  YMRO023C MSS1 protein biosynthesis*
52 YGR274C TAF1 protein amino acid phosphorylation*
53 YDRI162C NBP2 response to heat*
54 YELO72W RMD6 biological process unknown
55 YLR361C DCR2 biological process unknown
56 YORI119C RIO1 f}r{(})&:‘is:ing of 2biological process unknownsS pre-
57 YHRI192W YHR192W biological process unknown
58 YLR379W YLR379W biological process unknown
59 YOR166C YOR166C biological process unknown
60 YLR265C NEJ1 DNA repair*
61 YLR323C CcwC24 biological process unknown
62 YDR336W YDR336W biological process unknown
63 YLR363C NMD4 mRNA catabolism, nonsense-mediated decay
64 YPRI139C VPS66 protein-vacuolar targeting
65 YPLO80C YPLO80C biological process unknown
66 YLR273C PIG1 regulation of glycogen biosynthesis
67 YNLI122C YNL122C biological process unknown
68 YLR275W SMD2 nuclear mRNA splicing, via spliceosome
69 YLR312W-A  MRPLI15 protein biosynthesis
70  YGL106W MLC1 endocytosis*
71 YLRO33W RSCs8 chromatin remodeling
72 YPLO1OW RET3 retrograde transport, Golgi to ER
73  YOR257W CDC31 microtubule nucleation*
74 YFLO32W YFLO32W biological process unknown
75 YOLO38W PRE6 ubiquitin-dependent protein catabolism
76 YGL166W CUP2 transcription initiation from RNA polymerase II
promoter
77  YIL0O69C RPS24B protein biosynthesis
78 YPL174C NIP100 establishment of mitotic spindle orientation
79 YPL215W CBP3 protein complex assembly
80 YDLO08IC RPPIA translational elongation*
81 YGRI35W PRE9 ubiquitin-dependent protein catabolism*
82 YMRISIC ATG16 autophagy
83 YPLO38W MET31 regulation of transcription*
84 YDROO2W YRBI1 ubiquitin-dependent protein catabolism*
85 YFL003C MSH4 meiotic recombination
86 YDR302W GPI11 GPI anchor biosynthesis
87 YDRO025W RPS11A protein biosynthesis*
88 YERO071C YERO071C biological process unknown
89 YLR292C SEC72 posttranslational protein-membrane targeting
90 YJRO63W RPA12 transcription from RNA polymerase I promoter
91 YLR238C MEC3 chromatin silencing at telomere*
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Number Systematic Standard Biological Process
name name
92 YBLO02IC HAP3 transcription*
93 YOR224C RPBS transcription from RNA polymerase II promoter*
94 YJLO5S5W YJLO55W biological process unknown
95 YLR320W MMS22 double-strand break repair
96 YPRI146C YPR146C biological process unknown
97 YPL094C SECé62 posttranslational protein-membrane targeting
98 YEROO2W NOP16 ribosomal large subunit biogenesis
99 YDLO12C YDLO12C biological process unknown
100 YBRI9OW YBRI190W biological process unknown
101  YPRI134W MSS18 Group I intron splicing
102 YCLO033C YCLO033C response to oxidative stress
103 YGRO25W YGRO25W biological process unknown
104 YBRO052C YBRO052C biological process unknown
105 YLR291C GCD7 translational initiation
106 YGLO70C RPB9 transcription from RNA polymerase 1I promoter
107 YJR067C YAEl biological process unknown
108 YMRI23W PKR1 biological process unknown
109 YHRO043C DOG2 response to stress*
110 YIRO09W MSLI1 nuclear mRNA splicing, via spliceosome
111 YKLO036C YKL036C biological process unknown
112 YPL095C YPL095C biological process unknown
113 YPLOOSW CHL1 chromosome segregation*
114 YCRO87C-A  YCROS87C-A biological process unknown
116 YGRO16W YGRO16W biological process unknown
116 YBRI193C MEDS transcription from RNA polymerase II promoter
117 YPROO2W PDHI1 propionate metabolism
118 YLR367TW RPS22B protein biosynthesis
119 YCLO031C RRP7 35S primary transcript processing*
120 YGRO39W YGRO39W biological process unknown
121 YLR354C TAL1 pentose-phosphate shunt
122 YLR370C ARCI18 actin filament organization*
123 YDRO16C DADI nmui(t:c;glcsipindle organization and biogenesis in
124 YLR351C NIT3 biological process unknown
125 YKL154W SRP102 protein-ER targeting*
126 YNRO022C MRPLS0 protein biosynthesis
127 YGR275W RTT102 biological process unknown
128 YOLO39W RPP2A translational elongation*
129 YPROS6W SUA7 transcription initiation from RNA polymerase II
promoter
130 YLRO73C YLRO073C biological process unknown
131 YGLO008C PMAI1 regulation of pH*
132 YLR364W YLR364W biological process unknown
133 YCRO90C YCRO90C biological process unknown
134 YFRO36W CDC26 mitotic sister chromatid segregation*
135 YGRI148C RPL24B protein biosynthesis
136 YLR262C YPT6 intracellular protein transport*
137 YCRO059C YIHI regulation of amino acid metabolism
138 YHRO044C DOGI1 glucose metabolism
139 YBLO9OW MRP21 protein biosynthesis*
140 YMR305C SCW10 conjugation with cellular fusion
141 YGR260W TNAI nicotinamide mononucleotide transport
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Number Systematic Standard Biological Process
name name
142 YFL017C GNAl UDP-N-acetylglucosamine biosynthesis
143 YJL179W PFDI protein folding*
144 YCL047C YCL047C biological process unknown
145 YILO8YW YILO89W biological process unknown
146 YPLO5S9W GRXS response to osmotic stress*
147 YELOO3W GIM4 tubulin folding
148 YOR258W HNT3 biological process unknown
149 YPLO65W VPS28 protein-vacuolar targeting*
150 YDRO89W YDRO89W membrane organization and biogenesis
151 YPL100W ATG21 autophagy*
1562 YPL104W MSD1 protein biosynthesis
153 YLR289W GUF1 biological process unknown
164 YCL049C YCL049C biological process unknown
165 YJLO9SW BCK1 protein amino acid phosphorylation*
166 YLR333C RPS25B protein biosynthesis
157 YLLOISW BPT1 bilirubin transport*
168 YPLO60C-A YPLO60C-A Ty element transposition
169 YNL217W YNL217W biological process unknown
160 YGR216C GPI1 GPI anchor biosynthesis
161 YPRO85C YPRO85C biological process unknown
162 YHRO57C CPR2 biological process unknown
163 YLR266C PDRS8 response to stress*
164 YPL203W TPK2 protein amino acid phosphorylation*
165 YLR332W MID2 cell wall organization and biogenesis*
166 YDRI175C RSM24 protein biosynthesis*
167 YFL044C YOD1 regulation of transcription
168 YLRO16C YLRO16C biological process unknown
169 YDR319C YDR319C biological process unknown
170 YDRO41W RSM10 protein biosynthesis
171 YLR459W GABI attachment of GPI anchor to protein
172  YCRO39C MATALPHA? ;eriumlzttie(;g of transcription from RNA polymerase 11
173 YERO066C-A YER066C-A biological process unknown
174 YHRI191C CTF8 mitotic sister chromatid cohesion
175 YGR272C YGR272C f};(;?‘:ssing of 2biological process unknownsS pre-
176 YPRI131C NAT3 N-terminal peptidyl-methionine acetylation
177 YDR253C MET32 sulfur amino acid metabolism
178 YBR217W ATG12 protein-vacuolar targeting*
179 YHRO079C IRE1 protein amino acid phosphorylation*
180 YFLO10C WWMI1 response to dessication
181 YDR201W SPC19 mitotic spindle organization and biogenesis in
nucleus*
182 YPLO72W UBP16 protein deubiquitination
183 YLR360W VPS38 late endosome to vacuole transport
184 YNL136W EAF7 regulatior: of transcription from RNA polymerase II
promoter
185 YLR390W ECM19 cell wall organization and biogenesis
186 YJL178C ATG27 vesicle organization and biogenesis
187 YDLI121C YDLI121C biological process unknown
188 YFR041C ERJ5 biological process unknown
189 YPRIOIW SNT309 nuclear mRNA splicing, via spliceosome
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Number Systematic Standard Biological Process
name name

190 YDLI125C HNTI1 nucleotide metabolism

191 YER094C PUP3 ubiquitin-dependent protein catabolism

192 YOLO040C RPS15 protein biosynthesis*

193 YORI105W YOR105W biological process unknown

194 YPLO5S1W ARL3 intracellular protein transport

195 YDR308C SRB7 transcription from RNA polymerase II promoter

196 YKL156W RPS27A protein biosynthesis

197 YCROO3W MRPL32 protein biosynthesis

198 YHRI153C SPO16 sporulation (sensu Fungi)

199 YDLI35C RDI1 actin filament organization*

200 YGRO024C THG1 tRNA modification

201 YDR337TW MRPS28 protein biosynthesis*

202 YPRI143W RRP15 processing of 278 pre-rRNA

203 YDLO15C TSC13 very-long-chain fatty acid metabolism

204 YGLI198W YIP4 vesicle-mediated transport

205 YLR261C YLR261C biological process unknown

206 YBLO040C ERD2 protein-ER retention

207 YGRO11W YGRO11W biological process unknown

208 YPL166W YPL166W biological process unknown

209 YCRO36W RBK1 D-ribose metabolism

210 YGLO31C RPL24A protein biosynthesis

211 YCRO75C ERS1 L-cystine transport

212 YIJR091C JSN1 mRNA catabolism, deadenylylation-dependent decay

213 YPLO098C YPL098C biological process unknown

214 YFRO52W RPN12 ubiquitin-dependent protein catabolism

215 YERO093C-A YERO093C-A biological process unknown

216 YLR245C CDD1 cytidine catabolism*

217 YNL310C ZIM17 protein folding*

218 YNL149C YNL149C biological process unknown

219 YPLO96W PNG1 misfold.ed or incompletely synthesized protein
catabolism*

220 YPLO36W PMA2 regulation of pH*

221 YLRO66W SPC3 signal peptide processing

299 YOLO012C HTZ1 regulatiori of transcription from RNA polymerase II
promoter

223 YPRI107C YTHI1 mRNA polyadenylylation*

224 YDRO33W MRHI1 biological process unknown

225 YIRO19C MUCI1 pseudohyphal growth*

226 YKRO074W YKR074W biological process unknown

227 YJL004C SYS1 Golgi to endosome transport*

228 YGL168W HUR1 DNA replication

299  YPRI199C ARRI positive regulation of transcription from RNA
polymerase II promoter*

230 YNLO32W SIw14 endocytosis*

231 YLR293C GSP1 rRNA processing*

232 YPRO63C YPRO063C biological process unknown

233 YGL258W YGL258W biological process unknown

234 YNLI153C GIM3 tubulin folding

235 YPL268W PLCI pseudohyphal growth*

236 YBRO066C NRG2 invasive growth (sensu Saccharomyces)

237 YPRI8TW RPO26 transcription from RNA polymerase II promoter*

238 YJRO5S5W HIT1 biological process unknown
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Number Systematic Standard Biological Process
name name

239 YDR306C YDR306C ubiquitin-dependent protein catabolism

240 YMRII9W-A YMRI119W-A  biological process unknown

241 YBLI107C YBL107C biological process unknown

242 YLR26TW BOP2 biological process unknown

243 YNROOYW YNROOOW biological process unknown

244 YLR362W STE11 protein amino acid phosphorylation*

245 YDL136W RPL35B protein biosynthesis

246 YIL192C SOP4 ER to Golgi transport

247 YER092W IESS biological process unknown

248 YBRO062C YBR062C biological process unknown

249 YDL235C YPDI response to osmotic stress*

250 YKRO51W YKRO51W biological process unknown

251 YPL218W SARI ER to Golgi transport

252 YDLO052C SLCI sphingolipid biosynthesis

253 YPRI194C OPT2 oligopeptide transport

254 YBLO028C - biological process unknown

255 YDRO13W PSF1 DNA-dependent DNA replication

256 YPR166C MRP2 protein biosynthesis

257 YLRO56W ERG3 ergosterol biosynthesis

258 YDL177C - biological process unknown

259 YLR350W ORM2 response to unfolded protein

260 YGRI29W SYF2 nuclear mRNA splicing, via spliceosome*

261 YJLO32W _ biological process unknown

262 YGRI136W LSB1 biological process unknown

263 YCR020C-A  MAK31 N-terminal protein amino acid acetylation

264 YMLI102C-A biological process unknown

265 YPRO0OO7C RECS meiosis*

266 YFR026C - biological process unknown

267 YNRO4OW - biological process unknown

268 YIR022W SEC11 signal peptide processing

269 YILO11W TIR3 biological process unknown

270 YMLOI2W ERV25 ER to Golgi transport

271 YJRO56C - biological process unknown

272 YPLOOSW AEP3 mRNA metabolism

273 YBR240C THI2 positive regulation of transcription from RNA
polymerase II promoter*

274 YDR469W SDC1 chromatin silencing at telomere*

275 YFLO31W HACI regulatior: of transcription from RNA polymerase 1T
promoter

276 YGR215W RSM27 protein biosynthesis

277 YIR042C - biological process unknown

278 YNL27TW MET2 methionine biosynthesis*

279 YARO27TW UIP3 biological process unknown

280 YLRI65C PUSS5 rRNA modification*

281 YIJL184W GON7 cell wall mannoprotein biosynthesis*

282 YPRO049C ATG11 protein-vacuolar targeting*

283 YGR284C ERV29 ER to Golgi transport

284 YHRO59W FYv4 biological process unknown

285 YGRO020C VMA7 vacuolar acidification

286 YGRI39W _ biological process unknown

287 YBRI22C MRPL36 protein biosynthesis

288 YMRI71C - biological process unknown
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name name
289 YPL146C NOPS53 ribosome biogenesis*
290 YNLI5S7TW - biological process unknown
291 YDR304C CPRS5 biological process unknown
292 YPRI167C METI6 methionine metabolism*
293 YERI146W LSM5 nuclear mRNA splicing, via spliceosome*
294 YCRO91W KINS2 protein amino acid phosphorylation*
295 YPL118W MRP51 protein biosynthesis*
296 YERI177TW BMH] sporulation (sensu Fungi)*
297 YILOSOW - Ty element transposition
298 YCRO043C - biological process unknown
299 YNRO037C RSM19 protein biosynthesis
300 YIL0O47C SYGI signal transduction
301 YBR268W MRPL37 protein biosynthesis
302 YPLO41C - biological process unknown
303 YBLO18C POP8 rRNA processing*
304 YOR331C _ biological process unknown
305 YNLO8IC SwSs2 protein biosynthesis
306 YOR358W HAPS transcription*
307 YGRI188C BUBI protein amino acid phosphorylation*
308 YPRO79W MRL] vacuolar transport
309 YPL045W VPSi6 protein-vacuolar targeting*
310 YBRO035C PDX3 fatty acid metabolism
311 YPL165C SET6 biological process unknown
312 YLR346C - biological process unknown
313 YOL157C - biological process unknown
314 YDR284C DpP] signal transduction*
315 YDR318W MCM21 chromosome segregation
316 YBL026W LSM2 nuclear mRNA splicing, via spliceosome*
317 YHRI193C EGD2 nascent polypeptide association
318 YPL152W RRD2 response to osmotic stress*
319 YGR278W CweC22 nuclear mRNA splicing, via spliceosome
320 YLR298C YHC1 nuclear mRNA splicing, via spliceosome
321 YDRO73W SNF11 chromatin remodeling
322 YDR339C - biological process unknown
323 YDL246C SOR2 hexose metabolism
324 YBRO014C - biological process unknown
325 YORO089C VPS21 endocytosis*
326 YPR099C _ biological process unknown
327 YEL027W CUPS5 endocytosis*
328 YPRI119W CLB2 G2/M transition of mitotic cell cycle*
329 YLR281C - biological process unknown
330 YILO16W SNL1 nuclear pore organization and biogenesis
331 YMRO22W QRIS chromatin assembly or disassembly*
332 YDR210W - biological process unknown
333 YOLI159C - biological process unknown
334 YELO26W SNU13 nuclear mRNA splicing, via spliceosome*
335 YIJROS8C APS2 vesicle-mediated transport
336 YPLOS7TW YDCI response to heat*
337 YMRO71C TVPI8 biological process unknown
338 YLR345W - biological process unknown
339 YIL174W KRE9 cell wall organization and biogenesis*
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name name
340 YMLI101C CUE4 biological process unknown
341 YPL066W - biological process unknown
342 YLLO50C COF1 actin filament organization*
343 YGR207C - biological process unknown
344 YIL173C RFA3 DNA recombination*
345 YGLO29W CGRI1 TRNA processing*
346 YOR265W RBL2 microtubule cytoskeleton organization and biogenesis*
347 YMRI112C MEDI1 transcription from RNA polymerase II promoter
348 YHLO048W COS8 response to unfolded protein
349 YCRO28C-A  RIMI mitochondrial genome maintenance
350 YLROSIC - biological process unknown
351 YMRI193W MRPL24 protein biosynthesis
352 YPL272C - biological process unknown
353 YBR201W DERI] ER-associated protein catabolism
354 YBRO90C - biological process unknown
355 YHRO60W VMA22 protein complex assembly*
356 YDRS541C - biological process unknown
357 YLRO074C BUD20 bud site selection
358 YLR203C MSS51 protein biosynthesis*
359 YORO099W KTR1 O-linked glycosylation*
360 YPLOS2W 0A4Z1 protein catabolism
361 YLR406C RPL3IB protein biosynthesis
362 YPROO5C HAL] positive regulation of transcription from RNA
polymerase II promoter*
363 YPR201W ARR3 arsenite transport
364 YNLI3IW TOM?22 mitochondrial matrix protein import
365 YOR304C-A - biological process unknown
366 YDRS30C APA2 nucleotide metabolism
367 YPRI120C CLBS5 G1/8 transition of mitotic cell cycle*
368 YBR278W DPB3 chromatin silencing at telomere*
369 YNRO036C - protein biosynthesis
370 YEL024W RIPI aerobic respiration*
371 YLR326W - biological process unknown
372 YKL160W ELF1 cell growth
373 YMRI101IC SRT1 protein amino acid glycosylation
374 YPRI8SC MLC2 cytokinesis, contractile ring contraction
375 YIL098C FMC1 protein complex assembly
376 YDR377W ATP17 ATP synthesis coupled proton transport
377 YBR210OW ERV1S axial bud site selection
378 YIL113W _ biological process unknown
379 YHRO049W FSHI biological process unknown
380 YKLIS3W _ biological process unknown
381 YFLO0O38C YPTI ER to Golgi transport*
382 YNRO067C DSE4 cytokinesis, completion of separation
383 YOR307C SLY41 ER to Golgi transport
384 YLRI69W _ biological process unknown
385 YLR349W _ biological process unknown
386 YJLOO3W CoX16 aerobic respiration*
387 YIR027C DALI allantoin catabolism
388 YHRO072W-A  NOPI0 rRNA modification*
389 YKRO75C - biological process unknown
390 YIL065C FIS1 mitochondrial fission
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name name
391 YDRO30C RAD28 DNA repair
392 YGR230W BNS1 meiosis
393 YORO086C TCBI1 biological process unknown
394 YDRI139C RUBI protein deneddylation*
395 YMR297TW PRCI vacuolar protein catabolism
396 YORO016C ERP4 secretory pathway
397 YGRO033C TIM21 mitochondrial matrix protein import
398 YDLO16C _ biological process unknown
399 YIR024C - biological process unknown
400 YIL110C GZF3 negative regulation of transcription from RNA
polymerase II promoter*
401 YLR250W SSP120 protein secretion
402 YHRI125W _ biological process unknown
403 YPRI&2W SMX3 nuclear mRNA splicing, via spliceosome
404 YELO04W YEA4 cell wall chitin biosynthesis*
405 YCRO10C ADY2 transport*
406 YDR373W FRQ1 regulation of signal transduction
407 YHRI198C FMP22 biological process unknown
408 YJR044C VPS55 late endosome to vacuole transport
409 YMRO8IC ISF1 aerobic respiration
410 YILO70C MAM33 aerobic respiration
411 YNLO031C HHT2 chromatin assembly or disassembly
412 YBR203W COS111 signal transduction
413 YLR376C PSY3 error-free DNA repair
414 YPROOSW HAAL transcription initiation from RNA polymerase II
promoter
4156 YORI103C OST2 N-linked glycosylation
416 YOLO30W GASS biological process unknown
417 YJLO78C PRY3 biological process unknown
418 YLR300W EXG1 cell wall organization and biogenesis*
419 YDR315C IPK1 myo-inositol metabolism
420 YBLO71C _ biological process unknown
421 YLR280C _ biological process unknown
422 YPL183W-A - protein biosynthesis
423 YERO087C-A biological process unknown
424 YLR290C - biological process unknown
425 YNL255C GIS2 intracellular signaling cascade
426 YDRO63W - biological process unknown
427 YLR388W RPS294 protein biosynthesis
428 YOLO026C MIM1 protein complex assembly*
429 YGLI127C SOH1 DNA repair*
430 YDRI177TW UBCI endocytosis*
431 YDR286C - biological process unknown
432 YOL005C RPBI1 transcription from RNA polymerase II promoter
433 YJRO29W _ biological process unknown
434 YBRI73C UMP1 ubiquitin-dependent protein catabolism*
435 YGL028C SCW1l cytokinesis, completion of separation
436 YCRO020C PETI8 mitochondrion organization and biogenesis*
437 YOR252W RBF17 biological process unknown
438 YNL147W LSM7 nuclear mRNA splicing, via spliceosome*
439 YBRO5S5C PRP6 nuclear mRNA splicing, via spliceosome
440 YDR298C ATPS ATP synthesis coupled proton transport
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441 YPL123C RNYI cellular morphogenesis

