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Chapter I

Generrl introduction

In recent years, due to the increasing cost of the non-renewable fossil fuels and

the increasing concern of global warming, many governmerrts 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 tansportations, heating and industrial processes [U. With a

natural ability to effrciently convert sug&rs to ethanol, yeast has been paid attentions in

the field of industrial application, particularly, in the production of bioethanol.

The budding yeast, Saecharomyces cerevisiae has been used for fermentation

processes from several thousand years before [2]. At prescnt, it has become an important

species in the industrial applications, such as, brewing, winemaking, baking, and

recently, fuel ethanol production. During these produetion processes, yeast cells are

exposed to rnany stresses, such as osmotic, oxidative, and heat stresses. As a

consequence, the production of target produc(s) is reduced. Therefore, many researches

have been studying the strdss response of yeast in order to improve its stress tolerance

ability t3-91. Among these many suesses, the accumulation of high ethanol

concentation has been eonsidered 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 respome of yeast cells to the stresses, nnny researches have been

performed [7, 10-161.

For surviving (or growing) urrder the stress condition(s), organism has to adapt

to the environmental changes by changing its intacellular physiological state.

Adaptation is an alteration or change in the stucture 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 stess 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 sfudies were carried out [7, l0- 12,

17]. The stress was introduced into the culture of yeast and evaluation of dynamic

change in infacellular state of yeast cells was performed. In the *short-term'o response to

stress, it was reported that there was a large changes in the intracellular 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 hand, there

were very few reports related to the studies on the "long-term" ethanol adaptation of

yeast [8, l9].

1.1 Overuiew of environmental stresses occurred during the

fermentation processes of S acch aromy ces 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 afflects 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

13, 41. Yeast cells adaptively respond to these stesses by regulating two major stess

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,

21,221. Using DNA microaray, more than 200 genes were found to be related to GSR

[3, l4]. The promoter region of these GSR genes contains the pentameric cl's-acting

sequence CCCCT called sfess responsive element (STRE) 121,221. When encountering

the stress, transcriptional factors (Msn2p/Ivlsn4p) bind to STRE region and induce the

expression of ESR gene. However, .rs reported by Gasch et al., gene expression via GSR

pathway is a transient process [3], 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 1271.

1.2 Ethanol toxicity on yeast cells

It is well known that during the fermentation process involving yeasL 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 16, 9, l9l, reduced

fermentation ability [28], change in morphology [29,30], increased frequency of petite

mutation resulting in respiratory deficiency 132-351. ln addition, ethanol also changes

the membrane fluidity, permeability of the yeast cells [36,371. 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 fluid. 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) t381.

Unsaturated fatty acid has one or more cis-double bonds. This kink structue in the tail

of fatty acid preventing the fatty acids from packing together as tightly, thus decreasing

the melting point (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 yrLtr to less tolerant yeast,

Chen revealed that, in every case, ethanol tolerant yeasts contain higher percentage of

unsaturated fatty acids [39].

Many studies have reported that a primary target of ethanol toxicity is cell

membrane surrounding the cell and its organelles f7,8,40-45]. Possibly, when ethanol

appears in the medium, it enters into the hydrophobic 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 corurequence, 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

f7, 8, 38, 43-451. The fraction of palmitoleic acid (Cro,r) and oleic acid (C1s;1) is

increased with a reduced fraction of palmitic acid (Cro,o) and stearic acid (Crs:o), when



ethanol is added into cultural medium 145,461. The importance of unsaturated fatty acid

in improvement of ethanol tolerance was reported by Kajiwara et al. 1471. 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

a/. 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, resulting

in negative impact on their function, for exarrrple, decreased respiration and nutrient

uptake through cellular membrane [49, 50]. Previous studies have shown that ethanol

inhibits the activity of iey glycolytic enzymes and denatures proteins [6, 50]. In the

presence of ethanol, yeast cells exhibit an increase in plasma membrane It'-eTPase

activity lll,44,5l]. Moreover, the importance of ff-etpase in ethanol tolerance was

reported by Fujita et al., who found that homozygous diploid deletion mutants lacking

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

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

1。3



tolerance" is used when referring to the *ability" of an organism to strrvive in exteme

ethanol stess 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 Saccharon yces 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 rurderlying 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 ttrat heat shock proteins (HSPs) are synthesised during ethanol stress

[53]. Of many heat shock proteins in yeast genome, however, only Hspl04p 154,551 and

Hspl2p [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 stess [57]. The accumulation of trehalose is a critical

determinant of stress resistance in S. cerevisiae. lt was found that two enzymes are

capable of hydrolyzing trehalose: a neutral cytosolic trehalase (NTH) and an acidic

vacuolar trehalase (ATFD [5758]. Kim e/ a/. reported that increasing innacellular

accumulation of tehalose by deletion of ATHI improved ethanol stess tolerance [59].

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



RNA technique to decrease the expression of acid tehalase gene ATHI [60]. Kajiwara er

a/. found that increases in fatty acid unsaturation via metabolic engineering improved

ethanol tolerance of S. cerevisiae V7l. Tak,agi et al. reported that enhancement of

intacellular proline accumulation improved ethanol tolerance of yeast used for Japanese

rice wine [5]. Ethanol tolerance and production of S. cerevisiae is also improved by

engineering yeast transcription machinery [6U. More recently, Hirasawa et al. (2007)

has investigated that over-expression of genes related to typtophan biosynthesis

conferred the ethanol stess tolerance to yeast cells [7].

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 tansfers 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 ttrought that the yeast cells could not adapt to the changed environment.

Lloyd et al. forndthat yeast previously grown in the presence of 5o/o ethanol can grow in

the medium containing l0% 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 concentation with repetitive cultivations.

Evaluation of ethanol tolerance ability of yeast stain was conducted by measuring the

specific growttr rate (SGR) of yeast strain cultured in medium contained high ethanol

concentation. When subjecting yeast cells to the stepwise increase ethanol, the SGR of

the ethanol-adapted stain did not change through repetifive 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 been 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 130,52,63,647), transcriptome (i.e. using DNA microaray Il-
14, 65-681), proteome (i.e. two-dimensional gel electrophoresis combined with the

identification of proteins by peptide mass fingerprinting method 116, 69-721), and

metabolome (measurement of intracellular metabolites by mass spectrometry I73t 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 ftanscriptome (DNA microarray) and proteome (2-DE) methods

I used in my study were summarizedrn Figwe 1-l and Figure l-2.
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Figure l.-l 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 sf/z synthesis. (2) Sample preparation and array hybridization step:

This step involves mRNA isolation followed by fluorescent labelling of oDNA 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 quantiff and interpret the data.

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



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.

Figure l-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 7Yo 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 [1]. A consistent result was

also reported by Chandler et al. 2004 [12]. Since the authors could not identiff 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.

り
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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  0verview ofthe 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.

16



In this chapter, the results of observing the adaptation process of S. cerevisiae to

a high ethanol concentration were shown. For this pulpose, 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.

22 Materials and methods

2.2.1 Strain, medium and cultivation conditions

S. cerevisiae FY834 (MATa his3\,200 ura3-52 leu2A,I lys2A,202 trpLA,63) l75l

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%o Bacto peptone, 20lo glucose) in a test tube at 30 oC 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 106 cellVml, because the inoculum size affects the length of the lag time of yeast

cell growth as reported by Walker-Caorioglio et al. [761.

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-l). 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% (vlv) and it was changed to 5, 6.5, 8, 9

and l0% step by step. In cases of cultivations with 2.5 and SYo 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 l}Yo ethanol, the transfer of the culture was performed once. I performed four

series of such repetitive cultivations from 2.5%o of ethanol concentration to l}Yo, and the

obtained culture series were called Al, M, A'3, and 44, respectively.

The adaptation of the yeast was evaluated by measuring the optical density of the

culture at 660 nm (ODooo) and calculating SGR of all the strains examined using ODooo

data at mid-exponential phase. The SGR is defined as increasing rate of cell

concentration (OD66e) divided by cell concentration, by calculating the slope of the

logarithmic plot of OD66svalue as described by Blanch and Clark l77l.For measurement

of OD66s, 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 containins the same ethanol

concentration (It was indicat ed, as circular amow). After that, the 
"lrrur. 

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 2.5Yo

(v/v) and it was changed to 5, 6.5, 8, 9 and 10% step by step.
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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 l0o/o 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 120oC. The column temperature was increased to 240"C

at l0oC/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 (OD666: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 daushter cells from 50 cells were measured. For evaluation of
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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.

23 Resulb 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 containing2.S,5, 6.5, 8, 9,

or lloh (v/v) ethanol, respectively, and then the cells were incubated at 30oC (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 106 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-t 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 6.5yo, that is, the difference in SGR between the first and second cultivations

became large.
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Flgwe2-2. Gro}th characteristics of FY834 under high ethanol concentrations. (A) Go\rth charactedstics of FY834 in repetitive

cultivations at high ethanol concentrations. FY834 was inoculated into medium containiry 2,5, 5, 6,5, 8, 9 or lfllo ethanol, respectivel,

and then the growth ofeach culhrc was monitored, measuring at OD65a. In each culture, the cultur€ broth was transferEd to ftesh modium

containing the same ethanol conc€ntation and then the gronth t'as observed. The timing ofthe tansfer to fresh medium is shown by the

dotted lines. @) Crowdr chamcteristics during subjection of FY834 to stepwise increase in ethanol conc€ntration with repaitive

cultivations. The method used for subjecting the yeast aells to a stepwis€ inqease in ethanol conc€ntration is described in Materials and

methods. The timing of the tnnsfer of culturc to trEsh mcdium is shown by the dotted lines. ln the experiment sholvn in this iiguro, we

obtained an ethanol-adaoted strain series 42.



Table 2‐ 1 Effect of ethanol addition on srowth of S. cerevisiae strainFY834

Cult市ation
Specific gowth rate at each ethanol concentration (h'')

00/0 2.5% 80/06.5%50/0 9% 10%

First

Second

Third

0.45± 0.04  0.39± 0.02  0.27± 0.02  0.19± 0.03

‐      0.38± 0.01  0.26± 0.01  0.15± 0.02

-      0.38± 0.01  0.26± 0.01      …

0.13± 0.02  0.09± 0.01  0.04± 0.01

0.11± 0.01  0.06± 0.02  0.03± 0.01

い
ヽ

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

Table2-2

cultivation

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

Cultivation
Specific gowth rate at each ethanol concentration (h-')

2.5%       5% 6.5%       8%       9% 10%0%

First

Second

Third

0.45Jヒ 0.03  0.38Jヒ 0.01  0.26=LO.01  0.18=LO.01  0.12Jヒ 0.03  0.08Jヒ 0.01  0.06=ヒ 0.01