442 YMRO08C PLBI1 glycerophospholipid metabolism

443 YBRO077C SLM4 signal transduction

444 YJL185C - biological process unknown

445 YAL049C - biological process unknown

448 YPLO71C - biological process unknown

447 YJL140W RPB4 mRNA-nucleus export*

448 YCRO0O07C - biological process unknown

449 YGL219C MDM34 mitochondrion organization and biogenesis

450 YCRO60W TAHI protein folding

451 YKRO048C NAPI budding cell bud growth*

452 YCLO007C _ biological process unknown

453 YNL214W PEX17 peroxisome organization and biogenesis

454 YMLOO2W - biological process unknown

455 YDRS11W ACN9 gluconeogenesis*

456 YGLO35C MIGI regulatior: of transcription from RNA polymerase 11
promoter

457 YLR218C - biological process unknown

458 YNLO30W HHF2 chromatin assembly or disassembly

459 YGRI105W VMA21 protein complex assembly

460 YBRO58C-A 78C3 sphingolipid biosynthesis*

461 YLR286C CTS1 cytokinesis, completion of separation*

462 YDLO18C ERP3 secretory pathway

463 YOR264W DSE3 biological process unknown

464 YNL336W COS1 biological process unknown

465 YDRI115W - protein biosynthesis*

466 YMLOSS8W SMLI mitochondrion organization and biogenesis*

467 YNLI156C NSG2 biological process unknown

468 YOL162W - transport

469 YCRO20W-B  HTL! regulation of cell cycle*

470 YNL338W B biological process unknown

471 YGRO030C POP6 rRNA processing*

472 YKRI106W - transport

473 YORO31W CRSS5 response to metal ion
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Table I1

List of up-regulated genes in both the control and the ethanol-adapted
strains. The asterisk (*) indicated a main biological process of encoding protein.

Number Systematic Standard Biological Process
name name

1 YDL127W PCL2 cell cycle

2 YPR200C ARR2 response to arsenic

3 YDR100W TVvPI1S biological process unknown

4 YLR283W - biological process unknown

5 YJR082C EAF6 biological process unknown

6 YOR245C DGAl triacylglycerol biosynthesis*

7 YERI31W RPS26B protein biosynthesis

8 YFLO17W-A SMX2 nuclear mRNA splicing, via spliceosome
9 YIL0O86C _ biological process unknown

10 YGRO53C - biological process unknown

11 YJR161C COS5 biological process unknown

12 YDRS512C EMII sporulation (sensu Fungi)

13 YNL327W EGT2 cytokinesis

14 YPRO82C DIBI nuclear mRNA splicing, via spliceosome
15 YBLOOSW-B _ biological process unknown

16 YGR133W PEX4 peroxisome organization and biogenesis*
17 YLR282C _ biological process unknown

18 YBRO10W HHTI chromatin assembly or disassembly

19 YJL023C PETI130 biological process unknown
20 YMR178W - biological process unknown
21 YOR10TW RGS?2 G-protein signaling, coupled to cAMP nucleotide second

messenger
22 YDL098C SNU23 nuclear mRNA splicing, via spliceosome
23 YPRO52C NHP64 regulatiori of transcription from RNA polymerase II
promoter

24 YLR200W YKE2 protein folding*
25 YHLO035C VMRI transport
26 YPRO78C - meiosis*
27 YHRI195W NVJI microautophagy
28 YLR254C NDLI biological process unknown
29 YLR456W - biological process unknown

30 YKLO67TW YNK1 purine nucleotide biosynthesis*

31 YLRO093C NYV1 vesicle fusion

32 YBL107W-A _ biological process unknown

33 YGR181W TIMI13 mitochondrial inner membrane protein import
34 YPL020C ULP! G2/M transition of mitotic cell cycle*

35 YERO12W PRE] response to stress*

36 YGLO10W - biological process unknown

37 YLR375W STP3 biological process unknown

38 YMR244W - biological process unknown

39 YER124C DSE1 cell wall organization and biogenesis

40 YLR325C RPL38 protein biosynthesis

41 YML110C CcoQs5 aerobic respiration*

42 YKL141W SDH3 tricarboxylic acid cycle*

43 YJR115W - biological process unknown
44 YPRO61C JID1 biological process unknown

45 YPL234C TFP3 vacuolar acidification

46 YDLI137W ARF2 ER to Golgi transport*
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47 YEROS8W PETI17 cytochrome ¢ oxidase complex assembly
48 YOL129W VPS68 protein-vacuolar targeting
49 YBR253W SRBo6 transcription from RNA polymerase II promoter
50 YERO87C-B SBHI SRP-c.iependent coﬁ@slational protein-membrane
targeting, translocation*
51 YOL165C AADIS aldehyde metabolism
52 YJL151C SNA3 biological process unknown
53 YLRO10C TENI telomere capping
54 YBR162W-A YSY6 protein secretion
55 YCLO056C - biological process unknown
56 YDR183W PLP] beta-tubulin folding*
57 YNRO32C-A HUBI ;:gl;i?: morphogenesis during conjugation with cellular
58 YPL265W DIPS amino acid transport
59 YJL171C - biological process unknown
60 YLR343W GAS2 biological process unknown
61 YMR298W LIP] ceramide biosynthesis
62 YHR092C HXT4 hexose transport
63 YML116W ATRI multidrug transport
64 YGRO041W BUD9 bud site selection
65 YDRO79W PETI100 aerobic respiration*
66 YOR360C PDE2 cAMP-mediated signaling
67 YPLO078C ATP4 ATP synthesis coupled proton transport
68 YLR118C - biological process unknown
69 YPR159W KREG6 cell wall organization and biogenesis*
70 YIR032C DAL3 allantoin catabolism
71 YHR162W - biological process unknown
72 YJL189W RPL39 protein biosynthesis
73 YDL115C IWRI meiosis
74 YBRO4OW FIG] ;S:llgi':l: morphogenesis during conjugation with cellular
75 YDRO022C CiS1 regulation of cyclin dependent protein kinase activity
76 YKLO013C ARC19 mitochondrion inheritance*
77 YLR271W - biological process unknown
78 YJR034W PETI91 cytochrome ¢ oxidase complex assembly
79 YKRO71C DRE2 biological process unknown
80 YJL152W _ biological process unknown
81 YLRO034C SMF3 intracellular sequestering of iron ion
82 YMRO046W-A _ biological process unknown
83 YLR262C-A RBF7 biological process unknown
84 YGLOO6W PMC1 calcium ion homeostasis*
85 YNL208W - biological process unknown
86 YGR108W CLBI G2/M ftransition of mitotic cell cycle*
87 YER163C - biological process unknown
88 YJL160C - biological process unknown
89 YPLO57C SURI sphingolipid biosynthesis*
90 YDR326C - biological process unknown
91 YDRO032C PST2 biological process unknown
92 YPR156C TPO3 polyamine transport
93 YMLI131W - biological process unknown
94 YIL040W APQI2 mRNA-nucleus export
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95 YGL187C COx4 aerobic respiration*
96 YELO70W DSF1 biological process unknown
97 YMLO066C SMA2 spore wall assembly (sensu Fungi)
98 YDRO31W - biological process unknown
99 YORO032C HMS! pseudohyphal growth
100 YELO12W UBCS8 protein monoubiquitination*
101 YPR0O94W RDS3 nuclear mRNA splicing, via spliceosome*
102 YDRI156W RPAI4 transcription from RNA polymerase I promoter
103 YPL221W BOP! biological process unknown
104 YEL068C _ biological process unknown
105 YGRO066C - biological process unknown
106 YPL135W ISU1 iron ion homeostasis*
107 YMLO5S5W SPC2 signal peptide processing
108 YERO039C HVGI biological process unknown
109 YPL264C - biological process unknown
110 YJL142C _ biological process unknown
111 YPL185W _ biological process unknown
112 YJRO61W - biological process unknown
113 YMLO78W CPR3 protein folding
114 YLR348C DICI dicarboxylic acid transport
115 YBRO009C HHF1 chromatin assembly or disassembly
116 YDR157W _ biological process unknown
117 YDL183C - biological process unknown
118 YNL244C sul translational initiation
119 YER185W - biological process unknown
120 YDR474C _ biological process unknown
121 YOR161C PNSI biological process unknown
122 YLR378C SEC61 protein-ER targeting*
123 YMR244C-A - biological process unknown
124 YLR392C - biological process unknown
125 YOR357C GRD19 protein localization
126 YBRO71W - biological process unknown
127 YIR039C YPS6 biological process unknown
128 YDR467C biological process unknown
129 YLR294C ~ biological process unknown
130 YER044C ERG28 ergosterol biosynthesis
131 YIR043C - biological process unknown
132 YDR322C-A TIM11 ATP synthesis coupled proton transport
133 YMR141C _ biological process unknown
134 YCRO046C IMG1 protein biosynthesis
135 YFRO53C HXK1 glucose metabolism*
136 YOLO048C - biological process unknown
137 YOR210W RPBI0 transcription from RNA polymerase II promoter*
138 YML129C COX14 aerobic respiration*
139 YGLO072C _ biological process unknown
140 YGR258C RAD2 nucleotide-excision repair, DNA incision, 3'-to lesion
141 YIR044C - biological process unknown
142 YDL045W-A MRPI10 protein biosynthesis
143 YMLO072C TCB3 biological process unknown
144 YDR275W BSC2 biological process unknown
145 YERO063W THO! transcription, DNA-dependent
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146 YORO045W TOMG6 mitochondrial matrix protein import
147 YPL277C - biological process unknown
148 YLR119W SRN2 protein-vacuolar targeting*
149 YPRO20W ATP20 ATP synthesis coupled proton transport
150 YPLO54W LEE] biological process unknown
151 YERO85C - biological process unknown
152 YDR396W _ biological process unknown
153 YORI122C PFYI response to osmotic stress*
154 YOROO3W YSP3 protein catabolism
155 YCLO58C _ biological process unknown
156 YDR133C _ biological process unknown
157 YLR423C ATG17 autophagy
158 YGR209C TRX2 response to oxidative stress*
159 YMR286W MRPL33  protein biosynthesis
160 YERO57C HMFI1 biological process unknown
161 YNL281W HCHI1 response to stress*
162 YFLO62W COS4 biological process unknown
163 YMLO009C MRPL39  protein biosynthesis
164 YALO30W SNC1 endocytosis*
165 YGR244C LSC2 tricarboxylic acid cycle*
166 YMR291W - biological process unknown
167 YNL259C ATX1 response to oxidative stress*
168 YPRO30W CSR2 cell wall organization and biogenesis*
169 YPL225W - biological process unknown
170 YLR407W - biological process unknown
171 YLR204W ORI5 biological process unknown
172 YJRO85C - biological process unknown
173 YERO050C RSM18 protein biosynthesis
174 YJL131C - biological process unknown
175 YER142C MAGI DNA dealkylation
176 YPR100W MRPL51  protein biosynthesis*
177 YERO019C-A SBH2 cotranslational protein-membrane targeting
178 YHR210C - biological process unknown
179 YDRI179C CSN9 g;%t::ion to pheromone during conjugation with cellular
180 YBR139W - biological process unknown
181 YOL133W HRTI G1/S transition of mitotic cell cycle*
182 YLL049W - biological process unknown
183 YILO77C - biological process unknown
184 YFLOO6W _ biological process unknown
185 YBR262C FMPS51 biological process unknown
186 YCLO038C ATG22 protein-vacuolar targeting*
187 YORO15W _ biological process unknown
188 YLRIO7TW REX3 RNA processing
189 YMR272C SCS7 fatty acid metabolism
190 YGL259W YPS5 biological process unknown
191 YLR395C 6(0),.¢.] aerobic respiration*
192 YMR252C - biological process unknown
193 YPLO17C - biological process unknown
194 YELO73C - biological process unknown
195 YMR319C FET4 intracellular copper ion transport*
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196 YBRO082C UBC4 response to stress*
197 YBLOO2W HTB2 chromatin assembly or disassembly
198 YDRO086C S8S1 protein secretion*
199 YLRO54C osw2 spore wall assembly (sensu Fungi)
200 YPRI158W - biological process unknown
201 YBLOO0IC ECM15 cell wall organization and biogenesis
202 YBRO39W ATP3 ATP synthesis coupled proton transport
203 YELO59C-A SOM1 proteolysis and peptidolysis
204 YDR342C HXT7 hexose transport
205 YGL146C - biological process unknown
206 YHR180W _ biological process unknown
207 YPL186C UIP4 biological process unknown
208 YERO67W - biological process unknown
209 YPR138C MEP3 ammonium transport
210 YKL167C MRP49 protein biosynthesis
211 YGR138C TPO2 polyamine transport
212 YJL166W QCRS aerobic respiration*
213 YGLOSOW FMP37 biological process unknown
214 YNL306W MRPSI8  protein biosynthesis
215 YJR135W-A TIMS8 mitochondrial inner membrane protein import
216 YGLO045W RIMS meiosis*
217 YDR134C - biological process unknown
218 YIR0O17C MET28 regulatioxi of transcription from RNA polymerase 11
promoter
219 YDR510W SMT3 protein sumoylation
220 YMLO30W - biological process unknown
221 YPL154C PEP4 sporulation*
222 YELO49W PAU2 biological process unknown
223 YNL333W SNZ2 thiamin biosynthesis*
224 YGL226C-A OSTS N-linked glycosylation
225 YHRO51W (6(0).¢3 aerobic respiration*
226 YPRO26W ATHI response to stress*
227 YDL123W SNA4 biological process unknown
228 YHR175W CTR2 intracellular copper ion transport*
229 YDR545W YRF1-1 telomerase-independent telomere maintenance
230 YOR285W - biological process unknown
231 YFRO033C QOCR6 aerobic respiration*
232 YGL133W ITCI chromatin remodeling*
233 YMRI199W CLNI regulation of cyclin dependent protein kinase activity
234 YGRO42W - biological process unknown
235 YGR143W SKN1 cell wall organization and biogenesis*
236 YKL192C ACP1 fatty acid biosynthesis
237 YDRO042C - biological process unknown
238 YJRO74W MOGI protein-nucleus import
239 YHRO39C-A VMAI0 vacuolar acidification*
240 YOR327C SNC2 endocytosis*
241 YFRO03C Ypri1 protein amino acid dephosphorylation*
242 YDL243C AAD4 aldehyde metabolism
243 YPL024W RMI1 response to DNA damage stimulus
244 YJL161W FMP33 biological process unknown
245 YDR224C HTBI chromatin assembly or disassembly*
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246 YDR357C - biological process unknown
247 YDR363W-A SEM]I ubiquitin-dependent protein catabolism*
248 YDRO78C SHU2 error-free DNA repair
249 YKIL224C - biological process unknown
250 YLL064C - biological process unknown
251 YEL005C VAB2 biological process unknown
252 YDL232W OST4 N-linked glycosylation
253 YJR119C - biological process unknown
254 YGR282C BGL2 cell wall organization and biogenesis
255 YLR295C ATP14 ATP synthesis coupled proton transport
256 YGL188C _ biological process unknown
257 YKLO065C YETI biological process unknown
258 YDL024C DIA3 pseudohyphal growth*
259 YHR143W DSE2 cell wall organization and biogenesis*
260 YBROSOC-A NHP6B regulatiori of transcription from RNA polymerase II
promoter
261 YMRO0O40W YET2 biological process unknown
262 YER106W MAMI meiotic chromosome segregation
263 YDR277C MTHI signal transduction*
264 YORO020C HSPI10 protein folding
265 YORO052C - biological process unknown
266 YOL035C _ biological process unknown
267 YKRO76W ECM4 cell wall organization and biogenesis
268 YDLO10W - biological process unknown
269 YILO87C - biological process unknown
270 YDR276C PMP3 cation transport
271 YNLO70W TOM7 mitochondrial matrix protein import*
272 YOR303W CPAl arginine biosynthesis
273 YIR037W HYRI response to oxidative stress
274 YLR356W - biological process unknown
275 YDR343C HXT6 hexose transport
276 YILO60W - biological process unknown
277 YGL191W Cox13 aerobic respiration
278 YLLO25W - biological process unknown
279 YDR154C _ biological process unknown
280 YGL248W PDE] cAMP-mediated signaling
281 YBRO026C ETRI aerobic respiration*
282 YBRI157C 1CS2 biological process unknown
283 YLRO37C DAN2 biological process unknown
284 YHR199C FMP34 biological process unknown
285 YOR389W - biological process unknown
286 YOR100C CRC1 fatty acid metabolism
287 YDR513W TTRI response to oxidative stress*
288 YPLO13C MRPSI16  protein biosynthesis
289 YNL200C - biological process unknown
290 YJLO048C UBX6 ubiquitin-dependent protein catabolism*
291 YLR110C CcCcwi2 cell wall organization and biogenesis*
292 YGRO044C RME! meiosis*
293 YLR390W-A CCWi4 cell wall organization and biogenesis
294 YPL278C - biological process unknown
295 YNL274C - metabolism
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296 YKLO016C ATP7 protein complex assembly*
297 YDL124W - metabolism
298 YGL218W _ biological process unknown
299 YLR297TW - biological process unknown
300 YLR149C - biological process unknown
301 YDL182W LYS20 lysine biosynthesis, aminoadipic pathway
302 YCLO39W GID7 negative regulation of gluconeogenesis
303 YLLO039C UBI4 response to stress*
304 YNL332W THII2 thiamin biosynthesis
305 YIR041W - biological process unknown
306 YORO28C CINS regulation of transcription from RNA polymerase 11
promoter*
307 YPL026C SKS1 protein amino acid phosphorylation*
308 YLR251W SYM1 ethanol metabolism
309 YGL261C - biological process unknown
310 YBLI112C - biological process unknown
311 YILO15C-A biological process unknown
312 YOR044W - biological process unknown
313 YNL322C KRE! cell wall organization and biogenesis
314 YDL004W ATPI6 ATP synthesis coupled proton transport
315 YER096W SHC] sporulation (sensu Fungi)*
316 YLR312C - biological process unknown
317 YNL234W - response to stress
318 YLLO60C GTT2 glutathione metabolism
319 YPR204W - biological process unknown
320 YALO61W - biological process unknown
321 YHR145C _ biological process unknown
322 YFLO68W - biological process unknown
323 YKL142W MRP8 protein biosynthesis
324 YORO062C - biological process unknown
325 YBROO6W UGA2 response to oxidative stress*
326 YLR461W PAU4 biological process unknown
327 YFL020C PAUS biological process unknown
328 YPL230W - biological process unknown
329 YNRO76W PAU6 biological process unknown
330 YERI158C - biological process unknown
331 YKR049C FMP46 biological process unknown
332 YLLO0SC coxi7 cytochrome c oxidase complex assembly*
333 YLR270W DCS1 deadenylylation-dependent decapping
334 YOL161C - biological process unknown
335 YCL042W - biological process unknown
336 YDL067C 6(0).¢ aerobic respiration*
337 YJL223C PAUI biological process unknown
338 YOLO83W - biological process unknown
339 YDL244W THI13 thiamin biosynthesis
340 YDRO059C UBCS endocytosis*
341 YOR215C - biological process unknown
342 YCRO82W AHC2 biological process unknown
343 YGR243W FMP43 biological process unknown
344 YBRO12C _ biological process unknown
345 YGLO037C PNCI chromatin silencing at telomere*
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346 YDRI178W SDH4 tricarboxylic acid cycle*
347 YGR122C-A _ biological process unknown
348 YKL185W ASHI pseudohyphal growth*
349 YLL020C _ biological process unknown
350 YJL205C-A _ biological process unknown
351 YNRO73C - biological process unknown
352 YKR042W UTHI mitochondrion organization and biogenesis*
353 YER138W-A - biological process unknown
354 YJROOSW - biological process unknown
355 YBR067C TIP1 cell wall organization and biogenesis
356 YMRI158C-B _ biological process unknown
357 YDR340W B biological process unknown
358 YIL144W - response to dessication
359 YGR279C SCW4 conjugation with cellular fusion
360 YELO039C cycrz electron transport
361 YCLO035C GRX1 response to oxidative stress*
362 YDL020C RPN4 ubiquitin-dependent protein catabolism*
363 YMRI181C - biological process unknown
364 YNL334C SNO2 thiamin biosynthesis*
365 YGR102C - biological process unknown
366 YML117W-A B biological process unknown
367 YNLO55C POR! aerobic respiration*
368 YOR338W - biological process unknown
369 YERO35W EDC2 deadenylylation-dependent decapping
370 YCLO025C AGPI amino acid transport
371 YDR218C SPR28 cell wall organization and biogenesis*
372 YPR002C-A biological process unknown
373 YHRO33W - biological process unknown
374 YLR252W _ biological process unknown
375 YFLO30W AGX1 glycine biosynthesis
376 YHRO056C RSC30 regulation of transcription, DNA-dependent
377 YBRI105C VID24 vesicle-mediated transport*
378 YGR183C QCR9 aerobic respiration*
379 YGRO035C - biological process unknown
380 YER188W _ biological process unknown
381 YKL096W CWPI cell wall organization and biogenesis
382 YJRI127C ZMS!1 biological process unknown
383 YOL119C MCH¢4 transport
384 YDR529C QCR7 aerobic respiration*
385 YMRI122W-A - biological process unknown
386 YFRO11C - biological process unknown
387 YGR146C - biological process unknown
388 YPLO92W SSU1 sulfite transport
389 YNL305C - biological process unknown
390 YCRO0O05C CIT2 glutamate biosynthesis*
391 YDRO55W PSTI cell wall organization and biogenesis
392 YKL063C - biological process unknown
393 YPRI50W biological process unknown
394 YKR105C - biological process unknown
395 YERO053C PIC2 phosphate transport
396 YCRO71C IMG2 protein biosynthesis
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397 YDLI181W INH1 ATP synthesis coupled proton transport
398 YOR306C MCHS transport
399 YDR525W-A SNA2 biological process unknown
400 YPLO88W - aldehyde metabolism
401 YPR149W NCEI102 protein secretion
402 VIL111W COXS5B g;i;;celrlgndrial electron transport, cytochrome c to
403 YBRO47W FMP23 biological process unknown
404 YBL048W _ biological process unknown
405 YBR230C - biological process unknown
406 YOR24TW SRLI nucleobz.lse, nucleoside, nucleotide and nucleic acid
metabolism
407 YMR103C _ biological process unknown
408 YPL250C ICcy2 biological process unknown
409 YPRI127TW - biological process unknown
410 YCRO83W TRX3 response to oxidative stress
411 YLR109W AHP1 regulation of cell redox homeostasis*
412 YORO010C TIR2 response to stress
413 YGL117W - biological process unknown
414 YERO11W TIR! response to stress
415 YPRO0O98C - biological process unknown
416 YJL159W HSP150 cell wall organization and biogenesis
417 YPR184W GDBI glycogen catabolism
418 YLR205C HMX1 iron ion homeostasis*
419 YMR271C URAIO pyrimidine base biosynthesis
420 YLRO38C coxi2 cytochrome c oxidase complex assembly
421 YOR289W - biological process unknown
422 YMRI195W ICY1 biological process unknown
423 YNLO36W NCE103 response to oxidative stress
424 YPLO27TW SMAI spore wall assembly (sensu Fungi)
425 YBL064C PRX1 regulation of cell redox homeostasis
426 YKLO62W MSN4 response to stress*
427 YMR174C PAI3 vacuolar protein catabolism
428 YGRO0O08C STF2 ATP synthesis coupled proton transport*
429 YCLO40W GLK1 carbohydrate metabolism*
430 YPL271W ATPI1S5 ATP synthesis coupled proton transport
431 YOR248W _ biological process unknown
432 YIL101C XBP1 response to stress
433 YGRO52W FMP48 biological procéss unknown
434 YHLO040C ARN1 iron-siderophore transport
435 YGL158W RCK1 protein amino acid phosphorylation*
436 YOLO084W PHM7 biological process unknown
437 YDROOIC NTHI response to stress*
438 YERI121W _ biological process unknown
439 YDL110C - biological process unknown
440 YFLOS8W THI5 thiamin biosynthesis
441 YMR322C SNO4 pyridoxine metabolism
442 YBR285W - biological process unknown
443 YKL026C GPX1 response to oxidative stress
444 YLLO28W TPO! polyamine transport
445 YGL156W AMS1 carbohydrate metabolism
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446 YKL103C LAP4 vacuolar protein catabolism
447 YBRO054W YRO2 biological process unknown
448 YKLO96W-A CWwP2 cell wall organization and biogenesis*
449 YBR241C - biological process unknown
450 YOLO77W-A ATPI19 ATP synthesis coupled proton transport
451 YKLO086W SRX1 response to oxidative stress
452 YDL049C KNHI beta-1,6 glucan biosynthesis
453 YHRO054C - biological process unknown
454 YMR105C PGM2 glucose 1-phosphate utilization*
455 YIL136W OM45 biological process unknown
456 YKRO046C PETI0 aerobic respiration
457 YHRO008C SoD2 replicative cell aging*
458 YDR453C TSA42 regulation of cell redox homeostasis
459 YDR534C FITI siderophore transport
460 YCRO098C GIT1 glycerophosphodiester transport
461 YOR134W BAG7 small GTPase mediated signal transduction
462 YCLO69W VBA3 basic amino acid transport
463 YDL130W-A STF1 ATP synthesis coupled proton transport
464 YLR136C TIS11 mRNA catabolism*
465 YNRO14W - biological process unknown
466 YGR248W SOL4 biological process unknown
467 YERO037W PHMS8 biological process unknown
468 YBRO85C-A - biological process unknown
469 YKRO93W PTR2 peptide transport
470 YGR161C RTS3 protein amino acid dephosphorylation
471 YJLO52W TDHI glycolysis*
472 YGR144W THI4 mitochondrial genome maintenance*
473 YOLOS8W ARG arginine biosynthesis*
474 YDRO77TW SED! cell wall organization and biogenesis*
475 YBLO078C ATG8 protein-vacuolar targeting*
476 YMLI128C MSC1 meiotic recombination
477 YJRO73C OPI3 phosphatidylcholine biosynthesis
478 YMLO81C-A ATPI18 ATP synthesis coupled proton transport
479 YELO11W GLC3 glycogen metabolism
480 YCRO21C HSP30 response to stress
481 YHRO71W PCLS5 cell cycle
482 YDR258C HSP78 response to stress*
483 YBR147W - biological process unknown
484 YMRO90OW - biological process unknown
485 YLR178C TFS! regulation of proteolysis and peptidolysis
486 YDLO21W GPM2 biological process unknown
487 YHRO53C CUPI-1 response to copper ion
488 YHROS55C CUPI-2 response to copper ion
489 YDRO043C NRGI regulatior:= of transcription from RNA polymerase 11
promoter
490 YGR043C - biological process unknown
491 YML100W TSL1 response to stress*
492 YOR173W DCS2 biological process unknown
493 YFR032C - biological process unknown
494 YPR160W GPH1 glycogen catabolism
495 YDRS33C HSP31 biological process unknown
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496 YPL223C GRE] response to stress*
497 YNL160W YGPI response to stress*
498 YJL0O79C PRYI biological process unknown
499 YLR327C RBF9 biological process unknown
500 YOR374W ALD4 ethanol metabolism
501 YJL116C NCA3 mitochondrion organization and biogenesis
502 YGL121C GPG1 signal transduction
503 YOR383C FIT3 siderophore transport
504 YMR251W-A HOR?7 response to stress
505 YOR391C HSP33 biological process unknown
506 YER150W SPI1 biological process unknown
507 YOLO047C - biological process unknown
508 YNLO15SW PBI2 vacuole fusion, non-autophagic*
509 YOR382W FIT2 siderophore transport
510 YOLO052C-A DDR2 response to stress
511 YBRO72W HSP26 response to stress*
512 YFLO14W HSP12 response to oxidative stress*
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Table I11 List of up-regulated genes only in the control strain. The asterisk (*)
indicated a main biological process of encoding protein.
Number Systematic Standard Biological Process
name name

1 YGL193C _ biological process unknown

2 YIR029W DAL2 allantoin catabolism

3 YIL023C - biological process unknown

4 YMR097C MTGI protein biosynthesis*

5 YJL129C TRK1 potassium ion homeostasis

6 YPL222W FMP40 biological process unknown

7 YLR168C - biological process unknown

8 YDLO75W RPL314  protein biosynthesis

9 YKL0O34W TULI protein ubiquitination*

10 YGRI151C _ biological process unknown

11 YKRO033C _ biological process unknown

12 YDL209C cwez nuclear mRNA splicing, via spliceosome
13 YDL027C - biological process unknown

14 YER137C - biological process unknown

15 YELO17C-A  PMP2 cation transport

16 YKL138C MRPL31  protein biosynthesis

17 YOR309C _ biological process unknown

18 YNL125C ESBP6 transport

19 YMR134W - iron ion homeostasis
20 YLL024C SSA2 protein folding
21 YPL177C CUP9 transcription initiation from RNA polymerase II promoter*
22 YKRO014C YPT52 endocytosis*
23 YKR100C SKG1 cell wall organization and biogenesis
24 YMR135C GID8 negative regulation of gluconeogenesis
25 YMRO31C - biological process unknown
26 YHR157W RECI04  meiotic recombination*
27 YORO36W PEPI2 Golgi to vacuole transport
28 YMLO70W DAK1 response to stress*
29 YPL275W FDH2 formate catabolism
30 YOLO71W EMI5 sporulation (sensu Fungi)
31 YELQ20C - biological process unknown
32 YGLO054C ERVI4 ER to Golgi transport*
33 YORO85W OST3 protein complex assembly*
34 YCLO009C ILV6 branched chain family amino acid biosynthesis
35 YHR140W - biological process unknown
36 YPR154W PIN3 actin cytoskeleton organization and biogenesis
37 YLR402W _ biological process unknown
38 YLR213C CRRI biological process unknown
39 YML108W - biological process unknown
40 YCRO61W - biological process unknown
41 YARO35W YATI alcohol metabolism*
42 YOR108W LEU9 leucine biosynthesis
43 YERO20W GPA2 sporulation (sensu Fungi)*
44 YALQ44C GCV3 one-carbon compound metabolism*
45 YKL023W - biological process unknown
46 YMLO034W SRC1 mitotic sister chromatid segregation
47 YLLO29W - biological process unknown
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48 YMRO052C-A  _ biological process unknown
49 YBL030C PET9 aerobic respiration*
50 YDRA497C ITRI myo-inositol transport
51 YGR206W - biological process unknown
52 YHR194W MDM31  mitochondrion organization and biogenesis*
53 YIL153W RRD! DNA repair*
54 YOL152W FRE7 biological process unknown
55 YERO48W-A - biological process unknown
56 YBROOIC NTH2 response to stress*
57 YOR182C RPS30B  protein biosynthesis
58 YGR222W PET54 protein biosynthesis*
59 YDROO3W RCR2 biological process unknown
60 YORI121C _ biological process unknown
61 YOLO82W ATGI19 protein-vacuolar targeting
62 YMRI114C - biological process unknown
63 YNL293W MSB3 actin filament organization*
64 YDL139C SCM3 biological process unknown
65 YDR282C - biological process unknown
66 YLR145W RMP1 rRNA processing*
67 YMLO087C - biological process unknown
68 YOR337W TEAI transcription
69 YFR047C BNA6 NAD biosynthesis
70 YGRO23W MTL! cell wall organization and biogenesis
71 YELO041W - biological process unknown
72 YJRO52W RAD7 nucleotide-excision repair, DNA damage recognition
73 YIL097W FYVIO negative regulation of gluconeogenesis
74 YDRO034C LYSI4 lysine biosynthesis, aminoadipic pathway
75 YILO12W _ biological process unknown
76 YKLO18W SWD2 histone methylation*
77 YHRO37W PUT2 glutamate biosynthesis*
78 YKRO11C - biological process unknown
79 YDL197C ASF2 chromatin silencing at silent mating-type cassette
80 YFLO013C 1IES! chromatin remodeling
81 YHR217C N biological process unknown
82 YOL153C - biological process unknown
83 YLLO041C SDH2 tricarboxylic acid cycle*
84 YOR302W - regulation of protein biosynthesis
85 YOR305W - biological process unknown
86 YOR170W _ biological process unknown
87 YDLO053C PBP4 biological process unknown
88 YOR300W _ biological process unknown
89 YOR226C ISU2 iron ion homeostasis*
90 YJRO79W - biological process unknown
91 YDR314C - biological process unknown
92 YORO2TW STI! protein folding
93 YERO054C GIP2 protein amino acid dephosphorylation
94 YNL283C wSC2 cell wall organization and biogenesis*
95 YKL107W - biological process unknown
96 YHRO18C ARG4 arginine biosynthesis
97 YFLOS9W SNZ3 thiamin biosynthesis*
98 YHR219W - biological process unknown
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99 YLR202C _ biological process unknown
100 YFRO14C CMK1 protein amino acid phosphorylation*
101 YKL190W CNBI cell wall organization and biogenesis*
102 YILOOSW URMI protein modification
103 YIL154C mMpP2’ DNA repair*
104 YOR298W MUM3 spore wall assembly (sensu Fungi)*
105 YJLOSOW SIP4 regulation of transcription from RNA polymerase II promoter*
106 YDRO0O94W _ biological process unknown
107 YBR119W MUDI nuclear mRNA splicing, via spliceosome
108 YLL066C - biological process unknown
109 YDR259C YAP6 positive regulation of transcription from RNA polymerase II
promoter
110 YER042W MXRI response to oxidative stress
111 YGR255C COQ6 ubiquinone metabolism
112 YCLO18W LEU2 leucine biosynthesis
113 YNL285W _ biological process unknown
114 YGLO038C OCH!1 N-linked glycosylation
115 YLLO05C SPO75 sporulation (sensu Fungi)*
116 YJR159W SOR1 fructose metabolism*
117 YDL199C - biological process unknown
118 YKL133C - biological process unknown
119 YOLO060C MAM3 mitochondrion organization and biogenesis*
120 YDR320C SWA2 ER organization and biogenesis
121 YMR251W GTO3 biological process unknown
122 YOL027C MDM38  mitochondrion organization and biogenesis*
123 YNL103W MET4 positive regulation of transcription from RNA polymerase 11
promoter*
124 YOL123W HRPI mRNA polyadenylylation*
125 YDR272W GLO2 carbohydrate metabolism
126 YCLOI9W B biological process unknown
127 YGLO58W RADG6 ubiquitin-dependent protein catabolism*
128 YOLO085C _ biological process unknown
129 YLR260W LCBS5 response to heat*
130 YNROO4W - biological process unknown
131 YALO6SW _ biological process unknown
132 YORO71C - transport
133 YORO058C ASEl mitotic spindle organization and biogenesis in nucleus*
134 YELO35C UTRS5 biological process unknown
135 YKLI137W - biological process unknown
136 YMR094W CTF13 centromere and kinetochore complex maturation
137 YNL331C AADI14 aldehyde metabolism
138 YILOSOW PCL7 regulation of glycogen biosynthesis*
139 YNL211C - biological process unknown
140 YOR152C - biological process unknown
141 YHRO21W-A ECMI2 cell wall organization and biogenesis
142 YBR114W RADI6 nucleotide-excision repair, DNA damage recognition
143 YOL140W ARGS arginine biosynthesis*
144 YGLO11C SCL1 ubiquitin-dependent protein catabolism
145 YELO74W _ biological process unknown
146 YILO07C NAS2 ubiquitin-dependent protein catabolism
147 YERO73W ALDS electron transport*
148 YIL108W - proteolysis and peptidolysis
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149 YMR254C _ biological process unknown
150 YDR293C SSD1 cell wall organization and biogenesis
151 YMR189W GCV2 one-carbon compound metabolism*
152 YCR107W AAD3 aldehyde metabolism
153 YERO017C AFG3 protein complex assembly*
154 YDR405W MRP20 protein biosynthesis
155 YLLO65W _ biological process unknown
156 YDR397C NCB2 negative regulation of transcription from RNA polymerase 11
promoter
157 YNRO51C BRES protein deubiquitination
158 YOR324C FRTI response to stress
159 YOLOI13W-A - biological process unknown
160 YKL129C MYO3 cell wall organization and biogenesis*
161 YDLO009C biological process unknown
162 YHLO005C _ biological process unknown
163 YDRO8OW VPS41 vacuole organization and biogenesis*
164 YBL111C - biological process unknown
165 YIL152W - biological process unknown
166 YOR137C SIAl proton transport
167 YPRI191W QOCR2 aerobic respiration*
168 YERO091C MET6 methionine biosynthesis
169 YLRO46C - biological process unknown
170 YALO39C CYCs cytochrome c-heme linkage
171 YJR048W Ccrci electron transport
172 YHRO030C SLT2 cell wall organization and biogenesis*
173 YEL077C - biological process unknown
174 YOL106W _ biological process unknown
175 YLL046C RNPI ribosome biogenesis and assembly
176 YGL005C COG7 intra-Golgi transport
177 YGR295C CcoS6 biological process unknown
178 YGLO33W HOP2 synapsis
179 YJR109C CPA2 arginine biosynthesis
180 YMR137C PSO2 DNA repair*
181 YMRI188C MRPS17  protein biosynthesis*
182 YDR452W PPNI1 polyphosphate metabolism
183 YDL215C GDH2 nitrogen compound metabolism
184 YDR230W _ biological process unknown
185 YFLO67TW - biological process unknown
186 YBR222C PCS60 biological process unknown
187 YPLO61W ALD6 acetate biosynthesis
188 YLR223C IFH] rRNA processing*
189 YGLO5S9W - biological process unknown
190 YOR227TW - biological process unknown
191 YLR444C _ biological process unknown
192 YOR148C SPP2 nuclear mRNA splicing, via spliceosome
193 YALOO4W _ biological process unknown
194 YDL042C SIR2 chromatin silencing at telomere*
195 YIL144W TID3 chromosome segregation*
196 YLRO30W - biological process unknown
197 YHRO05C-A  MRSI1 mitochondrial inner membrane protein import
198 YIL063C YRB2 mRNA-nucleus export*
199 YNL155W - biological process unknown
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200 YIR034C LYS! lysine biosynthesis, aminoadipic pathway
201 YBRO086C IAY V) response to osmotic stress
202 YCRO13C _ biological process unknown
203 YDR403W DITI spore wall assembly (sensu Fungi)
204 YLR194C - biological process unknown
205 YPL276W - formate catabolism
206 YOR355W GDS1 aerobic respiration
207 YLR225C - biological process unknown
208 YHRO080C - biological process unknown
209 YOLO36W - biological process unknown
210 YJR077C MIR! phosphate transport
211 YJL141C YAK] protein amino acid phosphorylation