 ̈     0.37=LO.01  0.26=LO.01  0.17=LO.02 0.12Jヒ 0.02 0.09=LO.01  0.06=LO.01

 ̈     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

atalyzed through a repetitive cultivation of S. cerevisiae rith 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 l|Yo via 5, 6.5, 8 and 9Yo through the

repetitive cultivation, and the SGR in each cultivation process was measured. Four

series of ethanol-adapted strain, named Al, A2, .A'3 and A4 were independently

obtained. As an example, the growth of yeast strain series .{2 during stepwise

adaptation process is shown in Figure 2-28. Similar growth properties were observed in

the series Al, A3 and A.4 to that in series A2 (data not shown). As shown inTable 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.l, 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-l). ln case of medium containing more than 6.5Yo ethanol, the SGR of

ethanol-adapted strain became larger than that in non-adapted strain. However, in the

case of lower than 6.5%o, 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 (Cre.r) in FY834 strain grown in the presence of l0%o

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-adapted yeast grown in the

presence of lUYo ethanol, while the fraction of palmitic acid (Cro,o) fatty acids was lower
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in ethano-adapted yeast strains than in the non-adapted strain in the presence of l0%

ethanol (Figure 2-3). These results suggest that the fat$ 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 C16,e faffy

acid in ethanol-adapted strains was found in the presence of l0Yo 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 10Yo 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 llYo 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 2-48). 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 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 A1 - A4 and non-adapted yeast strain (FY834). The bars in each photograph

represent 25 pm. @) 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. cerevisiaeis 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 concenfation. 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 difflerence 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 18, 4l-43, 47,831. 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

S acch aromyces c erevisiae 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 13,41. 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 inS. 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 |ll, 12, 17 , 671. 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, l7).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 I13,67,86, 87]. Such genes 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 gowth 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 identiff 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 Ere 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 fIl,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 highel 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 (MATa his3A^200 ura3-52 Ieu2A,I

lys2A'202 trpl A,63) [75] and the ethanol-adapted yeast strain Al [SS] obtained from the

FY834 as a parent were used.

Yeast cells were precultured in 5 ml of YPD medium (lYo bacto yeast extract,

2Yo bacto peptone, 2Yo glucose) at 30 oC for 24 h. Then, for the main culture, the

precultured yeast cells were cultivated aerobically at 30 oC in a 500 ml Sakaguchi flask

containing 100 ml of YPD medium or synthetic complete medium (0.67oh yeast

nitrogen base without amino acids, 0.19o/o yeast synthetic drop-out without uracil, 2%o

glucose and 7.6x10-3%o uracil) adding l0% (vlv) 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.



The growth of each strain was monitored by measuring the optical density of the

culture medium at 660 nm (OD66e) with a spectrophotometer, UVmini-1240 (Shimadzu

Corporation, Japan). The relationship between the optical density (ODooo) 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 pm), 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 ODooo value

using the following formulae;

Dry cell weight of the FY834 (e/D= ODooo x 0.252

Dry cell weight of the ethanol-adapted Al strain (g/l): ODooo x 0.261.

3.2.2 DNA microarray experiments

DNA microa:ray 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 [91901 and purified into

mRNA using an Oligo dT30<Super> mRNA purification kit (Takara Bio Inc., Japan).

Fluorescent-dye-labeled oDNA targets were prepared from purified mRNA (l-2 $g)

using Superscript II RNase H- reverse transcriptase (Invitrogen Co., USA) and

fluorescent-dye-labeled nucleotides, Cy3-dCTP and Cy5-dCTP (Amersham Biosciences

Inc., UK). Cy3- or Cy5-labeled oDNA targets were prepared from mRNA samples of

the adapted and control strains with and without the l|Yo ethanol addition. The samples

were mixed and then hybridized with cDNA probes corresponding to each open reading



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-dyeJabeled

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 Cy5 on the DNA microarray were

acquired using Genepix pro ver. 3.0 software (Molecular Devices, CA, USA). The

signal was nonnalizedby 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/genrelprojlyeastl) 192). I 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:

/(r; N, m,n): (i)S;')
0)

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.



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-adaptedyeast 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 IYo, increased to 2.5, 5,6.5, 8, 9Yo, 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 llYo ethanol. Figure 3-l

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 gowth rate in the adapted strain

was also observed in synthetic medium with the addition of l0Yo 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 A1 and the control

strain FY834 under high ethanol concentration. Yeast strains were cultivated aerobically

at 30 oC in YPD medium containing l0%o 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 l|Yo 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 ilrows.

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 A1 and control

strains (FY834 and S288c) under high ethanol concentration. Yeast strains were

cultivated aerobically at 30 oC in synthetic complete medium (0.67% yeast nitrogen

base without amino acids, 0.19% yeast synthetic drop-out without uracil, 2olo glucose

and 7.6x10-3% wacil) adding l0% (vlv) 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 ODooo 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 amlyzed 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, * 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 orly, (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. [n 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 characteize the up-regulated genes in each class, I further classified
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these genes into functional categories using the MIPS database 1921. 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

*ithp < 0.01 is shown in Table 3-2.

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

condition.

Number ofgenes

Up-regulated Not changed Down-regulated Total

(l) Ethanol-adapted stain
only

(2)Both COntЮ l and 512            3028            315            3855
ethanol‐ adapted strains

(3)Contr01 Stram only          494            1084            373            1951

Total 1479           4901           1150

473            789            462            1724
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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

MIPS functional category p value
No. ofup-
regulated

genes

No. of total
genes

Up-regulated genes only in the ethanol-adapted strain

12.01.01 ribosomal proteins

42.16 mitochondrion

6。 90E‐05

4.61E-04

６

　

６

３

　