212 YNL213C - mitochondrion organization and biogenesis
213 YHR176W FMOI protein folding

214 YNL133C FYV6 double-strand break repair via nonhomologous end-joining
215 YJIL164C TPK1 protein amino acid phosphorylation*

216 YHRI82W - biological process unknown

217 YDR313C PIBI protein ubiquitination

218 YALQ34C FUNI9 biological process unknown
219 YKLOO0SC BYEI negative regulation of transcription from RNA polymerase II

promoter
220 YNRO77C _ biological process unknown
221 YLLO056C - biological process unknown
222 YDR199W _ biological process unknown
223 YNL117W MLS! glyoxylate cycle
224 YKR101W SIRI chromatin silencing at silent mating-type cassette*
225 YOR139C _ biological process unknown
226 YDL106C PHO2 transcription*
227 YLR170C APSI vesicle-mediated transport
228 YJRO86W STEI8 signal transduction during conjugation with cellular fusion
229 YLR237TW THI7 thiamin transport
230 YKL199C biological process unknown

231 YKRO97TW PCKI gluconeogenesis
232 YORO007C SGT12 biological process unknown

233 YLR152C - biological process unknown
234 YBR024W SCO2 copper ion transport

235 YDLO86W - biological process unknown
236 YFL0O56C AAD6 aldehyde metabolism

237 YLRO89C ALTI biological process unknown

238 YDL022W GPDI intracellular accumulation of glycerol
239 YDRO19C GCvVl1 one-carbon compound metabolism*
240 YKL053C-A  MDM35  mitochondrion organization and biogenesis

241 YJR120W - mitochondrion organization and biogenesis*

242 YER175C TMTI biological process unknown

243 YPRO75C OPY2 cell cycle arrest in response to pheromone

244 YMLO13W SEL] protein secretion*

245 YDR273W DON1 meiosis*

246 YPL046C ELCI RNA elongation from RNA polymerase II promoter*
247 YKR096W - biological process unknown

248 YIL113W SDP1 MAPKKK cascade during cell wall biogenesis

249 YER103W SSA4 response to stress*

250 YFLO63W _ biological process unknown

116



Number Systematic Standard Biological Process
name name
251 YBR218C PYC2 gluconeogenesis*
252 YNLI111C CYBS5 sterol biosynthesis
253 YJLO17W _ biological process unknown
254 YDLO061C RPS29B  protein biosynthesis
255 YLR299W ECM38 glutathione catabolism
256 YGL182C _ biological process unknown
257 YBRO78W ECM33 cell wall organization and biogenesis
258 YMR204C INPI peroxisome inheritance
259 YKRO058W GLGI glycogen biosynthesis
260 YIL042C - biological process unknown
261 YGR149W - biological process unknown
262 YILOS1C MMFI mitochondrial genome maintenance*
263 YORO0OW TIR4 biological process unknown
264 YDRO58C TGL2 lipid metabolism
265 YNROO1C CITl] tricarboxylic acid cycle*
266 YHR110W ERPS5 secretory pathway
267 YDRO34C-A - biological process unknown
268 YMRI191W SPGS5 biological process unknown
269 YHR209W - biological process unknown
270 YDR270W cce2 intracellular copper ion transport*
271 YBLO99W ATPI ATP synthesis coupled proton transport
272 YNL143C _ biological process unknown
273 YKLO93W MBRI aerobic respiration
274 YLLOS8W - sulfur metabolism
275 YOR350C MNE!] biological process unknown
276 YBR162C TOS! biological process unknown
277 YGL180W ATGI autophagy
278 YELO20W-A  TIM9 mitochondrial inner membrane protein import
279 YNL179C biological process unknown
280 YDRO056C - biological process unknown
281 YNL134C - biological process unknown
282 YGRO86C PIL] response to heat
283 YJL149W - biological process unknown
284 YMRO72W ABF2 mitochondrion inheritance*
285 YDR216W ADRI transcription*
286 YKRO67W GPT2 phospholipid biosynthesis
287 YLR162W - biological process unknown
288 YHLO046C - biological process unknown
289 YPL282C - biological process unknown
290 YJL163C - biological process unknown
291 YKRO13W PRY2 biological process unknown
292 YPR140W TAZI phospholipid biosynthesis*
293 YFL016C MDJ1 protein folding*
294 YOR284W HUA2 actin cortical patch assembly
295 YHR104W GRE3 response to stress*
296 YERO30W - biological process unknown
297 YJLO42W MHP] cell wall organization and biogenesis*
208 YGL116W CDC20 mitotic sister chromatid segregation*
299 YNRO68C - biological process unknown
300 YKR069W MET] methionine metabolism*
301 YDR374C - biological process unknown
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302 YPRI172W - biological process unknown
303 YDRO85C AFRI signal transduction during conjugation with cellular fusion*
304 YBR256C RIBS riboflavin biosynthesis
305 YLR043C TRXI response to oxidative stress*
306 YILO45W PIG2 biological process unknown
307 YGR189C CRH1 biological process unknown
308 YIRO16W - biological process unknown
309 YML133C - biological process unknown
310 YMR197C VTIl vesicle fusion*
311 YGLO62W PYCI gluconeogenesis*
312 YML130C EROI protein folding*
313 YLR217TW _ biological process unknown
314 YPL025C _ biological process unknown
315 Q0160 SCEI intron homing
316 YBR301W DAN3 biological process unknown
317 YMR104C YPK2 protein amino acid phosphorylation
318 YBRO16W - response to dessication
319 YLR164W - biological process unknown
320 YJL066C MPMI1 biological process unknown
321 YPL130W SPOI19 meiosis
322 YLR216C CPR6 protein folding
323 YJRO95W SFC1 fumarate transport* :

324 YKRO91W SRL3 nucleob?.se, nucleoside, nucleotide and nucleic acid
metabolism

325 YAL062W GDH3 glutamate biosynthesis
326 YGLO87C MMS2 ubiquitin-dependent protein catabolism*

327 YMLO5S8C-A biological process unknown
328 YDL072C YET3 biological process unknown
329 YDR436W PPZ2 sodium ion homeostasis

330 YMR304C-A biological process unknown
331 YGR203W - biological process unknown

332 YER038C KRE29 biological process unknown
333 YEROO4W FMP52 biological process unknown

334 Q0275 CoXx3 aerobic respiration*

335 YORI178C GACI meiosis*

336 YFLO12W - biological process unknown
337 YNL289W PCLI cell cycle

338 YJIL146W IDS2 meiosis

339 YNL241C ZWF1 pentose-phosphate shunt

340 YBR297W MAL33 regulation of transcription, DNA-dependent*
341 YGL183C MNDI meiotic recombination

342 YOR267C HRK] cell ion homeostasis

343 YARO069C N biological process unknown
344 YDL114W - biological process unknown
345 YDR262W - biological process unknown
346 YDL046W NPC2 biological process unknown
347 YDR542W - biological process unknown
348 YOLO11W PLB3 phosphatidylserine catabolism*
349 YJR104C SODI zinc ion homeostasis*

350 YFLO054C - water transport

351 YMRO041C - biological process unknown

352 YJR152W DALS allantoate transport
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353 YIL024C - biological process unknown
354 YJROSOW PTK2 G1/S transition of mitotic cell cycle*
355 YFLO057C AADI6 aldehyde metabolism
356 YKLO35W UGP] protein amino acid glycosylation*
357 YJLO015C _ biological process unknown
358 YNLO13C _ biological process unknown
359 YDR223W CRF1 negative regulation of transcription
360 YJR155W AADI0 aldehyde metabolism
361 YBR132C AGP2 response to osmotic stress*
362 YHLO0O50C - biological process unknown
363 YDLO66W IDP] glutamate biosynthesis*
364 YLR311C _ biological process unknown
365 YGR273C - biological process unknown
366 YOR185C GSP2 nuclear organization and biogenesis
367 YJL108C PRM10 conjugation with cellular fusion
368 YORO023C AHCI histone acetylation
369 YGLO81W - biological process unknown
370 YMLO054C CYB2 electron transport
371 YMRO056C AACI aerobic respiration*
372 YALOQ054C ACS! acetyl-CoA biosynthesis*
373 YOL132W GAS4 biological process unknown
374 YOR394W - biological process unknown
375 YDR523C SPS1 protein amino acid phosphorylation*
376 YDL223C HBTI cellular morphogenesis during conjugation with cellular fusion
377 YGL215W CLG! cell cycle
378 YGR201C - biological process unknown
379 YJL153C INOI myo-inositol metabolism
380 YMR173W DDR48 DNA repair
381 YERI90W YRFI-2 telomerase-independent telomere maintenance
382 YOR214C - biological process unknown
383 YOR273C TPO4 polyamine transport
384 YNL142W MEP2 pseudohyphal growth*
385 YBLO15W ACH!I acetate metabolism*
386 YER187W-A biological process unknown
387 YER159C BURG negative regulation of transcription from RNA polymerase 11
promoter
388 YNL300W - biological process unknown
389 YBR292C _ biological process unknown
390 YLLO18C DpPS1 protein biosynthesis
391 YNL180C RHOS Rho protein signal transduction
392 YIL119C RPII thiamin biosynthesis*
393 YOR255W OSw1 spore wall assembly (sensu Fungi)
394 YMRO17W SPO20 spore wall assembly (sensu Fungi)*
395 YKLO85W MDH1 tricarboxylic acid cycle*
396 YBR269C FMP21 biological process unknown
397 YORI120W GCY1 response to salt stress*
398 YERO69W ARGS5,6  arginine biosynthesis*
399 YOR208W PTP2 protein amino acid dephosphorylation*
400 YNL335W - biological process unknown
401 YLL023C - biological process unknown
402 YGRI121C MEPI ammonium transport
403 YMRI180C CTLI RNA processing
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404 YDL131W LYS21 lysine biosynthesis, aminoadipic pathway
405 YDR393W SHE9 mitochondrion organization and biogenesis*
406 YNL093W YPT53 endocytosis*
407 YIL146C ECM37 cell wall organization and biogenesis
408 YJRO78W BNA2 NAD biosynthesis
409 YDR231C COX20 aerobic respiration*
410 YFR049W YMR31 protein biosynthesis
411 YFRO16C - biological process unknown
412 YDRO74W TPS2 response to stress*
413 YDRA476C - biological process unknown
414  YFLO53W DAK2 response to stress*
415 YGR142W BTN2 intracellular protein transport*
416 YLR307W CDAl spore wall assembly (sensu Fungi)
417 YBR126C TPS! response to stress*
418 YNL104C LEU4 leucine biosynthesis
419 Q0130 OLIl protein complex assembly*
420 YGR236C SPG1 biological process unknown
421 YKLO06C-A  SFTI intra-Golgi transport
422 YLR438W CAR2 arginine catabolism
423 YMRO30W RSF1 aerobic respiration*
424 YERO088C DOT6 regulation of transcription from RNA polymerase II promoter*
425 YIR038C GTTI glutathione metabolism
426 YLRO31W - biological process unknown
427 YMR250W GADI response to oxidative stress*
428 YDRS504C SPG3 biological process unknown
429 YKL150W MCRI response to oxidative stress*
430 YLLO55W - biological process unknown
431 YOR298C-A  MBFI positive regulation of transcription from RNA polymerase II
promoter
432 YERO084W _ biological process unknown
433 YORO065W CYTI mitochondrial electron transport, ubiquinol to cytochrome c*
434 YIL176C - biological process unknown
435 YERO79W - biological process unknown
436 YGR182C _ biological process unknown
437 YKL151C - biological process unknown
438 YJL158C CIS3 cell wall organization and biogenesis
439 YGL184C STR3 methionine biosynthesis
440 YLRI121C YPS3 protein metabolism
441 YKRO39W GAP1 amino acid transport*
442 YBLO075C SSA43 response to stress*
443 YJL038C - biological process unknown
444 YJLO37TW - biological process unknown
445 YDR271C _ biological process unknown
446 YKL124W SSH4 biological process unknown
447 YARO53W _ biological process unknown
448 YKL148C SDH1 tricarboxylic acid cycle*
449 YBRO76W ECMS8 cell wall organization and biogenesis
450 YML0O42W CAT2 carnitine metabolism
451 YMR170C ALD2 aldehyde metabolism*
452 YPL171C OYE3 biological process unknown
453 YER119C AVT6 amino acid transport
454 YLR142W PUTI glutamate biosynthesis*

120



Systematic Standard

Number Biological Process

name name
455 YIL155C GUT2 carbohydrate metabolism*
456 YJR025C BNAI NAD biosynthesis
457 YMR169C ALD3 response to stress*
458 YDL218W - biological process unknown
459 YGRO87C PDC6 ethanol metabolism
460 YDL186W - biological process unknown
461 YHR138C - vacuole fusion, non-autophagic

462 YLLO26W HSP104  response to stress*

463 YMRO095C SNOI pyridoxine metabolism*

464 YJLO88W ARG3 arginine biosynthesis*

465 YDR171W HSP42 response to stress*

466 YJR150C DAN1 sterol transport

467 YNIL195C - biological process unknown

468 YBRI117C TKL2 pentose-phosphate shunt

469 YMLO58W-A HUGI response to DNA damage stimulus*
470 YKL163W PIR3 cell wall organization and biogenesis
471 YMRI107W SPG4 biological process unknown

472 YHR139C SPS100 spore wall assembly (sensu Fungi)
473 YOR348C PUT4 proline catabolism*

474 YLR337C VRPI endocytosis*

475 YJR162C _ biological process unknown ‘
476 YJR156C THII1 thiamin biosynthesis

477 YPRI151C SUE! protein catabolism

478 YILO99W SGAl sporulation (sensu Fungi)*

479 YIL107C PFK26 fructose 2,6-bisphosphate metabolism*

480 YBR169C SSE2 protein folding

481 YKL221W MCH?2 transport
482 YPL280W HSP32 biological process unknown
483 YDL222C FMP45 cell wall organization and biogenesis

484 YGRO88W CTTI response to stress

485 YDL204W RTN2 biological process unknown
486 YMRO96W SNZ1 pyridoxine metabolism*
487 YFRO17C - biological process unknown
488 YBR116C _ biological process unknown

489 YFLO21W GATI transcription initiation from RNA polymerase II promoter*
490 YDRO034W-B biological process unknown
491 YNRO34W-A biological process unknown

492 YHRO87W - RNA metabolism
493 YMRI175W SIPi18 response to osmotic stress*
494 YHR126C - Biological process unknown
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Table IV

List of down-regulated genes only in the ethanol-adapted strain. The

asterisk (*) indicated a main biological process of encoding protein.

Number Systematic Standard Biological Process
name name

1 YHR213W - biological process unknown

2 YDR502C SAM?2 methionine metabolism

3 YKL147C _ biological process unknown

4 YPRI181C SEC23 ER to Golgi transport*

5 YGRO12W - biological process unknown

6 YGR119C NUP57 mRNA-nucleus export*

7 YMR221C FMP42 biological process unknown

8 YMR241W YHM2 tricarboxylic acid transport

9 YGL175C SAE2 meiotic DNA double-strand break processing
10 YNRO1SW SMM1 tRNA modification*

11 YOR156C NF11 protein sumoylation*

12 YGL229C SAP4 G1/8S transition of mitotic cell cycle

13 YHLO30W ECM29 protein catabolism

14 YARO14C BUDI4 cellular morphogenesis during vegetative growth
15 YDR346C SVF1 biological process unknown

16 YNRO60OW FRE4 iron-siderophore transport

17 YKRO03W OSH6 steroid biosynthesis

18 YCR106W RDS1 response to xenobiotic stimulus

19 YGL137W SEC27 ER to Golgi transport*
20 YPRO045C - biological process unknown
21 YMR227C TAF7 transcription initiation from RNA polymerase II promoter*
22 YBR133C HSL7 regulation of cell cycle*
23 YARO062W - biological process unknown
24 YPRO16C TIF6 ribosomal large subunit biogenesis*
25 YHRO84W STEI2 pseudohyphal growth*
26 YDL138W RGT2 signal transduction*
27 YGL199C _ biological process unknown
28 YDL225W SHS1 establishment of cell polarity (sensu Fungi)*
29 YORO048C RATI 35S primary transcript processing*