２

229

161

Up-regulated genes in both control and ethanol-adapted strains

0 I .05.0 1 C-compound and carbohydrate utilization

O2Bnergy generation

02.1 I electron transport and membrane-associated
energy conservation

02.13 respiration

14.13.04 lysosomal and vacuolar protein degradation

20.0 I transported compounds (substrates)

20.09.04 mitochondrial transport

32.01 stress response

32.01.01 oxydative sfess response

34.01.01.03 homeostasis of protons

5。24E¨03

8.90E‐ 11

9.60E‐ 15

2.33E… 12

2.68E‐03

2.20E‐06

6.22E‐03

5.98E‐07

3.35E¨07

3.94E‐03

０

　

０

７

　

５

３

　

３

７

　

８

４

　

６

27

39

7

81

17

67

18

10

56

131

23

562

101

422

54

44

Up-regulated genes only in the control strain
01.01 amino acid metabolism

01.01.03 assimilation of ammonia. metabolism of the
glutamate group

01.01.03.02 metabolism of glutamate

0 1.0 1.03.05 metabolism of arginine

0 1.0 1.09.04 metabolism of phenylalanine

01.01.09.05 metabolism of tyrosine

01.05 C-compound and carbohydrate metabolism

02.10 tricarboxylic-acid pathway (citrate cycle, Krebs
cycle, TCA cycle)

32.01 stress response

42.16 mitochondrion

2.55E‐08

8.44E‐06

1.20E-03

8.63E‐ 04

8.42E‐03

6。 21E¨03

1.91E‐ 05

3.39E‐03

1.39E‐ 05

1.96E‐ 03

６

　

４

４

　

１

7

7

5

5

67

8

61

25

233

44

21

20

16

15

482

31

422

161

44



Table 3-3 Representative functional categories of overrepresented genes which

were down‐ regulated in the ethallol‐ adapted yeast or control strains or both

MIPS functional category
No. ofdown-

No. ot total
regulateo- genes

genes
p value

Down-regulated genes only in the ethanol-adapted strain

01.01 amino acid metabolism

01.01.06 metabolism of the aspartate family
01.01.09.01 metabolism of glycine

01.01.09.02 metabolism of serine

01.01.11 metabolism of the pymvate family (alanine,
isoleucine, leucine, valine) and D-alanine

01.03.01 purine nucleotide metabolism

10.03.03 cytokinesis (cell division) /septum formation

16.2 I complex cofactor/cosubstrate binding

42.10 nucleus

1.38E‐ 04

4.36E‐03

2.09E‐03

9.52E‐04

2.63E‐03

2.90E…03

6.35E‐03

3.80E‐03

6.24E‐03

35

12

4

6

6

12

12

11

19

233

65

8

16

19

62

68

56

130

Down-regulated genes in both control and ethanol-adapted strains

01.01 allnino acid metabolism

01.01.06.05.01 biosynthesis ofmethionine

01.01.09.07 metabolisnl ofhistidine

01.03.01 purine nucleotide inetabolism

02.07 pentose‐ phosphate pathway

ll.04.01 rRNA processing

12.04.01 translation initiation

12.10 alninoacyl‐ tRNA‐synthetases

16.03.03 RNA binding

16.19 nucleotide binding

16.19.03 ATP binding

20.01.21 RNA transport

20.09.01 nuclear transport

3.34E‐03

5.38E‐03

1.59E‐ 03

1.91E‐ 05

1.93E‐ 04

1.85E‐04

7.68E‐04

3.04E‐06

2.59E¨03

2.38E‐03

3.61E‐03

3.01E‐04

1.85E‐ 03

23

4

5

13

7

21

8

11

19

21

18

13

11

233

14

17

62

24

165

38

38

175

200

167

80

74

Down-regulated genes only in the control strain
0 1.03.04 pyrimidine nucleotide metabolism

I1.04 RNA processing

I 1.04.01 rRNA processing

I1.06 RNA modification

1 1.06.02 IRNA modification

12.01 ribosome biogenesis

12.04 translation

16.03 nucleic acid binding

16.03.03 RNA binding

7.83E‐03

2.1lE‐09

5.1lE‐ 14

7.98E‐06

1.29E‐ 03

2.09E‐06

7.61E‐04

4.17E‐03

2.72E‐04

8

55

40

15

9

40

14

33

24

46

375

165

64

43

290

84

322

175

45



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< lO-to, Table 3-2).lnthis firnctional category, which is involved in ATP synthesis in

mitochondria, the genes encoding the subunits of F-type ATP synthase (ATPI4, ATPIS

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 [ 1].

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



pressure fll, 12, 17 , 871. 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. fottnd 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 t971. Further, Martin et al. (2004)

investigated that the signal transduction TOR regulates ribosomal protein gene

expression via PKA and the Forkhead transcription factor FHLI, and the two cofactors

IFH1 (a co-activator) and CRFI (a co-repressor). TOR, via PKA, negatively regulates

YAKI and maintains CRFI in the cytoplasm. Upon TOR inactivation, activated YAKI
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phosphorylates and activates CRFI. Phosphorylated CRFI accumulates in the nucleus

and competes with IFHI for binding to FHLI at RP gene promoters, and thereby

inhibits transcription of ribosomal protein genes [98]. In this chapter, gene expression of

YAKI, IFHI and CRF1 were up-regulated in the control strain only. The up-regulated

YAK1 activates CRFI and as consequence described above, the transcription of

ribosomal protein was inhibited because CRFI bind with FHLI at promoter [98]. In the

case of the ethanol-adapted yeast, gene expression of YAKI, IFHI, FHLI and CRFI

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 OLEI 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 veryJong-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

microaray 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 f30, 52, 63, 641. 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, 5l genes

were specifically up-regulated in the adapted strain under ethanol stress condition. An

important point here is that, the ratio (511494) 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



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 lll, 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. ln 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



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 stess 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. ln 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 veast cells.
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4。1

Chapter 4

Proteomic analysis of adaptation to high ethanol concentration in

S acch aromyces c erevis iae

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 L3,4,991.In these fermentation processes, ethanol is produced and

gradually accumulated to high concentration which affects on the glowth, 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 [6, 69-

72, l0l-104]. For instance, Kolkman et al. (2005) performed analysis of the global

changes of proteins of yeast, however, only the en4rmes 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]. ln 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



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 [0]-103], as the efficiency of translation and the

protein degradation rate can be dif[erent 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 characteize 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 his3L,200 ura3-52 leu2A^l

lys2L,202 nplA,63) [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 (l%o bacto yeast extract, 2yo bacto peptone, 2%o glucose) at 30 oC for 24 h.