30 YNL210W MERI meiosis*

31 YOR184W SERI purine base biosynthesis*

32 YBR0O96W - biological process unknown

33 YDL205C HEM3 heme biosynthesis

34 YDR365C ESF1 rRNA processing

35 YLR175W CBF5 rRNA modification*

36 YLR446W - biological process unknown

37 YOR197TW MCAI apoptosis

38 YOR164C - biological process unknown

39 YMR287C MSUI RNA catabolism

40 YIR020C _ biological process unknown

41 YOLOS6W GPM3 biological process unknown

42 YJL196C ELO! fatty acid elongation, unsaturated fatty acid
43 YNRO74C AlIF1 response to singlet oxygen*

44 YNL199C GCR2 positive rfgulation of transcription from RNA polymerase II

promoter
45 YNLO020C ARK1 protein amino acid phosphorylation*
46 YLR428C biological process unknown
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47 YOR112W - biological process unknown
48 YGL235W - biological process unknown
49 YKRO001IC VPS1 protein-vacuolar targeting*
50 YDR472W TRS31 ER to Golgi transport
51 YOL067C RTG1 transcription initiation from RNA polymerase II promoter*
52 YKRO82W NUPI33  mRNA-nucleus export*
53 YBR134W _ biological process unknown
54 YMRO049C ERBI rRNA processing
55 YJLOOOW _ biological process unknown
56 YNRO63W - biological process unknown
57 YALO43C-A  _ biological process unknown
58 YGR193C PDX1 acetyl-CoA biosynthesis from pyruvate
59 YNRO19W ARE2 sterol metabolism
60 YOR386W PHRI photoreactive repair
61 YKL106W AATI aspartate biosynthesis*
62 YNL193W - biological process unknown
63 YOR160W MTRIO0 protein-nucleus import*
64 YLR146C SPE4 pantothenate biosynthesis*
65 YOR219C STEI3 peptide pheromone maturation
66 YJR137C ECM17 cell wall organization and biogenesis*
67 YMR265C - biological process unknown
68 YMRO047C NUPI16 mRNA-nucleus export*
69 YLR412W - biological process unknown
70 YOR377TW ATF1 fatty acid metabolism*
71 YMR120C ADE!17 purine nucleotide biosynthesis*
72 YIR117TW STE24 peptide pheromone maturation
73 YGR242W _ biological process unknown
74 YDL220C CDC13 telomere maintenance*
75 YKLO78W DHR2 ribosome biogenesis ‘
76 YBR172C SMY2 cytoskeleton organization and biogenesis
77 YGR266W - biological process unknown
78 YKL120W QACI sulfate transport*
79 YNLO73W MSK1 lysyl-tRNA aminoacylation
80 YBLO97TW BRNI mitotic sister chromatid segregation*
81 YGRO061C ADE6 purine nucleotide biosynthesis
82 YLR232W _ biological process unknown
83 YER170W ADK?2 nucleotide metabolism
84 YDL094C _ biological process unknown
85 YDL146W - biological process unknown
86 YBR178W _ biological process unknown
87 YLRO042C - biological process unknown
88 YOR345C _ biological process unknown
89 YDLO043C PRPI11 spliceosome assembly
90 YMR208W ERG12 ergosterol biosynthesis
91 YGL111W NSAI ribosomal large subunit biogenesis
92 YFLO11W HXTI0 hexose transport
93 YNL172W APCI mitotic sister chromatid segregation*
94 YKR092C SRP40 nucleocytoplasmic transport
95 YPL128C TBFI loss of chromatin silencing
96 YBR242W - biological process unknown
97 YMR122C biological process unknown
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98 YBR294W SULI sulfate transport
99 YHR114W BZZ] actin filament organization*
100 YGLO82W - biological process unknown
101 YBRO8OW _ biological process unknown
102 YBLO69W ASTI protein-membrane targeting
103 YHRO027C RPN1 ubiquitin-dependent protein catabolism
104 YFL025C BSTI ER to Golgi transport*
105 YLR116W MSLS nuclear mRNA splicing, via spliceosome
106 YJROO7TW sur translational initiation
107 YILO31W ULP2 mitotic spindle checkpoint*
108 YBLO79W NUPI170 mRNA-nucleus export*
109 YLRO96W KIN2 exocytosis
110 YGR103W NOP7 processing of 2biological process unknownS pre-rRNA*
111 YCR105W ADH7 alcohol metabolism
112 YNL267W PIK1 sporulation (sensu Fungi)*
113 YDL164C CDC9 DNA recombination*
114 YLR197W SIK1 rRNA modification*
115 YFL048C EMP47 ER to Golgi transport
116 YDL141W BPLI protein amino acid biotinylation
117 YLR418C CDC73 RNA elongation from RNA polymerase II promoter*
118 YJL215C _ biological process unknown
119 YBL070C _ biological process unknown
120 YDR170C SEC7 ER to Golgi transport*
121 YNL298W CLA4 protein amino acid phosphorylation*
122 YALOI19W FUN30 chromosome organization and biogenesis (sensu Eukaryota)
123 YNL123W - biological process unknown
124 YOR325W B biological process unknown
125 YHRO74W ONS1 biological process unknown
126 YER105C NUPI157 mRNA-nucleus export*
127 YOL098C - proteolysis and peptidolysis
128 YBL023C MCM2 DNA replication initiation*
129 YDL172C _ biological process unknown
130 YNL204C SPS18 sporulation
131 YMR277TW FCP1 transcription*
132 YEROI19W ISC1 response to salt stress*
133 YKL211C TRP3 tryptophan biosynthesis
134 YMR214W SCJ1 protein folding*
135 YGL124C MON1 protein-vacuolar targeting*
136 YHLO17W - biological process unknown
137 YJRO18W _ biological process unknown
138 YBR223C TDP1 DNA repair
139 YHRO025W THRI methionine metabolism*
140 YBR124W _ biological process unknown
141 YOLO20W TAT2 aromatic amino acid transport
142 YBR275C RIF] chromatin silencing at telomere*
143 YKL052C ASK1 mitotic spindle organization and biogenesis in nucleus*
144 YJR128W _ biological process unknown
145 YOL148C SPT20 histone acetylation*
146 YGL120C PRP43 U2-type spliceosome dissembly
147 YPL139C UMEI regulation of meiosis
148 YDRS508C GNPI amino acid transport
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149 YELO036C ANPI N-linked glycosylation
150 YGRO92W DBF2 protein amino acid phosphorylation*
151 YBR208C DURI1,2  allantoin catabolism*

152 YJL106W IME2 protein amino acid phosphorylation*

153 YLR144C ACF2 actin cytoskeleton organization and biogenesis
154 YPR152C - biological process unknown

155 YARO061W - biological process unknown

156 YJL120W _ biological process unknown

157 YGL249W ZIp2 synaptonemal complex formation

158 YNLO14W HEF3 translational elongation
159 YBR225W - biological process unknown
160 YOR329C SCD5 endocytosis*

161 YBR248C HIS7 histidine biosynthesis*

162 YKL114C APNI DNA repair*

163 YDL156W - biological process unknown

164 YBL067C UBPI3 biological process unknown

165 YDR299W BFR2 ER to Golgi transport

166 YGRI126W - biological process unknown

167 YML109W ZDS2 establishment of cell polarity (sensu Fungi)*
168 YMLO08C ERG6 ergosterol biosynthesis

169 YDR120C TRM1 tRNA methylation

170 YIL141W _ biological process unknown

171 YNL181W - biological process unknown

172 YALO043C PTAI mRNA polyadenylylation*

173 YBR113W _ biological process unknown

174 YDR256C CTAl oxygen and reactive oxygen species metabolism
175 YNL196C - biological process unknown

176 YNL317W PFS2 mRNA polyadenylylation*

177 YGL214W _ biological process unknown

178 YJL084C - biological process unknown

179 YER128W - biological process unknown

180 YDL147W RPNS ubiquitin-dependent protein catabolism
181 YFRO30W METIO sulfate assimilation

182 YBRO12W-A biological process unknown

183 YNL169C PSDI phosphatidylcholine biosynthesis
184 YLR256W-A  _ biological process unknown

185 YMR226C - metabolism

186 YIR021W MRSI1 Group I intron splicing
187 YELOS6W HAT2 chromatin silencing at telomere*
188 YMLO57TW CMP2 cell ion homeostasis*

189 YOL107W - biological process unknown

190 YGR211W ZPRI regulation of cell cycle

191 YHRO14W SPOI13 positive regulation of sister chromatid cohesion
192 YELO046C GLYI threonine catabolism*

193 YKRO15C - biological process unknown

194 YJRO16C ILV3 branched chain family amino acid biosynthesis

195 YBR233W PBP2 biological process unknown

196 YOR310C NOPS58 rRNA modification*

197 YHRO86W NAMS nuclear mRNA splicing, via spliceosome*

198 YORO098C NUP! mRNA-nucleus export*

199 YHL009C YAP3 regulation of transcription from RNA polymerase I1
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200 YHR135C YCK! protein amino acid phosphorylation*
201 YBL022C PIMI proteolysis and peptidolysis*
202 YELO66W HPA3 histone acetylation
203 YLR244C MAPI proteolysis and peptidolysis
204 YIL133C RPL164  protein biosynthesis
205 YOR233W KIN4 biological process unknown
206 YFR024C-A  LSB3 actin filament organization
207 YBL042C FUll uridine transport
208 YBLO11W SCT! phospholipid biosynthesis
209 YDR352W - biological process unknown
210 YIL056C ZAPI regulation of transcription from RNA polymerase 11
promoter*
211 YDRO11W SNQ2 response to drug*
212 YGL122C NAB2 mRNA polyadenylylation*
213 YOR271C - biological process unknown
214 YELO30W ECM10 protein-mitochondrial targeting*
215 YMLO18C - biological process unknown
216 YMRO84W - biological process unknown
217 YMLO083C - biological process unknown
218 YIL102W MEF2 translational elongation
219 YMR301C ATMI1 iron ion homeostasis
220 YKRO57W RPS214  protein biosynthesis
221 YGRO38W ORM1 response to unfolded protein
222 YMR259C - biological process unknown
223 YGR168C - biological process unknown
224 YDL221W _ biological process unknown
225 YNL164C IBD2 mitotic spindle checkpoint
226 YMR258C - biological process unknown
227 YMR102C - biological process unknown
228 YMR186W HSC82 response to stress*
229 YDRS01W PLM2 G1/S-specific transcription in mitotic cell cycle
230 YDR106W ARPI0 biological process unknown
231 YOR349W CIN1 post-chaperonin tubulin folding pathway*
232 YHLO045W _ biological process unknown
233 YKL113C RAD27 DNA repair*
234 YDR432W NPL3 mRNA-nucleus export
235 YNL184C B biological process unknown
236 YJLO19W MPS3 mitotic sister chromatid cohesion*
237 YORO83W WHI5 G1/8S transition of mitotic cell cycle*
238 YLLO18C-A  COXI9 cytochrome ¢ oxidase complex assembly*
239 YLR138W NHAI monovalent inorganic cation homeostasis
240 YDR126W SWF1 spore wall assembly (sensu Fungi)
241 YER027C GALS3 protein amino acid phosphorylation*
242 YMRI33W RECII4  meiotic recombination*
243 YOR381W FRE3 iron ion homeostasis*
244 YPR148C - biological process unknown
245 YILO36W CST6 transcription initiation from RNA polymerase II promoter*
246 YKL197C PEX1 peroxisome organization and biogenesis
247 YILO72W HOPI meiosis*
248 YJL212C OPTI sulfur metabolism
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249 YKL102C _ biological process unknown
250 YERO86W ILV1 branched chain family amino acid biosynthesis
251 YER122C GLO3 ER to Golgi transport*
252 YLR139C SLS1 protein biosynthesis*
253 YOR138C RUPI biological process unknown
254 YMR192W GYLI ER to Golgi transport*
255 YLRI150W STM1 telomere maintenance*
256 YLLO057C JLPI sulfur metabolism
257 YER065C ICL1 glyoxylate cycle
258 YGLO13C PDRI regulatiox: of transcription from RNA polymerase II
promoter
259 YNRO34W SOL1 tRNA-nucleus export*
260 YBRO80C SECI8 ER to Golgi transport*
261 YJLO41W NSP1 mRNA-nucleus export*
262 YERO048C CAJI biological process unknown
263 YDL187C _ biological process unknown
264 YDL227C HO mating type switching and recombination*
265 YIL109C SEC24 ER to Golgi transport*
266 YML099C ARGS1 arginine metabolism*
267 YGL196W - biological process unknown
268 YNL290W RFC3 mismatch repair*
269 YCRO52W RSC6 chromatin remodeling
270 YKROS55W RHO4 actin filament organization*
271 YNLO042W BOP3 response to mercury ion
272 YDR142C PEX7 peroxisome organization and biogenesis*
273 YDL214C PRR2 MAPKKK cascade
274 YOLO080C REX4 rRNA processing*
275 YORO030W DFGI6 invasive growth (sensu Saccharomyces)*
276 YDR294C DPLI sphingolipid metabolism*
277 YHRO094C HXTI hexose transport
278 YPR145W ASNI asparagine biosynthesis
279 YERI37C-A  _ biological process unknown
280 YORI113W AZF1 regulation of transcription, DNA-dependent*
281 YBR213W METS sulfate assimilation*
282 YJL024C APS3 vesicle-mediated transport*
283 YNLOS8W TOP2 meiotic recombination*
284 YBR179C FZo1 mitochondrion organization and biogenesis*
285 YFL034W - biological process unknown
286 YKLOS1W SFK1 actin cytoskeleton organization and biogenesis*
287 YIL137C RBF108  proteolysis and peptidolysis
288 YER189W - biological process unknown
289 YMRO37C MSN2 response to stress*
290 YDLO054C MCH1I transport
291 YHR106W TRR2 response to oxidative stress
292 YBLO091C MAP2 proteolysis and peptidolysis
293 YIL140W AXL2 bud site selection*
294 YMLOO5SW TRM12 biological process unknown
295 YGRO97TW ASK10 response to oxidative stress*
296 YBL066C SEF1 biological process unknown
297 YIL022W TIM44 mitochondrial matrix protein import
298 YGL130W CEG1 positive regulation of transcription from RNA polymerase 11
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299 YBRI115C LYS2 lysine biosynthesis, aminoadipic pathway
300 YDR486C VPS60 late endosome to vacuole transport*
301 YMRO16C SOK2 pseudohyphal growth
302 YIL117C PRMS5 conjugation with cellular fusion
303 YORO39W CKB2 protein amino acid phosphorylation*
304 YOL115W TRF4 mitotic sister chromatid cohesion*
305 YMR106C YKUS0 chromatin assembly or disassembly*
306 YOR378W - biological process unknown
307 YNL228W _ biological process unknown
308 YLRO95C 10C2 chromatin remodeling
309 YLR198C _ biological process unknown
310 YGRO083C GCD2 translational initiation
311 YLR460C - biological process unknown
312 YNL243W SLA2 cell wall organization and biogenesis*
313 YPRO96C _ biological process unknown
314 YNLO61W NOP2 rRNA processing
315 YMR203W TOM40 mitochondrial matrix protein import
316 YBL082C ALG3 protein amino acid glycosylation*
317 YER176W ECM32 regulation of translational termination
318 YLR228C ECM22 sterol biosynthesis
319 YBR198C TAFS transcription initiation from RNA polymerase II promoter*
320 YBR263W SHM1 one-carbon compound metabolism
321 YGR205W - biological process unknown
322 YMR183C S802 vesicle fusion*
323 YGL203C KEX] protein processing
324 YNL166C BNI5 cytokinesis*
325 YLR172C DPHS5 peptidyl-diphthamide biosynthesis from peptidyl-histidine
326 YORI198C BFRI meiosis*
327 YDL023C _ biological process unknown
328 YKR066C CcCpPl response to oxidative stress
329 YARO15W ADE] purine nucleotide biosynthesis*
330 YOR218C _ biological process unknown
331 YNROO6W VyPS27 protein-Golgi retention*
332 YILOS5C - biological process unknown
333 YOR365C - biological process unknown
334 YLR338W _ biological process unknown
335 YJL020C BBC! actin cytoskeleton organization and biogenesis
336 YEL076C - biological process unknown
337 YMLO1OW-A biological process unknown
338 YEL042W GDAl protein amino acid glycosylation
339 YMRO18W - biological process unknown
340 YFL065C - biological process unknown
341 YALO14C SYNS transport
342 YNL176C - biological process unknown
343 YLR188W MDL] oligopeptide transport
344 YBL007C SLAI cell wall organization and biogenesis*
345 YGRO009C SECY vesicle fusion*
346 YDR289C RTTI103  negative regulation of DNA transposition
347 YDR351W SBE2 cell wall organization and biogenesis
348 YDR480W DIG2 invasive growth (sensu Saccharomyces)
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349 YBRO83W TECI pseudohyphal growth*
350 YBLO81W - biological process unknown
351 YHR146W CRP] biological process unknown
352 YGLO023C PIB2 vesicle-mediated transport
353 YJLO83W TAX4 cell wall organization and biogenesis*
354 YERO089C PTC2 G1/S transition of mitotic cell cycle*
355 YIRO15W RPR2 tRNA processing
356 YMR210W - biological process unknown
357 YMRO044W 10C4 chromatin remodeling
358 YMR213W CEF1 nuclear mRNA splicing, via spliceosome
359 YELO76W-C biological process unknown
360 YNL230C ELAl RNA elongation from RNA polymerase II promoter
361 YHRO06W STP2 positive regulation of transcription from RNA polymerase II
promoter
362 YBR280C - biological process unknown
363 YDR485C VPS72 protein-vacuolar targeting*
364 YOLO59W GPD2 glycerol metabolism
365 YHLO006C SHU1 error-free DNA repair
366 YKL029C MAE] pyruvate metabolism*
367 YJR092W BUD4 bud site selection*
368 YKL187C - biological process unknown
369 YAR044W _ biological process unknown
370 YELO075C - biological process unknown
371 YNLO92W - biological process unknown
372 YOL126C MDH? gluconeogenesis*
373 YMR300C ADE4 purine nucleotide biosynthesis*
374 YMR323W ERR3 biological process unknown
375 YDR490C PKHI protein amino acid phosphorylation*
376 YFRO18C - biological process unknown
377 YGR204W ADE3 purine base biosynthesis*
378 YLR134W PDC5 pyruvate metabolism*
379 YKR045C - biological process unknown
380 YELO65W SIT1 iron ion homeostasis*
381 YKR043C - biological process unknown
382 YOR290C SNF2 chromatin remodeling
383 YDR384C ATO3 transport*
384 YFLO5S5W AGP3 amino acid transport
385 YBR145W ADHS alcohol metabolism
386 YLR234W TOP3 meiotic recombination*
387 YBR212W NGRI mitochondrion organization and biogenesis*
388 YBRO15C MNN2 protein amino acid glycosylation
389 YFRO10W UBP6 protein deubiquitination
390 YHR100C - biological process unknown
391 YHL004W MRP4 protein biosynthesis
392 YHR208W BATI branched chain family amino acid biosynthesis*
393 YJL107C - biological process unknown
394 YGL255W ZRTI high-affinity zinc ion transport
395 YLLO13C PUF3 mRNA catabolism, deadenylylation-dependent decay
396 YBLO061C SKT5 response to osmotic stress*
397 YLR248W RCK2 protein amino acid phosphorylation*
398 YLR207W HRD3 ER-associated protein catabolism
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399 YGL125W METI3 methionine metabolism*
400 YML074C FPR3 biological process unknown
401 YBLO77W _ biological process unknown
402 YKL025C PAN3 DNA repair*
403 YJL162C JJJ2 biological process unknown
404 YDL224C WHI4 regulation of cell size
405 YDRS522C SPS2 sporulation (sensu Fungi)*
406 YPL281C ERR2 biological process unknown
407 YGR213C RTAl biological process unknown
408 YGL157W - biological process unknown
409 YGRO13W SNU71 nuclear mRNA splicing, via spliceosome
410 YPR203W - biological process unknown
411 YDR207C UMEG6 sporulation (sensu Fungi)*
412 YDR169C STB3 biological process unknown
413 YKRO035C B biological process unknown
414 YILO9SW PRK] protein amino acid phosphorylation*
415 YDR464W SPP4] negative regulation of transcription from RNA polymerase II
promoter
416 YLRO58C SHM?2 one-carbon compound metabolism
417 YHLO08C - biological process unknown
418 YPL162C - biological process unknown
419 YORI181W LAS17 endocytosis*
420 YHR218W - biological process unknown
421 YDR448W ADA2 histone acetylation*
422 YNL190W - response to dessication
423 YDL184C RPL4]A  protein biosynthesis
424 YIL160C POTI fatty acid beta-oxidation
425 YMR108W ILv2 branched chain family amino acid biosynthesis
426 YJL172W CPS1 proteolysis and peptidolysis*
427 YDL233W - biological process unknown
428 YDLO85W NDE2 ethanol fermentation*
429 YKL050C - biological process unknown
430 YOR042W CUES biological process unknown
431 YGR256W GND2 glucose metabolism
432 YNLO007C SIS1 protein folding*
433 YCRO004C YCP4 biological process unknown
434 YIR014W - biological process unknown
435 YOLO19W - biological process unknown
436 YJR045C SSC1 protein folding*
437 YLR417TW VPS36 protein-vacuolar targeting*
438 YDRO054C CDC34 G1/S transition of mitotic cell cycle*
439 YALOS8C-A  _ biological process unknown
440 YHR096C HXTS5 hexose transport
441 YGL204C biological process unknown
442 YJLO18W biological process unknown
443 YNLO5S7TW _ biological process unknown
444 YFRO21W ATGI18 protein-vacuolar targeting*
445 YARO35W YATI alcohol metabolism*
446 YBL030C PETY9 aerobic respiration*
447 YOL152W FRE7 biological process unknown
448 YDR282C - biological process unknown
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449 YORO027W STI1 protein folding
450 YOL027C MDM38  mitochondrion organization and biogenesis*
451 YMR189W GCr2 one-carbon compound metabolism*
452 YOR324C FRTI response to stress
453 YFLO67TW - biological process unknown
454 YDL042C SIR2 chromatin silencing at telomere*
455 YDL106C PHO?2 transcription*
456 YJR120W - mitochondrion organization and biogenesis*
457 YER103W SSA44 response to stress*
458 YBLO9SW ATPI ATP synthesis coupled proton transport
459 YMLO58C-A biological process unknown
460 YDL223C HBTI cizjglérr morphogenesis during conjugation with cellular
461 YDR187C _ biological process unknown
462 YKL184W SPE1 pantothenate biosynthesis*
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Table V

List of down-regulated genes both in the ethanol-adapted and the control
strains. The asterisk (*) indicated a main biological process of encoding protein.