Then, for the main culture, the precultured yeast cells were cultivated aerobically at 30

oC in a 500 ml Sakaguchi flask containing 100 ml of YPD medium containing l0%

(v/v) ethanol at the beginning of the main culture. I repeated this main culture tw"ice,

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 (ODooo)

with a spectrophotometer, UVmini- I 240 (Shimadzu Corporation, Japan).

4.2.2 Preparation of yeast cells sample and protein extraction

Yeast cells were collected at the midJog phase by centrifugation. After

washing by cold distilled water, the cell pellet was immediately frozen in liquid

nitrogen and was kept at -80oC 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 MgC12, 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 pI of Benzonase nuclease (Novagen) was added to digest DNA and RNA for



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 cornmercially available immobilized

pH gradient (IPG) strip (Immobiline drystrip, plrange 3-10, 13 cm, linear gradient; GE

Healthcare UK) [06]. 30 pg of protein in 250 pl of rehydration buffer (6.25 M urea,

2% 3-l(3-cholamidopropyl)dimethylammoniolpropane sulfonate, 1olo protease inhibitor,

2% IPG buffer [GE Healthcare UK], 0.96% destreak reagent [GE Healthcare UK],

0.0I% 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 [pH8.81, 6

M urea, 30Yo glycercl, 2o/o sodium dodecyl sulfate [SDS], l0 pglml dithiottreitol,

0.01% bromophenol blue) for 15 min and then in buffer B (dithiothreitol in

equilibration buffer A was replaced with 25 pdml of iodoacetamide). The equilibrated

IPG strip was applied onto 12.5% polyacrylamide gel for standard SDS-PAGE (160 mm

x 160 mm x I mm) and the proteins in the IPG strip were separated U051.

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-5 S ; 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 quantifr 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

arfl2Yo 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 Trefftube (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 oC with evaporation. 20 pl of trypsin

solution (4 nM Trypsin [SIGMA] in 40 mM NI{4HCO3) 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 lUYo acetonitrile in 40 mM NFI4HCO3 and the gel was incubated at 37 "C for

14-16 hours.

Extraction of the trypsin-digested protein was performed by sonication and the

supernatant after each ultrasoinication steps were collected as sequence: 10 min in 100

pl 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 l0 min in 80 pl of 0.1% TFA in

acetonitrile. Samples were then collected and concenhated 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 ZipTipClS (Millipore, Billerica

MA) using water containing 0.1% TFA, acetonitrile containing O.lYo TFA and 50%

acetnitrile containing 0.1% TFA, according to the manufacturer's protocol. 2 pl of

matrix solution (o-cyano-4-hydroxy-cinnamic acid-buffered33o/o 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 80G4600 (mlz) [110]. Calibration was achieved

using a peptide calibration standard (Bruker Daltonics) containing angiotensin II

(average m/2, 1047.19 Da), angiotensin I (1297.49 Da), substance P (1348.64 Da),

bombesin (1620.86 Da), ACTH clip l-17 (2094.43 Da), ACTH clip 18-39 (2466.68

Da), and somatostatin 28 (3149.57 Da). The mlz data from the detected peptides were

used to search for the S. cerevisiae genome in the NCBInT database with Mascat 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.
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髯
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Figure 4-1 SYPRO red stained gel images of proteins separated by

dimensional (2-D) polyacrylamide gel electrophoresis.
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Using the same protein sample,reproducibility of two dimensional gel

electrophoresis experlments was examined.For companson of the pattems of proteins

obtained from two gel images,cach spot volЩne was nomalized as the sll― ation of

the volumes ofall detected spots.To evaluate any sittflcant change in protein amomt,

the same samples were hd"endently applied to 2‐ D gel electrophoresis and volumes of

spots on one gel were compared with those ofthe corresponding spots On the other gel.

Ratios ofthe spot volllmes ofmoFe than 99%proteins were in the mnge between 3 and

O.33(=1/3),suggesting that the ratio of intensity ofpFOtein spot宙 th more than 3 fold

or less than 1/3 was signlflcant(Figure 4‐ 2)。

The■鵬tttme

Figure 4-2 Reproducibility of proteomic experiment. X and Y il(es represent the

protein spot intensities obtained from lst 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

Eaf5. 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 p1:8.9. however as shown in Figure 4-3, the spot which was identified as

Eaf5 located in 2-DE gel with molecularweight about 25.4kD and plabout 4.5 - 4.7.

Thus it suggested that Eaf5p was degraded and I found the fragment of Eaf5p.
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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 l0% of ethanol, and at

mid-log phase, the cells were collected for 2-D geI 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 A1

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

stain FY834 under high ethanol concentration. Yeast strains were cultivated aerobically

at 30 oC in YPD medium containing l0% ethanol. I repeated this culture, where a paxt

of the first culture medium along with the yeast cells was transferred to a fresh medium

containing 10% ethanol. The timing of the tansfer to the fresh medium is indicated by

the dotted lines. The time of cells harvest for protein exfaction is indicated by the

anows. Average and standard deviation of ODooo 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 amotrnt, 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 contol @)

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

contol shains) were used for examining correlation.
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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.

，幸

彗

■

静

鳳

66



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 A10/ C10
name

Biological process

YAL005C SSAI 2.07 protein biosynthesis
YNL209W SSB2 4.27 protein biosynthesis
YLR259C HSP60 1.56 protein folding*
YFR019W FABI 2.07 phosphoinositide phosphorylation
YOR230W WTMI 3.01 protein import into nucleus
YPL061W ALD6 1.02 acetate biosynthesis
YGRI55W CYS4 1.3 I cysteine biosynthesis
YFL018C LPDI 0.37 glycine catabolism*
YGL253W IIXK2 3.17 replicative cell aging*
YFR044C DUGI 1.75 glutathione catabolic process

YGR254W ENOI 0.84 glycolysis*
YHR174W ENO2 1.86 glycolysis*
YCR0I2W PGKI 2.59 glycolysis*
YHR179W OYE2 0.64 biological process unknown
YOL086C ADHI 0.98 fermentation
YOR007C SGT2 1.13 glutathione catabolic process

YIL041W GVP36 4.16 vacuole organization and endocytosis
YKL060C FBAI l.4l glycolysis*
YLR355C LVs 0.94 mitochondrial genome maintenance*
YGR192C TDH3 I.96 glycolysis*
YBR01 lC IPPI 1.19 phosphate metabolism
YDR353W TRRI 0.90 regulation of cell redox homeostasis
YPR069C SPE3 O.lL pantothenate biosynthesis*
YMRI l6C ASCI 1.09 glucose mediated signaling
YIL053W RHR2 0.51 response to osmotic stress*

YER062C GPP2 0.75 response to osmotic stress*

YDR050C TPIL 0.98 glycolysis
YDR226W ADKI 0.83 nucleotide metabolism
YBR072W HSP26 0.27 response to stress*
YKL056C TMAL9 1.30 response to oxidative stress

YHR193C EGD2 3.65 'de novo'cotranslational protein folding
YEL018W EAFS 0.09 DNA repair
YML028W TSAI 2.15 response to oxidative stress*

YLR109W AHPI l.2l regulation of cell redox homeostasis*
YJR104C SODI 0.41 zinc ion homeostasis*
YHR008C SOD2 0.80 replicative cell aging*
YKL152C GPMI 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 microa:ray, 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 et al. (1999) investigated that there was a relatively high

correlation (10.74)between protein abundance and mRNA expression levels [04]. 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 U01-103]. This fact means that there are several

proteins whose abundant amount changes cannot be detected by DNA microa:ray

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 Eaf5p in the ethanol-adapted

strain A1 were significantly lower than that in the control strain FY834 grown in l0%

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



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/Ivlsn4p which binds to heat shock elements and stress responsive elements,

respectively, in the HSP26 promoter [1ll]. Since Carmelo et al. previously reported

that Hsp26p accumulates when cells enter stationary phase gpwth |121. 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 Eaf5p of the control strain was identified with significant higher amount

than of the ethanol-adapted strain. Eaf5p is involved in DNA repair process I l3], thus

fi.rther investigation of the change of Eaf5p is needed to understand the effect of

ethanol on yeast cell.

The production of five proteins, Ssb2p, Wtrnlp, Hxk2p, Gvp36p and Egd2p, of

the ethanol-adapted strain Al was 3-fold higher than those of the control strain FY834.

Ssb2p is a chaperone protein that is member of SSB ($tress-$eventy subfamily B), a

subfamily of cytosolic heat shock proteins 70 (HSP70s) [ la]. The main function of

HSP7Os is to serve as molecular chaperones that binds with newly-translated proteins to

assist proper folding and to prevent aggregation. Wtrnlp is a transcriptional modulator

that involves in regulation of meiosis, silencing, and expression of RNR

(Bibo\ucleotide Beductase) genes [15]. Hxk2p, a hexokinase isoenzyme 2 that

catalyzes phosphorylation of glucose in the cytosol is a predominant hexokinase during

gowth on glucose [116]. Gvp36p, a BAR (Bir/4$phiphysinftvs) domain-containing

protein thatlocalizes 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 U17]. Egd2p is an alpha subunit of the

heteromeric qascent 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.

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 identifu 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 Eaf5p 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, Wnnlp, 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.
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Chapter 5

General conclusion

There have been many previous sfudies on the "short-term" ethanol adaptation

of Saccharomyces cerevisiae. However few sfudies 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 f13,67,86, 871. 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 l, 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 fatry 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 identiff 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 I0% ethanol. In contrast,

increased abundance of five proteins was identified in the adapted yeast. Three of them,

Ssb2p, Wtmlp and Egd2p, have main fi.rnction 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 I List of up-regulated genes only in the ethanol-adapted strain. The
asterisk (*) indicated a main biological process of encoding protein.