Number Systematic Standard Biological Process
name name
1 YDLO037C BSC1 biological process unknown
2 YGL089C MF(ALPHA)2 response to.pheromone during conjugation with
cellular fusion
3 YHR215W PHOI12 biological process unknown
4 YJR004C SAG1 agglutination during conjugation with cellular fusion
5 YARO71W PHOI1 phosphate metabolism
6 YKL216W URAI pyrimidine base biosynthesis
7 YLR432W IMD3 GTP biosynthesis
8 YHR136C SPL2 response to temperature
9 YOLO14W - biological process unknown
10 YDLO039C PRM7 conjugation with cellular fusion
11 YBR093C PHOS phosphate metabolism*
12 YDR144C MKC7 proteolysis and peptidolysis
13 YPR118W - methionine salvage
14 YKL177TW _ biological process unknown
15 YGL263W COoS12 biological process unknown
16 YFRO55W - sulfur metabolism*
17 YELO040W UTR2 cell wall organization and biogenesis
18 YPL263C KEL3 biological process unknown
19 YBR238C - biological process unknown
20 YNLO40W - biological process unknown
1 YKL178C STE3 :illgslll;l, transduction during conjugation with cellular
22 YARO73W IMDI] biological process unknown
23 YPR116W - biological process unknown
24 YJL218W - biological process unknown
25 YNRO003C RPC34 transcription from RNA polymerase III promoter
26 YBR092C PHO3 phosphate metabolism*
27 YPL126W NANI processing of 2biological process unknownS pre-rRNA
28 YJLO014W CCT3 protein folding*
29 YNRO75W COoS10 endocytosis
30 YMR205C PFK2 glycolysis
31 YHR214W - biological process unknown
32 YLR359W ADEI3 purine nucleotide biosynthesis*
13 YGR200C ELP2 regulation of transcription from RNA polymerase 11
promoter
34 YDRO091C RLII translational initiation*
35 YMR217TW GUAI GMP metabolism
36 YBRO31W RPL4A4 protein biosynthesis
37 YOR243C PUS7 tRNA modification*
38 YBR196C PGl glycolysis*
39 YBR220C - biological process unknown
40 YNL209W SSB2 protein biosynthesis
41 YKLO021C MAKI1 ribosomal large subunit biogenesis
42 YHR216W IMD2 GTP biosynthesis
43 YBR296C PHOS9 phosphate transport
44 YOL141W PPM2 biological process unknown
45 YNL049C SFB2 ER to Golgi transport
46 YMLO75C HMGI ergosterol biosynthesis
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Standard

Number Biological Process
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47 YPLO28W ERG10 ergosterol biosynthesis
48 YKL143W LTV response to osmotic stress*
49 YJR024C - biological process unknown
50 YER156C - biological process unknown
51 YJLO12C VTC4 vacuole fusion, non-autophagic
52 YGR177C ATF2 steroid metabolism
53 YDRO12W RPL4B protein biosynthesis
54 YOL105C WSC3 cell wall organization and biogenesis*
55 YMR229C RRPS5 rRNA processing*
56 YLR304C ACOI mitochondrial genome maintenance*
57 YJLO80C SCP160 chromosome segregation*
58 YPRO33C HTS! histidyl-tRNA aminoacylation
59 YERI110C KAPI23 protein-nucleus import
60 YARO68W - biological process unknown
61 YFRO56C _ biological process unknown
62 YJROO2W MPP10 rRNA modification*
63 YLRO60W FRS1 phenylalanyl-tRNA aminoacylation
64 YDL241W - biological process unknown
65 YKL215C - biological process unknown
66 YML127W RSC9 regulation of transcription from RNA polymerase II
promoter*
67 YOR341W RPAI90 transcription from RNA polymerase I promoter
68 YGLO009C LEUI leucine biosynthesis
69 YDL150W RPC53 transcription from RNA polymerase III promoter
70 YDL084W SUB2 mRNA-nucleus export*
71 YKR026C GCN3 translational initiation
72 YHRI197W RIX1 35S primary transcript processing*
73 YDR361C BCPI biological process unknown
74 YLLO02W RTT109 negative regulation of DNA transposition
75 YIL157C FARI ;lllgslll:i :ransduction during conjugation with cellular
76 YDL154W MSHS5 meiotic recombination
77 YHR170W NMD3 ribosomal large subunit assembly and maintenance*
78 YDR324C UTP4 processing of 2biological process unknownS pre-rRNA
79 YDLI151C _ biological process unknown
80 YJR153W PGUI pseudohyphal growth*
81 YGRI159C NSRI rRNA processing*
82 YKLI127W PGMI1 glucose 1-phosphate utilization*
83 YIL121W ODR2 multidrug transport
84 YJR105W ADOI purine base metabolism
85 YDLO036C - biological process unknown
86 YBR281C - biological process unknown
87 YDR341C - protein biosynthesis
88 YORI153W PDRS response to drug*
89 YLR040C - biological process unknown
90 YML123C PHOS84 phosphate transport*
91 YDR376W ARHI iron ion homeostasis*
92 YMR211W DMLI mitochondrial genome maintenance*
93 YDL062W _ biological process unknown
94 YCL029C BIK1 mitotic spindle organization and biogenesis in nucleus*
95 YKL181W PRSI histidine biosynthesis*
96 YEL045C biological process unknown
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97 YOR146W _ biological process unknown
98 YLR143W - biological process unknown
99 YBR298C MAL31 alpha-glucoside transport
100 YFROO9W GCN20 regulation of translational elongation
101 YLRO41W _ biological process unknown
102 YMRO093W UTPI5 processing of 2biological process unknownS pre-TRNA
103 YPL145C KESI vesicle-mediated transport*
104 YIL198W PHO90 phosphate transport
105 YGL149W _ biological process unknown
106 YHR064C 8871 protein biosynthesis
107 YLRI129W DIp2 processing of 2biological process unknownsS pre-rRNA
108 YDR165W TRM82 tRNA methylation
109 YDRS537C _ biological process unknown
110 YDLO090C RAMI protein amino acid farnesylation
111 YNL174W _ biological process unknown
112 YNLI132W KRE33 biological process unknown
113 YJL069C UTPI8 35S primary transcript processing
114 YHRO005C GPAl ;lllgs?;ll transduction during conjugation with cellular
115 YNL148C ALF1 post-chaperonin tubulin folding pathway*
116 YLR181C VTAl late endosome to vacuole transport
117 YDL096C _ biological process unknown
118 YIR026C YVHI sporulation (sensu Fungi)*
119 YGR162W TIF4631 translational initiation
120 YJR042W NUP85 mRNA-nucleus export*
121 YMRO038C CCS1 intracellular copper ion transport
122 YBL012C _ biological process unknown
123 YLR413W - biological process unknown
124 YBR219C - biological process unknown
125 YOL155C - cell wall organization and biogenesis
126 YILO78W THS1 protein biosynthesis
127 YLR100W ERG27 ergosterol biosynthesis
128 YCLO030C HIS4 histidine biosynthesis
129 YDR044W HEM13 heme biosynthesis
130 YDR321W ASP1 asparagine catabolism
131 YBRO0O79C RPGI1 translational initiation
132 YARO42W SWH1 steroid biosynthesis
133 YJL182C _ biological process unknown
134 YBL076C ILS1 protein biosynthesis
135 YBRO8SW AAC3 anaerobic respiration
136 YGR190C _ biological process unknown
137 YMR212C EFR3 cellular morphogenesis
138 YNL307C MCKI protein amino acid phosphorylation*
139 YFL002C SPB4 35S primary transcript processing*
140 YBR186W PCH2 regulation of meiosis
141 YBLO0OW - meiosis
142 YOL104C NDJ1 synapsis*
143 YGR249W MGAl filamentous growth
144 YOR301W RAXI bud site selection
145 YKL191W DPH? p;p?iqyl-diphthamide biosynthesis from peptidyl-
histidine
146 YER044C-A  MEH4 sporulation (sensu Fungi)*
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147 YDR292C SRP101 protein-ER targeting*
148 YMRO12W CLU! translational initiation*
149 YGR115C _ biological process unknown
150 YLR1I8OW SAMI methionine metabolism
151 YOR254C SEC63 posttranslational protein-membrane targeting*
152 YJR146W _ biological process unknown
153 YMR290W-A biological process unknown
154 YJLO08C CCT8 protein folding*
155  YER025W GCD11 translational initiation
156 YFR028C CDC14 protein amino acid dephosphorylation*
157 YGL239C _ biological process unknown
158 YDRO023W SESI seryl-tRNA aminoacylation
159 YELO55C POLS rRNA transcription
160 YHR183W GND!1 response to oxidative stress*
161 YHRO70W TRMS5 tRNA methylation
162 YDLO033C SLM3 protein biosynthesis*
163 YDR344C _ biological process unknown
164 YKRO60W UTP30 35S primary transcript processing
165 YBRO034C HMTI mRNA-nucleus export*
166 YNRO43W MVDI ergosterol biosynthesis*
167 YGRO068C - biological process unknown
168 YBLO13W FMT] translational initiation*
169 YJR129C - biological process unknown
170 YCRO11C ADPI transport
171 YJRO15W - biological process unknown
172 YBLO16W FUS3 protein amino acid phosphorylation*
173 YLR196W PWPI rRNA processing
174 YCLO20W _ biological process unknown
175 YGLO069C _ biological process unknown
176 YPL082C MOTI regulation of transcription from RNA polymerase 11
promoter
177 YIL219W HXT9 hexose transport
178 YMLO037C - biological process unknown
179 YALO025C MAKI16 ribosomal large subunit biogenesis
180 YDR112W _ biological process unknown
181 YDRO60W MAK21 ribosomal large subunit assembly and maintenance
182 YBL104C - biological process unknown
183 YOR315W - biological process unknown
184 YOR361C PRTI translational initiation
185 YDL148C NOP14 processing of 2biological process unknownS pre-rRNA
186 YBL014C RRN6 transcription from RNA polymerase I promoter
187 YOL022C - biological process unknown
188 YOR272W YTMI ribosomal large subunit biogenesis*
189 YHR120W MSH1 DNA repair
190 YPR197C _ biological process unknown
191 YER118C SHO! pseudohyphal growth*
192 YOLO021C DIS3 35S primary transcript processing*
193 YBRO84W MISI nucleob.':lse, nucleoside, nucleotide and nucleic acid
metabolism*
194 YMR233W - biological process unknown
195 YLRO029C RPLI5A protein biosynthesis
196 YBR266C biological process unknown
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197 YDR192C NUP42 mRNA-nucleus export*

198 YPR176C BET2 protein amino acid geranylgeranylation

199 YLR114C AVLY biological process unknown

200 YGLO97W SRM1 rRNA-nucleus export*

201 YIL134W FLX1 FAD transport

202 YHLO3SW - biological process unknown

203 YIR147W HMS2 pseudohyphal growth

204 YIRO12W SQT1 ribosomal large subunit assembly and maintenance

205 YBLO032W HEK2 telomerase-dependent telomere maintenance*

206 YJL216C - biological process unknown

207 YIL186W MNN5 protein amino acid glycosylation

208 YJRO53W BFAl conjugation with cellular fusion*

209 YKL201C MNN4 response to stress*

210 YML126C ERGI13 ergosterol biosynthesis

211 YHRO19C DED81 asparaginyl-tRNA aminoacylation

212 YAL048C GEMI vesicle-mediated transport

213 YDL143W CCT4 protein folding*

214 YBR104W YMC2 transport

215 YGL234W ADES,7 purine nucleotide biosynthesis*

216 YERO055C HIS1 histidine biosynthesis

217 YLR449W FPR4 biological process unknown

218 YHR124W NDTS80 meiosis*

219 YJR132W NMDS5 protein-nucleus import

220 YNLO19C - biological process unknown

221 YHLO11C PRS3 histidine biosynthesis*

222 YLR339C _ biological process unknown

223 YDR437W - biological process unknown

224 YDR390C UBA2 protein sumoylation

225 YOR393W ERRI biological process unknown

226 YOR168W GLN4 glutaminyl-tRNA aminoacylation

27 YCLO66W HMIALPHAI regulatiori of transcription from RNA polymerase II
promoter

228 YBR244W GPX2 response to oxidative stress

229 YNLO33W - biological process unknown

230 YMR224C MREI11 DNA repair*

231 YER107C GLE2 mRNA-nucleus export*

232 YMR209C - biological process unknown

233 YDRO37W KRS1 lysyl-tRNA aminoacylation

234 YNL288W CAF40 regulation of transcription from RNA polymerase II
promoter

235 YGL170C SPO74 sporulation (sensu Fungi)

236 YGL201C MCM6 DNA replication initiation*

237 YHRO089C GARI rRNA modification*

238 YFL004W Vre2 vacuole fusion, non-autophagic*

239 YHR177W - biological process unknown

240 YGL207TW SPTI16 chromatin remodeling*

241 YGR145W ENP2 rRNA processing

242 YBL106C SRO77 exocytosis*

243 YDL129W - biological process unknown

244 YJL195C N biological process unknown

245 YARO060C _ biological process unknown

246 YDR395W SXM1 mRNA-nucleus export*
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247 YGRO31W - biological process unknown
248 YNL313C - karyogamy
249 YDR281C PHM¢6 biological process unknown
250 YBR245C ISW1 chromatin remodeling
251 YGRI124W ASN2 asparagine biosynthesis
252 YOLO61W - PRSS histidine biosynthesis*
253 YER172C BRR2 U2-type spliceosome conformational change to release
U4 and Ul
254 YOR217W RFC1 DNA repair*
- 255 YDR353W TRRI regulation of cell redox homeostasis
256 YNLO35C - biological process unknown
757 YOR212W STE4 ;ﬁt;:itransduction during conjugation with cellular
258 YIL131C FKHI pseudohyphal growth*
259 YDR398W UTPS processing of 2biological process unknownS pre-rRNA
260 YILO39W - biological process unknown
261 YCLO17C NFSI iron ion homeostasis*
262 YDL226C GCS1 ER to Golgi transport*
263 YDR132C - biological process unknown
264 YMR290C HAS1 rRNA processing
265 YNL220W ADEI2 purine nucleotide biosynthesis*
266 YNL105W _ biological process unknown
267 YOR127W RGAI actin filament organization*
268 YNRO062C - biological process unknown
269 YNL279W PRM1 plasma membrane fusion
270 YMR266W RSN1 biological process unknown
271 YMR246W FAA4 lipid metabolism*
272 YDRS521W _ biological process unknown
273 YJLO5S0W MTR4 35S primary transcript processing*
274 YILOO3W CFDI iron-sulfur cluster assembly
275 YGL0O60W YBP2 biological process unknown
276 YMR128W ECMI6 f}r{c;:‘is’fing of 2biological process unknownS pre-
277 YLR115W CFT2 mRNA polyadenylylation*
278 YGL251C HFM1 meiosis*
279 YNL175C NOPI13 biological process unknown
280 YGR185C TYSI tyrosyl-tRNA aminoacylation
281 YARO066W - biological process unknown
282 YLLO16W SDC25 Ras protein signal transduction
283 YOR206W NOC2 ribosome assembly*
284 YELO037C RAD23 ER-associated protein catabolism*
285 YDL102W CDC2 nucleotide-excision repair*
286 YJL175W _ biological process unknown
287 YMR235C RNAI rRNA-nucleus export*
288 YMR220W ERGS8 ergosterol biosynthesis*
289 YDR380W ARO10 leucine catabolism*
290 YGLO076C RPL7A4 protein biosynthesis
291 YBRO017C KAP104 protein-nucleus import*
292 YDRS35C _ biological process unknown
293 YGL148W ARO2 aromatic amino acid family biosynthesis
294 YMRO092C AIP] response to osmotic stress*
295 YGR233C PHO81 phosphate metabolism
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296 YOR241W MET7 one-carbon compound metabolism
297 YBR288C APM3 vesicle-mediated transport*
298 YLRO083C EMP70 transport
299 YHR214W-A biological process unknown
300 YDR443C SSN? negative regulation of transcription from RNA
polymerase II promoter
301 YPL190C NAB3 regulation of transcription from RNA polymerase II
promoter
302 YORI141C ARPS8 biological process unknown
303 YOL046C _ biological process unknown
304 YNLO095C - biological process unknown
305 YLRO32W RADS DNA repair
306 YMLO082W - sulfur metabolism
307 YHR137W ARO9 aromatic amino acid family metabolism
308 YIJR060W CBF1 chromatin assembly or disassembly*
309 YNL233W BNI4 chitin biosynthesis*
310 YDRO04W RADS57 telomerase-independent telomere maintenance*
311 YERO003C PMI40 protein amino acid glycosylation*
312 YLRO85C ARP6 protein-vacuolar targeting*
313 YLR410W-A biological process unknown
314 YOLO77C BRX1 ribosomal large subunit assembly and maintenance
315 YJL105W SET4 biological process unknown
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Table VI List of down-regulated genes only in the control strain. The asterisk (*)
indicated a main biological process of encoding protein.

Systematic Standard

Number Biological Process
name name

1 YGL253W HXK2 replicative cell aging*

2 YBLO039C URA7 phospholipid biosynthesis*

3 YMLO056C IMD4 biological process unknown

4 YLR249W YEF3 translational elongation

5 YLR385C SWC7 chromatin remodeling

6 YMLO93W UTP14 processing of 2biological process unknownS pre-rRNA
7 YPLO19C VIC3 vacuole fusion, non-autophagic

8 YKRO59W TIF1 translational initiation

9 YJRO71W _ biological process unknown

10 YDL167C NRP1 biological process unknown

11 YNL024C - biological process unknown

12 YNL141W AAH] adenine catabolism

13 YPL266W DIM] rRNA modification*

14 YPLO12W RRPI12 processing of 2biological process unknownS pre-rRNA*
15 YOL097C WRS1 tryptophanyl-tRNA aminoacylation

16 YLR303W METI17 methionine metabolism*

17 YNL182C 13 35S primary transcript processing*

18 YGR265W N biological process unknown

19 YLR409C UTP21 35S primary transcript processing
20 YNRO42W N biological process unknown
21 YPL207TW - biological process unknown
22 YKRO27TW FMP50 biological process unknown
23 YALO022C FUN26 nucleoside transport
24 YARO75W - biological process unknown
25 YPR163C TIF3 translational initiation
26 YNL198C B biological process unknown
27 YMR116C ASC1 biological process unknown
28 YPL044C _ biological process unknown
29 YLR433C CNAl cell wall organization and biogenesis*
30 YCRO072C - biological process unknown

31 YPRO41W TIFS regulation of translational initiation*

32 YMRI131C RRBI ribosome biogenesis

33 YJRO70C LIAI microtubule cytoskeleton organization and biogenesis
34 YCLO059C KRRI] rRNA processing*
35 YCRO57C PWP2 35S primary transcript processing*
36 YDRO020C - biological process unknown
37 YPROOOW SUT? regulatiml of transcription from RNA polymerase II

promoter

38 YPRO48W TAHIS8 biological process unknown
39 YDR496C PUF6 regulation of transcription, mating-type specific
40 YNLO26W SAMS50 protein complex assembly*
41 YCL046W _ biological process unknown
42 YDR434W GPI17 attachment of GPI anchor to protein
43 YCLO54W SPBI processing of 27S pre-rRNA
44 YGLOOIC ERG26 ergosterol biosynthesis
45 YGR175C ERGI ergosterol biosynthesis
46 YNL178W RPS3 protein biosynthesis*
47 YBRI189W RPS9B protein biosynthesis*
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Number Systematic Standard Biological Process
name name
48 YPR198W SGE] response to drug*
49 YNRO53C NOG2 ribosome assembly*
50 YHR109W CTM1 protein modification
51 YLR420W URA4 pyrimidine nucleotide biosynthesis
52 YLR452C SST2 signal transduction*
53 YLR222C UTPI13 processing of 2biological process unknownS pre-rRNA
54 YNL296W _ biological process unknown
S5 YILOOOW FAA3 lipid metabolism*
56 YPL208W - biological process unknown
57 YPLI31W RPLS protein biosynthesis*
58 YPRO10C RPAI35  transcription from RNA polymerase I promoter
59 YPR144C NOC4 processing of 2biological process unknownS pre-TRNA*
60 YDLO080C THI3 thiamin biosynthesis
61 YGLO12W ERG4 ergosterol biosynthesis
62 YPL273W SAM4 sulfur amino acid metabolism
63 YDR190C RVBI regulatior:= of transcription from RNA polymerase II
promoter
64 YDR428C - biological process unknown
65 YOR385W - biological process unknown
66 YDL178W DLD2 biological process unknown*
67 YGLO034C _ biological process unknown
68 YDLO14W NOPI] rRNA modification*
69 YPRO19W CDC54 DNA replication initiation*
70 YOR192C-A biological process unknown
71 YNL324W _ biological process unknown
72 YEROO7TW PAC2 post-chaperonin tubulin folding pathway*
73 YHR149C SKG6 biological process unknown
74 YDR465C RMT2 peptidyl-arginine methylation
75 YGRO91W PRP31 nuclear mRNA splicing, via spliceosome
76 YGL123W RPS2 protein biosynthesis*
77 YJR003C - biological process unknown
78 YLR212C TUB4 mitotic spindle organization and biogenesis in nucleus*
79 YHRO72W ERG7 ergosterol biosynthesis
80 YDR268W MSW1 tryptophanyl-tRNA aminoacylation
81 YJLO25W RRN7 transcription from RNA polymerase I promoter
82 YDL104C ORI7 proteolysis and peptidolysis
83 YMLO60W 0GG1 DNA repair*
84 YER181C _ biological process unknown
85 YBR174C _ biological process unknown
86 YJL183W MNNI11 protein amino acid glycosylation
87 YGR245C SDAI actin cytoskeleton organization and biogenesis*
88 YEROOSW YNDI protein amino acid glycosylation
89 YMR243C ZRC1 zinc ion homeostasis*
90 YDL103C QRI1 UDP-N-acetylglucosamine biosynthesis
91 YOLO052C SPE2 pantothenate biosynthesis*
90 YPLO86C ELP3 regulation of transcription from RNA polymerase 11
promoter
93 YDL112W TRM3 tRNA methylation
94 YMRO11W HXT2 hexose transport
95 YDR149C _ biological process unknown
96 YJLO58C BIT61 biological process unknown
97 YGL047W ALGI3 dolichol-linked oligosaccharide biosynthesis
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Systematic Standard

Number Biological Process
name name
98 YNL248C RPA49 transcription from RNA polymerase I promoter
99 YLLO31C GPII3 GPI anchor biosynthesis

100 YCLOS5W KAR4 meiosis*
101 YOL093W TRM10 tRNA methylation

102 YPR136C _ biological process unknown

103 YDR327W _ biological process unknown

104 YJLO10C - rRNA processing

105 YJL109C UTPI0 processing of 2biological process unknownS pre-rRNA

106 YPRO54W SMK1 protein amino acid phosphorylation*
107 YGR264C MESI methionyl-tRNA aminoacylation
108 YHR169W DBPS8 35S primary transcript processing
109 YLLO61W MMP1 S-methylmethionine transport

110 YJR139C HOM¢6 methionine metabolism*

111 YGR160W _ biological process unknown
112 YDR385W EFT2 translational elongation

113 YLL062C MHTI sulfur amino acid metabolism

114 YKLOSOW VMAS vacuolar acidification
115 YCL014W BUD3 cytokinesis*

116 YPRO60C ARO7 aromatic amino acid family biosynthesis

117 YORO087W Yvci cation homeostasis

118 YBR074W - proteolysis and peptidolysis

119 YCRO067C SED4 - ER to Golgi transport

120 YLR373C ViD22 vacuolar protein catabolism

121 YDR245W MNNI10 actin filament organization*

122 YJRO01W AVTI neutral amino acid transport

123 YLR384C IKI3 regulation of transcription from RNA polymerase Il
promoter

124 YIL132C CSM2 meiotic chromosome segregation*

125 YHRO85W P11 rRNA processing*

126 YJR041C URB2 ribosome biogenesis*

127 YJLO98W SAP185 G1/S transition of mitotic cell cycle

128 YJIL064W _ biological process unknown

129 YPROO6C ICL2 propionate metabolism*

130 YKLOO9W MRT4 rRNA processing*

131 YPRI189W SKI3 mRNA catabolism*

132 YDLO063C - biological process unknown

133 YCRO045C - biological process unknown
134 YBR252W DUTI pyrimidine deoxyribonucleoside triphosphate catabolism

135 YCRO34W FENI vesicle-mediated transport*

136 YARO18C KIN3 chromosome segregation

137 YGL143C MRF1 protein biosynthesis*

138 YLR183C TOS4 G1/S-specific transcription in mitotic cell cycle

139 YBR160W CDC28 protein amino acid phosphorylation*
140 YDR137W RGPI intracellular protein transport

141 YGL169W SUAS aerobic respiration

142 YLLO38C ENT4 endocytosis*

143 YHR129C ARP] establishment of mitotic spindle orientation*

144 YLR028C ADEI6 aerobic respiration*

145 YPL183C - biological process unknown

146 YNL207TW RIO? processing of 2biological process unknownS pre-rRNA
147 YIL103W DPHI peptidyl-diphthamide biosynthesis from peptidyl-histidine
148 YOL101C IZH4 lipid metabolism*
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149 YER117W RPL23B  protein biosynthesis
150 YMLO46W PRP39 nuclear mRNA splicing, via spliceosome
151 YBLO54W - biological process unknown
152 YKLO73W LHSI response to unfolded protein*
153 YKLO014C URBI rRNA processing*
154 YDRI111C ALT2 biological process unknown
155 YMR202W ERG2 ergosterol biosynthesis
156 YIL111W CcCT7 protein folding*
157 YKL209C STE6 peptide pheromone export
158 YFLOO1W DEG!1 RNA processing
159 YLR328W NMAI NAD metabolism
160 YPRO66W UBA3 protein neddylation
161 YBR175W SWD3 chromatin silencing at telomere*
162 YOL130W ALRI magnesium ion transport*
163 YPL235W RVB2 regulation of transcription from RNA polymerase II
promoter*
164 YPL248C GAL4 regulation of transcription, DNA-dependent*
165 YGR198W - MAPKKK cascade
166 YCRO17C CWH43 cell wall organization and biogenesis*
167 YGRO99W TEL2 telomerase-dependent telomere maintenance
168 YJL138C TIF2 translational initiation*
169 YNLO023C FAPI biological process unknown
170 YDR399W HPTI purine nucleotide biosynthesis
171 YILO19W FAFI processing of 2biological process unknownS pre-rRNA
172 YDR101C ARX1 ribosomal large subunit biogenesis
173 YGR169C PUS6 tRNA modification*
174 YDR429C TIF35 translational initiation
175 YGR214W RPS04 protein biosynthesis*
176 YNL139C RLRI mRNA-nucleus export*
177 YHIL.033C RPL8A protein biosynthesis
178 YLRO63W - biological process unknown
179 YDR267C - biological process unknown
180 YPRI175W DPB2 nucleotide-excision repair*
181 YAROOSW SEN34 tRNA splicing
182 YLLO007C - biological process unknown
183 YMLOSOW DUSI tRNA modification
184 YLLOO8W DRS1 35S primary transcript processing*
185 YMLO022W APTI AMP biosynthesis*
186 YPL143W RPL334  protein biosynthesis
187 YGR128C UTPS8 processing of 2biological process unknownS pre-rRNA
188 YORO095C RKI1 pentose-phosphate shunt
189 YJR124C - biological process unknown
190 YER049W - biological process unknown
191 YORO063W RPL3 protein biosynthesis*
192 YPL217C BMS1 rRNA processing*
193 YLR397C AFG2 response to drug
194 YMR289W ABZ2 biological process unknown
195 YOL158C ENBI ferric-enterobactin transport
196 YCRI101C - biological process unknown
197 YJL002C OSTI N-linked glycosylation*
198 YMR288W HSH155  spliceosome assembly
199 YPL101W ELP4 regulation of transcription from RNA polymerase II
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name name
promoter
200 YCRO81W SRBS negative regulation of transcription from RNA polymerase 11
promoter
201 YDLO040C NATI protein amino acid acetylation
202 YLR441C RPSIA protein biosynthesis
203 YORO060C - biological process unknown
204 YJL0O39C NUPI192  nuclear pore organization and biogenesis
205 YBR247C ENP] rRNA processing*
206 YGRO73C _ biological process unknown
207 YLLO33W - sporulation (sensu Fungi)
208 YMRO006C PLB2 glycerophospholipid metabolism -
209 YIR114W SRF2 biological process unknown
210 YNL330C RPD3 chromatin silencing at telomere*
211 YDR0O47TW HEM]I2 heme biosynthesis
212 YNL299W TRF5 sister chromatid cohesion*
213 YBR180W DTRI spore wall assembly (sensu Fungi)*
214 YNL328C MDJ2 protein folding
215 YGLO84C GUP! glycerol transport*
216 YDLO5S1W LHPI tRNA processing
217 YOR175C - biological process unknown
218 YLR167TW RPS31 protein biosynthesis*
219 YDLOS8W Uso! ER to Golgi transport*
220 YDR280W RRP45 35S primary transcript processing*
221 YLR243W - biological process unknown
222 YCRO32W BPH! cell wall organization and biogenesis*
223 YMLO021C UNG! DNA repair
224 YBRO065C ECM2 cell wall organization and biogenesis*
225 YDR431W _ biological process unknown
226 YAR064W - biological process unknown
227 YBRO061C TRM7 protein biosynthesis*
228 YERI127W LCPS5 rRNA modification*
229 YDLO60W TSRI rRNA processing*
230 YILO18W RPL2B protein biosynthesis
231 YKL172W EBP2 rRNA processing
232 YPL181W CTi6 positive regulation of transcription
233 YPR110C RPC40 transcription from RNA polymerase I promoter*
234 YJLO61W NUP82 mRNA-nucleus export*
235 YNL120C _ biological process unknown
236 YLR153C ACS2 acetyl-CoA biosynthesis
237 YDL152W _ biological process unknown
238 YGL223C COGI1 intra-Golgi transport*
239 YPL200W CSM4 meiotic chromosome segregation
240 YPL245W - biological process unknown
241 YDL118W _ biological process unknown
242 YLR404W - biological process unknown
243 YOL145C CTRY transcription from RNA polymerase II promoter*
244 YDR172W SUP35 mRNA catabolism, deadenylylation-dependent decay*
245 YKLO075C - biological process unknown
246 YPL043W NOP4 rRNA processing
247 YKLO33W - biological process unknown
248 YDRS538W PADI aromatic compound catabolism
249 YPL113C - metabolism
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Systematic Standard

Number Biological Process
name name
250 YJRO31C GEAl ER to Golgi transport*
251 YNRO66C - biological process unknown

252 YALO33W POPS5 rRNA processing*

253 YGRO74W SMD1 nuclear mRNA splicing, via spliceosome
254 YDRS518W EUGI protein folding

255 YALOS8W CNE! protein folding*

256 YCRO0O06C _ biological process unknown

257 YNLO089C _ biological process unknown

258  YGL245W GUSI glutamy]-tRNA aminoacylation

259 YKL183W LOTS biological process unknown

260 YDR0O98C-A biological process unknown

261 YELO053C MAKI0 N-terminal protein amino acid acetylation

262 YIR033W MGA2 positive regulation of transcription from RNA polymerase II
promoter*

263 YDR257C SET7 biological process unknown
264 YJL145W SFHS5 phospholipid transport
265 YLLO35W GRC3 rRNA processing

266 YGR114C _ biological process unknown
267 YDR446W ECMI1 cell wall organization and biogenesis
268 YDR416W SYF1 nuclear mRNA splicing, via spliceosome*

269 YCLO052C PBNI GPI anchor biosynthesis*
270 YLRO75W RPLIO protein biosynthesis*
271 YKLOS6C RBF18 biological process unknown

272 YPL150W - biological process unknown
273 YDRO15C _ biological process unknown

274 YDL145C COPJ ER to Golgi transport*

275 YIR143C PMT4 O-linked glycosylation

276 YBR044C TCM62 protein complex assembly

277 YKL055C OARI aerobic respiration*

278 YDL074C BRE] chromatin silencing at telomere*
279 YEROO6W NUGI rRNA processing

280 YLRO84C RAX2 bud site selection

281 YNL022C - biological process unknown

282 YCRO054C CTRS86 biological process unknown
283 YGR173W RBG2 biological process unknown

284 YLR130C ZRT2 low-affinity zinc ion transport
285 YORO026W BUB3 mitotic spindle checkpoint
286 YLL054C - biological process unknown
287 Q0250 cox2 aerobic respiration*

288 YPL157TW TGS1 ribosome biogenesis*

289 YPL243W SRP68 protein-ER targeting*
290 YNL256W FOoLl folic acid and derivative biosynthesis

291 YDR312W SSF2 ribosomal large subunit assembly and maintenance*

292 YML125C - biological process unknown

293 YPL112C PEX25 peroxisome organization and biogenesis*

294 YMR218C TRSI30  ER to Golgi transport

295 YLR302C _ biological process unknown

296 YIL020C HIS6 histidine biosynthesis

297 YGR187C HGHI biological process unknown

298 YLRO15W BRE2 chromatin silencing at telomere*

299 YBLOOSW HIRI regulation of transcription from RNA polymerase 11
promoter
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300 YHRO031C RRM3 DNA replication
301 YPRO029C APL4 vesicle-mediated transport
302 YIR008C PRI DNA replication initiation*
303 YNLO75W IMP4 rRNA modification*
304 YOL0O76W MDM20  mitochondrion inheritance*
305 YOR213C SASS5 chromatin silencing at telomere
306 YLR274W CDC46 DNA replication initiation*
307 YCL024W KCC4 protein amino acid phosphorylation*
308 YBL096C _ biological process unknown
309 YMRI117C SPC24 chromosome segregation*
310 YDR161W - biological process unknown
311 YDR212W TCP1 protein folding*
312 YJR140C HIR3 G1/S-specific transcription in mitotic cell cycle
313 YMR262W - biological process unknown
314 YFROO1W LOCI ribosomal large subunit biogenesis*
315 YIL145C PANG6 pantothenate biosynthesis
316 YLR401C DUS3 tRNA modification
317 YBRI159W - fatty acid elongation
318 YDR348C - biological process unknown
319 YGR261C APL6 vesicle-mediated transport*
320 YDL087C Lucz mRNA splice site selection
321 YBR267TW RET] budding cell bud growth*
322 YDL100C ARR4 response to heat*
323 YLR186W EMGI 35S primary transcript processing*
324 YLR154C RNH203  DNA replication
325 YKL099C UTP11 processing of 2biological process unknownS pre-rRNA
326 YNRO21W - biological process unknown
327 YOR135C _ biological process unknown
328 YBR181C RPS6B protein biosynthesis
329 YBLO052C SAS3 chromatin silencing at telomere*
330 YGL094C PAN2 postreplication repair*
331 YGL211W NCS6 biological process unknown
332 YPR112C MRDI1 35S primary transcript processing
333 YPLO35C _ biological process unknown
334 YPL160W CDC60 leucyl-tRNA aminoacylation
335 YER171W RAD3 transcription initiation from RNA polymerase II promoter*
336 YLR276C DBP9 35S primary transcript processing*
337 YMLO14W TRM9 response to stress*
338 YNLO21W HDAI regulation of transcription, DNA-dependent*
339 YBR259W - biological process unknown
340 YDR354W TRP4 tryptophan biosynthesis
341 YJR145C RPS44 protein biosynthesis*
342 YPL161C BEM4 establishment of cell polarity (sensu Fungi)*
343 YDLO050C _ biological process unknown
344 YBR143C SUP45 cytokinesis*
345 YDR488C PACII nuclear migration, microtubule-mediated*
346 YGL172W NUP49 mRNA-nucleus export*
347 YNL216W RAPI chromatin silencing at telomere*
348 YPLO30OW - biological process unknown
349 YLRI101C _ biological process unknown
350 YPRI53W - biological process unknown
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351 YIL104C SHQI snoRNA metabolism
352 YGR234W YHBI response to stress
353 YBR164C ARLI protein-vacuolar targeting*
354 YLR341W SPO77 sporulation (sensu Fungi)*
355 YHRO045W - biological process unknown
356 YDR300C PRO! proline biosynthesis
357 YMLO069W POB3 chromatin remodeling*
358 YNRO61C - biological process unknown
359 YERO15W FAA2 lipid metabolism*
360 YLR419W - biological process unknown
361 YDR191W HST4 chromatin silencing at telomere*
362 YNRO12W URK1 pyrimidine salvage
363 YOR312C RPL20B  protein biosynthesis
364 YLR230W _ biological process unknown
365 YLR405W DUS4 tRNA modification
366 YPR105C COG+4 intra-Golgi transport*
367 YJR069C HAM]I DNA repair
368 YBR205W KTR3 cell wall organization and biogenesis*
369 YLR002C NOC3 rRNA processing*
370 YOL139C CDC33 translational initiation*
371 YDR274C _ biological process unknown
372 YGL221C NIF3 biological process unknown
373 YBR125C PTC4 biological process unknown
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Table VII  List of 494 genes whose deletion results growth defect under ethanol
stress condition specifically.