Number  Systematic    Standard
name         name

Biological Process

l  YPL012W

2  YCL046W
3  YLR404W
4  YDR172W
5   YLR274W
6  YPL035C
7  YBR125C
8  YCL002C
9  YPR027C
10  YI)R237W
ll   YPR157W
12  YPL244C
13  YGL252C
14 YJL143W

15  YGL162W

16  YDR455C
17  YDR328C
18  YLR372W
19  YGR263C
20  YGL041C
21  YLR374C
22  YLR316C
23  YLR285W
24  YJLl14W
25  YCR047C
26  Y()R012W
27 YLR182W
28 YJL121C
29  YPR147C
30  YML095C
31  YLR319C
32  YGL042C
33  YER060W
34  YPL148C
35  YOR125C
36  YPL226W
37  YPL037C
38  YMR158W
39  YLR264W
40  YLR383W
41  YHR131C
42  YCR015C

RRP12

YCL046W
YLR404W
SW35
CDC46
YPL035C
PTC4
YCL002C
YPR027C
LIRPL7
YPR157W
HUTl
RTG2
TIM17

SUTl

YDR455C
SKPl
StttR4

YGR263C
YGL041C
YLR374C
TAD3
NNTl
YJLH4W
BUD23
YOR012W
SⅥ6
RPEl
YPR147C
RAD10
BUD6
YGL042C
FCY21
PPT2
CAT5
NEWl
EGDl
個ヽRPS8

RPS28B
SMC6
YIIR131C
YCR015C

processing of 2biological process unknownS pre-
rRNA*
biological process unknown
biological process unknown
mRNA catabolism, deadenylylation-dependent decay*

DNA replication initiation*
biological process unknown
biological process unknown
biological process unknown
biological process unknown
protein biosynthesis
biological process unknown
UDP-galactose transport
intracellular sipaling cascade *

mitochondrial matix protein import
regulation of transcription from RNA polymerase II
promoter*
biological process unknown
protein complex assembly*
sphingolipid biosynthesis *

biological process unknown
biological process unknown
biological process unknown
tRNA modification
chromatin silencing at ribosomal DNA*
biological process unknown

bud site selection

biological process unknown
meiosis*
pentose-phosphate shunt

biological process unknown

removal of nonhomologous ends*

actin fi lament organizationr
biological process unknown
biological process unknown
protein-cofactor linkage

ubiquinone metabolism
biological process unknown
nascent polypeptide association
protein biosynthesis
protein biosynthesis
DNA repair*
biological process unknown

biological process unknown

9l



Nulllber  Systematic     Staldard      B1010gicalProcess
name         nall

43 YPL064C CWC27 biological process unknown
44 YPRl2lW THl22 thiamin biosynthesis
45 YLR393W ATPI0 protein complex assembly
46 YBR070C ALGI4 dolichol-linked oligosaccharide biosynthesis
47 YNL3I9W YNL3I9W biological process unknown
48 YCR027C RHBI L-arginine transport*

49 yDRl6TW TAFI' transcription initiation from RNA polymerase II
promoter*

50 YFL046W FMP32 biological process unknown
51 YMR023C MSSI protein biosynthesis*
52 YGR274C TAFI protein amino acid phosphorylation*
53 YDRI62C NBP2 response to heat*
54 YEL072W RMD6 biological process unknown
55 YLR361C DCR2 biological process unknown

56YoRl19CRIol|fr;i':.'of2biologicalprocessunknownSpre-
57 YHRI92W YHRI92W biological process unknown
58 YLR379W YLR379W biological process unknown
59 YOR166C YOR166C biological process unknovrn
60 YLR265C NEJI DNA repair*
61 YLR323C CWC24 biological process unknown
62 YDR336W YDR336W biological process unknown
63 YLR363C NMD4 mRNA catabolism, nonsense-mediated decay

64 YPR139C VPS66 protein-vacuolar targeting
65 YPL080C YPL080C biological process unknown
66 YLR.273C PIGI regulation of glycogen biosynthesis
67 YNLI22C YNL122C biological process unknown
68 YLR275W SMD2 nuclear mRNA splicing, via spliceosome

69 YLR3l2W-A MRPLI5 protein biosynthesis
70 YGLI06W MLCI endocytosis*
71 YLR033W RSC58 chromatin remodeling
72 YPL0IOW RET3 retrograde transport, Golgi to ER
73 YOR257W CDC3I microtubule nucleation*
74 YFL032W YFL032W biological process unknown
75 YOL038W PRE6 ubiquitin-dependent protein catabolism

T6 yGLl66W CIJ'2 transcriptioninitiationfromRNApolymerasell
promoter*

77 YIL069C RPS24B protein biosynthesis

78 YPLIT4C NIPIOO establishment of mitotic spindle orientation
79 YPL2I5W CBP3 protein complex assembly

80 YDLO8IC RPPIA translational elongation*
81 YGR135W PRE9 ubiquitin-dependent protein catabolism*
82 YMRI59C ATGI6 autophagy

83 YPL038W MET31 regulation of tanscription*
84 YDR002W YRBI ubiquitin-dependent protein catabolism*
85 YFL003C MSH4 meiotic recombination
86 YDR302W GPII I GPI anchor biosynthesis
87 YDR025W RPSI lA protein biosynthesis*
88 YER0TIC YER0TIC biological process unknown
89 YLR292C SEC72 posttranslational protein-membrane targeting
90 YJR063W RPAI2 transcription from RNA polymerase I promoter
91 YLR288C MEC3 chromatin silencine at telomere*
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Number Systematic
llame

Biological Process
Standard
name

92  YBL021C
93 YOR224C
94  YJL055W
95  YLR320W
96  YPR146C
97  YPL094C
98  YER002W
99  YDL012C
100 YBR190W
101  YPR134W
102 YCL033C
103  YGR025W
104 YBR052C
105 YLR291C
106 YGL070C
107 YJR067C
108  YMR123W
109 YIIR043C
l10  YIR009W
lll YKL036C
l12 YPL095C
l13 YPL008W
l14 YCR087C‐A
l15 YGR016W
l16 YBR193C
l17  YPR002W
l18 YLR367W
l19 YCL031C
120  YGR039W
121 YLR354C
122 YLR370C