Number Systematic Name Standard Name From references

1 YALOOOW SPO7 iv

2 YAL022C FUN26 iv

3 YALO27W SAW1 iv

4 YALO37W YALO37W i

5 YALO039C CYC3 i, iv

6 YALO040C CLN3 i

7 YALO044C GCV3 iv

8 YALQ49C YALO049C iv

9 YALOSSW PEX22 iv
10 YAROI5W ADEI1 iv
11 YBL022C PIM1 iv
12 YBLO27W RPL19B iv
13 YBLOSIC PIN4 : iv
14 YBLO53W YBLOS3W iv
15 YBLO62W YBLO62W iv
16 YBL072C RPS8A iv
17 YBLO083C YBLO083C iv
18 YBL094C YBL094C i
19 YBL103C RTG3 iv
20 YBROO3W COoQ1 iv
21 YBRO21W FUR4 i, iv
22 YBRO026C ETRI iv
23 YBRO036C CSG2 i, ii, iv
24 YBR044C TCMé62 i
25 YBRO72W HSP26 iv
26 YBRO77C SLM4 i, iv
27 YBRO78W ECM33 iv
28 YBRO095C RXT2 iv
29 YBRI112C CYCS8 i
30 YBR126C TPS1 i, iii, iv
31 YBRI31W CCz1 i
32 YBR173C UMP1 i
33 YBR231C SWC5s iv
34 YBR251W MRPSS5 iv
35 YBR268W MRPL37 iv
36 YBR282W MRPL27 iv
37 YBR283C SSH1 iv
38 YBR291C CTP1 iv
39 YBR292C YBR292C iv
40 YBR296C PHO89 iv
41 YCL007C YCL007C i, ii
42 YCLO008C STP22 i, i, iv
43 YCLO10C SGF29 iv
44 YCRO002C CDC10 iv
45 YCROO3W MRPL32 iv
46 YCRO009C RVSI161 i
47 YCR024C SLMS5 iv
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48 YCRO025C YCR025C iv
49 YCRO36W RBK1 iv
50 YCRO045C YCRO045C iv
51 YCRO046C IMG1 iii, iv
52 YCRO049C YCRO049C iv
53 YCRO50C YCROS50C iv
54 YCRO59C YIHI iv
55 YCRO61W YCRO61W iv
56 YCRO66W RADI18 iv
57 YCRO067C SED4 iv
58 YCRO68W ATGI15 iv
59 YCRO71C IMG2 iv
60 YCRO79W PTCé6 iv
61 YCRO87C-A YCRO87C-A iv
62 YCRO87TW YCROS7TW iv
63 YDLO01W RMD1 iv
64 YDLO012C YDLO12C iv
65 YDLO13W HEX3 ii
66 YDL040C NATI1 ii
67 YDL044C MTF2 iii, iv
68 YDLOS6W MBP1 iv
69 YDL065C PEX19 iv
70 YDLO66W IDP1 ii
71 YDL067C COX9 iv
72 YDLO68W YDLO068W iv
73 YDLO081C RPP1A i
74 YDLO088C ASM4 iv
75 YDL090C RAM]1 iv
76 YDLO091C UBX3 iv
77 YDL096C OPI6 iv
78 YDL100C ARR4 iv
79 YDL107W MSS2 iv
80 YDL114W YDL114W iii, iv
81 YDL118W YDL118W iv
82 YDL191W RPL35A iv
83 YDL198C GGCl1 iv
84 YDL225W SHS1 ii
85 YDL226C GCS1 i, iv
86 YDRO10C YDRO10C iv
87 YDRO35W ARO3 iv
88 YDRO049W YDRO49W i
89 YDRO65W YDRO65W iv
90 YDRO074W TPS2 i
91 YDRO79W PET100 iv
92 YDR108W GSG1 iv
93 YDRI21W DPB4 iv
94 YDR126W SWF1 iv
95 YDR149C YDR149C ii
96 YDR162C NBP2 iv
97 YDR175C RSM24 iv
98 YDR192C NUP42 iv
99 YDR194C MSS116 iv
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100 YDRI197W CBS2 iv
101 YDR202C RAV2 iv
102 YDR204W COQ4 iv
103 YDR219C MFBI iv
104 YDR230W YDR230W iv
105 YDR237W MRPL7 i, iv
106 YDR245W MNN10 i
107 YDR255C RMDS5 iv
108 YDR260C SwM1 i, iv
109 YDR261C EXG2 iv
110 YDR265W PEX10 iv
111 YDR274C YDR274C iv
112 YDR283C GCN2 iv
113 YDR293C SSD1 i, ii, iv
114 YDR300C PRO1 i, iv
115 YDR317TW HIM1 iv
116 YDR332W IRC3 iv
117 YDR337TW MRPS28 iv
118 YDR347W MRP1 iv
119 YDR354W TRP4 i, ii, iv
120 YDR372C VPS74 iv
121 YDR375C BCS1 iv
122 YDR393W SHE9 iv
123 YDR435C PPM1 ii, iv
124 YDR484W VPS52 i
125 YDR485C VPS72 i
126 YDR486C VPS60 iv
127 YDRA488C PAC11 iv
128 YDR491C YDR491C iv
129 YDRA493W FMP36 iv
130 YDRS523C SPS1 iv
131 YDRS529C QCR7 iv
132 YELO009C GCN4 iv
133 YEL024W RIP1 i, iv
134 YEL042W GDAl iv
135 YEL046C GLY1 iv
136 YEROOSW YNDI ii
137 YERO050C RSM18 iv
138 YERO58W PET117 iv
139 YERO87W YERO87TW iv
140 YERO90OW TRP2 i, iv
141 YER110C KAP123 iv
142 YER111C SWI4 i, iii, iv
143 YER114C BOI2 iv
144 YER122C GLO3 i
145 YERI31W RPS26B iv
146 YER145C FTR1 iv
147 YERI177TW BMHI iv
148 YFL028C CAF16 ii
149 YFLO31W HAC1 iv
150 YFRO11C YFRO11C i
151 YFRO33C QCRé6 iv
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152 YFR0O48W RMDS8 iii
153 YGLOO7W BRP1 iv
154 YGLO19W CKBI1 iv
155 YGL020C MDM39 iv
156 YGL023C PIB2 iv
157 YGL026C TRPS iv
158 YGL042C YGL042C iv
159 YGLO043W DST1 i, iv
160 YGLO054C ERV14 iv
161 YGL105W ARC1 i
162 YGL117W YGL117W iv
163 YGL124C MONI1 iv
164 YGL129C RSM23 iv
165 YGL136C MRM2 iv
166 YGL143C MRF1 iv
167 YGL148W ARO2 iv
168 YGL152C YGLI152C iv
169 YGL153W PEX14 iv
170 YGL197W MDS3 iv
171 YGL212W VAM?7 i, iv
172 YGL219C MDM34 i
173 YGL227W VID30 iv
174 YGL237C HAP2 iv
175 YGL242C YGL242C iv
176 YGL252C RTG2 i, iv
177 YGRO027C RPS25A iv
178 YGROS6W RSC1 i, iv
179 YGR062C COX18 iv
180 YGRO64W YGR064W iv
181 YGRO76C MRPL25 iv
182 YGRO77C PEX8 iv
183 YGRO78C PACI0 i, ii, iv
184 YGRO81C SLX9 iv
185 YGRO85C RPL1IB iv
186 YGRO92W DBF2 iv
187 YGRI112W SHY1 iv
188 YGRI133W PEX4 iv
189 YGR150C YGR150C iv
190 YGR166W KRE11 iv
191 YGR171C MSM1 i, iv
192 YGR174C CBP4 iv
193 YGRI181W TIM13 i
194 YGRI183C QCR9 iv
195 YGR196C FYV8 ii
196 YGR206W MVBI12 iv
197 YGR229C SMI1 i, i, iii, iv
198 YGR270W YTA7 ii, iv
199 YGR284C ERV29 iv
200 YHLO009C YAP3 ii
201 YHL029C OCAS iv
202 YHLO038C CBP2 iv
203 YHRO004C NEM1 iv
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204 YHROO6W STP2 iv
205 YHRO08C SOD2 i, ii, iv
206 YHRO009C YHRO009C iv
207 YHRO11W DIA4 i, iv
208 YHRO12W VPS29 iii
209 YHRO029C YHI9 iv
210 YHRO030C SLT2 i, iii
211 YHRO38W RRF1 iv
212 YHRO67W HTD2 iv
213 YHRO86W NAMS iv
214 YHR116W COX23 iv
215 YHR129C ARP1 iv
216 YHR147C MRPL6 iv
217 YHR189W PTHI iv
218 YILO17C VID28 iv
219 YIL029C YIL029C iv
220 YIL034C CAP2 iv
221 YILO36W CSTé6 ii
222 YILO39W TED1 iv
223 YILO052C RPL34B iv
224 YILOS3W RHR2 iv
225 YIL124W AYRI1 iv
226 YIL125W KGD1 iv
227 YIL157C FMP35 iv
228 YILOO3W COX16 iv
229 YJL006C CTK2 i
230 YJL024C APS3 iv
231 YJLO46W YJLO46W iv
232 YJLO80C SCP160 iv
233 YJLO9SW BCK1 ii
234 YJL0O96W MRPLA49 iv
235 YJL101C GSH1 iv
236 YJL102W MEF2 iv
237 YIL131C YJL131C iv
238 YJL154C VPS35 iv
239 YJL164C TPK1 iv
240 YJL175W YJL175W iv
241 YJL179W PFD1 i, ii, iv
242 YJL187C SWEI iv
243 YJL208C NUC1 iv
244 YJL209W CBP1 iv
245 YJL211C YJL211C iv
246 YJL212C OPT1 iv
247 YIJRO11C YJRO11C i
248 YJRO18W YJRO18W i
249 YJR025C BNALl i
250 YJRO033C RAV1 i, iv
251 YJR043C POL32 i, ii
252 YJRO59W PTK2 iv
253 YJR074W MOG1 iv
254 YJRO75W HOCI1 ii, iv
255 YJR090C GRR1 i, ii
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256 YJR102C VPS25 i, iv
257 YJR120W YJR120W iv
258 YJR145C RPS4A iv
259 YJR152W DALS i
260 YKLO0O2W DID4 i, iv
261 YKL005C BYEI1 iv
262 YKLO16C ATP7 iv
263 YKLO37W YKLO37TW i, ii, iv
264 YKL041W VPS24 iii, iv
265 YKL048C ELM1 ii
266 YKLO53W YKLOS3W iv
267 YKLO55C OARI1 iv
268 YKLO68W NUP100 iv
269 YKLO073W LHS1 ii, iv
270 YKL087C CYT2 iv
271 YKL109W HAP4 iv
272 YKL118W YKL118W i, ii
273 YKL134C OCT1 iv
274 YKL155C RSM22 iv
275 YKL167C MRP49 iv
276 YKL169C YKL169C iv
277 YKL170W MRPL38 iv
278 YKL178C STE3 iv
279 YKL197C PEX1 iv
280 YKL.206C ADD66 iv
281 YKL211C TRP3 i, iv
282 YKRO006C MRPL13 iv
283 YKROO7W MEH]I i, ii, iv
284 YKR026C GCN3 iv
285 YKR028W SAP190 iv
286 YKRO035C OPI8 i, iv
287 YKRO35W-A DID2 iv
288 YKRO55W RHO4 i
289 YKRO084C HBSI1 iv
290 YKRO085C MRPL20 iv
291 YKR0O93W PTR2 iv
292 YLLO007C YLL007C iv
293 YLLO18C-A COX19 iv
294 YLLO27W ISA1 i, iv
295 YLL042C ATGI10 iv
296 YLLO43W FPS1 ii
297 YLRO21W IRC25 iv
298 YLRO25W SNF7 ii, v
299 YLR0O27C AAT2 iv
300 YLRO38C COX12 iv
301 YLRO39C RIC1 i, iv
302 YLRO5S6W ERG3 iv
303 YLRO65C YLRO065C iv
304 YLRO70C XYL2 iv
305 YLRO77W FMP25 iv
306 YLR119W SRN2 iv
307 YLRI125W YLRI25W iv
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308 YLR138W NHA1 i
309 YLR144C ACF2 iv
310 YLR201C FMP53 iv
311 YLR203C MSSS51 iv
312 YLR239C LIP2 iv
313 YLR260W LCB5 iv
314 YLR288C MEC3
315 YLR289W GUF1 iv
316 YLR304C ACOI1 iv
317 YLR319C BUD6 iv
318 YLR331C JIP3 ii
319 YLR332W MID2 ii
320 YLR360W VPS38 iv
321 YLR386W VAC14 ii, iii, iv
322 YLR393W ATPI10 i
323 YLR396C VPS33 i
324 YLR414C YLR414C i
325 YLR417W VPS36 i, ii, iii, iv
326 YLR426W YLR426W iv
327 YLR447C VMAG6 i, ii, iv
328 YMLOOIW YPT7 iv
329 YMLOO0SC ERG6 iii, iv
330 YMLO10W-A YMLO10W-A iv
331 YMLO14W TRM9 iv
332 YMLO034W SRC1 iv
333 YML041C VPS71 i
334 YMLO78W CPR3 iv
335 YMLO087C YMLO087C iv
336 YML110C COQ5 iv
337 YML129C COX14 iv
338 YMROO3W YMROO3W ii
339 YMRO004W MVP1 iv
340 YMRO15C ERGS iv
341 YMRO16C SOK2 iv
342 YMRO21C MACI iv
343 YMRO26C PEX12 iv
344 YMRO35W IMP2 iv
345 YMRO038C CCS1 iv
346 YMRO63W RIM9 i, iv
347 YMR064W AEP1 iv
348 YMRO72W ABF2 i, iv
349 YMRO089C YTAI2 iv
350 YMRO092C AIP1 iv
351 YMRO098C ATP2S iv
352 YMR135C GIDS iv
353 YMR140W SIPS i
354 YMR144W YMR144W iv
355 YMR150C IMP1 iv
356 YMRISIW YIM2 iv
357 YMR157C FMP39 i
358 YMRI158W MRPS8 iv
359 YMR166C YMR166C iv
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360 YMR186W HSC82 i
361 YMR188C MRPS17 i, iv
362 YMR202W ERG2 i, iv
363 YMR216C SKY1 iv
364 YMR228W MTF1 iv
365 YMR257C PETI111 iv
366 YMR267W PPA2 iv
367 YMR282C AEP2 iv
368 YMR286W MRPL33 iv
369 YMR287C MSU1 iv
370 YMR293C HER2 iv
37 YMR300C ADE4 iv
372 YMR311C GLC8 iv
373 YMR326C YMR326C i
374 YNLOOIW DOM34 iv
375 YNLO21W HDAI iv
376 YNLO45W YNLO45W iv
377 YNLOS1W COGS5 iv
378 YNLO5S6W OCA2 i
379 YNLO70W TOM7 i
380 YNLO73W MSK1 iii
381 YNLO76W MKSI1 i, iv
382 YNLO79C TPM1 i, ii, iv
383 YNLO81C SWS2 iv
384 YNL098C RAS2 i, ii, iv
385 YNL107W YAF9 i, iv
386 YNLI121C TOM70 i
387 YNL136W EAF7 iv
388 YNL140C YNL140C iv
389 YNL147W LSM7 iv
390 YNL167C SKO1 iv
391 YNL177C MRPL22 iv
392 YNL187W YNL187W iv
393 YNL197C WHI3 iv
394 YNL214W PEX17 iv
395 YNL220W ADE12 iv
396 YNL224C SQSI iv
397 YNL233W BNI4 iv
398 YNL235C YNL235C iv
399 YNL288W CAF40 iv
400 YNL298W CLA4 iv
401 YNL315C ATP11 i
402 YNL335W DDI3 iv
403 YNROO4W YNROO4W iv
404 YNRO0O5C YNRQOSC iv
405 YNRO020C ATP23 iv
406 YNRO25C YNRO25C i
407 YNRO41C CcOQ2 iv
408 YNRO45W PET494 iv
409 YNRO51C BRES i,iv
410 YOLOOSW COQ10 iv
411 YOLO023W IFM1 iv
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412 YOLO033W MSE1 iv
413 YOL044W PEX15 iv
414 YOLO61W PRSS5 i
415 YOLO067C RTGI1 i, iv
416 YOLO083W YOLO83W iv
417 YOL095C HMI1 iii, iv
418 YOL105C WSC3 iv
419 YOL111C MDY2 iv
420 YOL115W TRF4 iv
421 YOL129W VPS68 iv
422 YOROO2W ALG6 i, ii, iv
423 YORO008C SLG1 ii, iii, iv
424 YORO014W RTS1 iv
425 YORO39W CKB2 iv
426 YORO067C ALGS iv
427 YORO69W VPSS iii
428 YORO070C GYP1 iv
429 YOR106W VAM3 iv
430 YOR115C TRS33 i, i, iv
431 YOR123C LEO1 iv
432 YORI127W RGAl iv
433 YOR128C ADE2 iv
434 YORI155C ISN1 iv
435 YORI158W PET123 iv
436 YORI187TW TUF1 iv
437 YOR196C LIPS iv
438 YOR198C BFR1 ii
439 YOR216C RUD3 iv
440 YOR258W HNT3 ii, iv
441 YOR265W RBL2 iv
442 YOR270C VPHI1 i, iii, iv
443 YOR275C RIM20 iv
444 YOR298C-A MBF1 iv
445 YOR305W YOR305W iv
446 YOR312C RPL20B iv
447 YOR318C YOR318C iv
448 YOR322C LDB19 iv
449 YOR323C PRO2 iv
450 YOR331C YOR331C i, iv
451 YOR349W CIN1 i
452 YOR350C MNEI1 iv
453 YOR358W HAPS iv
454 YOR360C PDE2 iv
455 YOR375C GDH1 iv
456 YPL002C SNF8§ i, ii, iv
457 YPLO61W ALD6 iv
458 YPLO62W YPLO62W iv
459 YPLO65W VPS28 i, i, iv
460 YPLO069C BTSI1 iv
461 YPLO77C YPLO77C iv
462 YPLO84W BRO1 i, ii, iv
463 YPL100W ATG21 iv
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464 YPL104W MSD1 iv
465 YPL114W YPL114W iv
466 YPLI120W VPS30 iii, iv
467 YPL132W COX11 iv
468 YPL150W YPL150W iv
469 YPL155C KIP2 i
470 YPL165C SET6 i
471 YPL172C COX10 iv
472 YPL173W MRPLA40 iv
473 YPL174C NIP100 iv
474 YPL180W TCO89 if, iv
475 YPL181W CTI6 iv
476 YPL212C PUSI1 iv
477 YPL227C ALGS iv
478 YPL241C CIN2 i
479 YPL260W YPL260W i
480 YPR023C EAF3 iv
481 YPRO60C ARO7 i, iv
482 YPRO74C ‘ TKL1 iv
483 YPR099C YPR099C iv
484 YPR111W DBF20 iv
485 YPR116W YPR116W iv
486 YPRI122W AXL1 iv
487 YPR123C YPR123C iv
488 YPR124W CTRI1 i, iv
489 YPR134W MSS18 iv
490 YPR157TW YPR157W iv
491 YPR160W GPHI1 i
492 YPR173C VPS4 i,iv
493 YPRI91W QCR2 iv
494 YPR194C OPT2 i
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