123 YDR016C

124  YLR351C
125  YKL154W
126 YNR022C
127  YGR275W
128 YOL039W

129 YPR086W

130 YLR073C
131 YGL008C
132  YLR364W
133 YCR090C
134 YFR036W
135 YGR148C
136 YLR262C
137 YCR059C
138 YHR044C
139 YBL090W
140 YMR305C
141 YGR260W

臥 P3

RPB8
Y」L055W
MMS22
YPR146C
SEC62
NOP16
YDL012C
YBR190W
MSS18
YCL033C
YGR025W
YBR052C
GCD7
RPB9
YAEl
PKRl
DOG2
MSLl
YKL036C
YPL095C
CHLl
YCR087C‐A
YGR016W
MED8
PDHl
RPS22B
RRP7
YGR039W
TALl
ARC18

DADl

NIT3
SRP102
MRPL50
R]「r102

RPP2A

SUA7

YLR073C
PMAl
YLR364W
YCR090C
CDC26
RPL24B
YPT6
YIHl
DOGl
NIRP21

SCW10
猟 Al

transcription*
transcription from RNA polymerase II promoter*
biological process unknown
double-strand break repair
biological process unknown
posttranslational protein-membrane targeting
ribosomal large subunit biogenesis

biological process unknown
biological process unknown
Group I intron splicing
response to oxidative stress

biological process unknown
biological process unknown
translational initiation
transcription from RNA polymerase II promoter
biological process unknown
biological process unknown
response to stress*
nuclear mRNA splicing, via spliceosome

biological process unknown
biological process unknown
chromosome segregation*
biological process unknown
biological process unknown
transcription from RNA polymerase II promoter
propionate metabolism
protein biosynthesis

35S primary fanscript processing*
biological process unknown
pentose-phosphate shunt

actin fi lament organization*
mitotic spindle organization and biogenesis in
nucleus*
biological process unknown
protein-ER targeting*
protein biosynthesis
biological process unknown
translational elongation*
transcription initiation from RNA polymerase II
promoter
biological process unknown
regulation of pH*
biological process unknown
biological process unknown
mitotic sister chromatid segregation*
protein biosynthesis
intracellular protein transport*
regulation of amino acid metabolism
glucose metabolism
protein biosynthesis*
conjugation with cellular fusion
nicotinamide mononucleotide transport
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Number sYstematic
name

Biological Process
Standard
name

142  YFL017C
143  YJL179W
144 YCL047C
145 YIL089W
146  YPL059W
147 YEL003W
148  YOR258W
149  YPL065W
150 YDR089W
151 YPL100W
152 YPL104W
153  YLR289W
154 YCL049C
155 YJL095W
156 YLR333C
157  YLL015W
158  YPL060C‐A
159  YhJL217W
160 YGR216C
161 YPR085C
162  YIIR057C
163 YLR266C
164  YPL203W
165  YLR332W
166 YDR175C
167  YFL044C
168 YLR016C
169  YDR319C
170  YDR041W
171  YLR459W

172 YCR039C

173 YER066C‐A
174 YIIR191C

175 YGR272C

176 YPR131C
177 YDR253C
178  YBR217W
179 Ⅷ R079C
180  YFL010C

181  YDR201W

182  YPL072W
183 YLR360W

184  YNL136W

185 YLR390W
186  YJL178C
187 YDL121C
188 YFR041C
189  YPR101W

GNAl
PFDl
YCL047C
YIL089W
GRX5
GIM4
11NT3

VPS28
YDR089W
ATG21
MSDl
GIIFl

YCL049C
BCKl
RPS25B
BPTl
YPL060C‐A
YNL217W
GPH
YPR085C
CPR2
PDR8
TPK2
MID2
RSヽ江24

YODl
YLR016C
YDR319C
RSNI110

GABl

NIIATALPHA2

YER066C‐ A
CTF8

YGR272C

NAT3
NIET32

ATG12
1REl

WWMl

SPC19

11BP16

VPS38

EAF7

ECM19
ATG27
YDL121C
ERJ5

SNT309

UDP-N-acetylglucosamine biosynthesis
protein folding*
biological process unknown
biological process unknown
response to osmotic stress*

tubulin folding
biological process unknown
protein-vacuolar targeting*
membrane organization and biogenesis

autophagy*
protein biosynthesis

biological process unknown
biological process unknown
protein amino acid phosphorylation*
protein biosynthesis

bilirubin hansport*
Ty element transposition
biological process unknown
GPI anchor biosynthesis
biological process unknown
biological process unknown
response to stress*
protein amino acid phosphorylation*

cell wall organization and biogenesis*
protein biosynthesis*
regulation of transcription
biological process unknown
biological process unl,orown
protein biosynthesis

attachment of GPI anchor to protein
regulation of transcription from RNA polymerase II
promoter*
biological process unknown
mitotic sister chromatid cohesion
processing of 2biological process unknownS pre-
rRNA
N-terminal peptidyl-methionine acetylation
sulfur amino acid metabolism
protein-vacuolar targeting *

protein amino acid phosphorylation*

response to dessication
mitotic spindle organization and biogenesis in
nucleus*
protein deubiquitination
late endosome to vacuole transport
regulation of transcription from RNA polymerase II
promoter*
cell wall organization and biogenesis

vesicle organization and biogenesis

biological process unknown
biological process unknown
nuclear mRNA splicing, via spliceosome
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. Svstematic
NUmDer

name
Biological Process

Standard
name

190 YDL125C
191 YER094C
192 YOL040C
193 YOR105W
194  YPL051W
195 YDR308C
196  YKL156W
197 YCR003W
198 YIIR153C
199  YDL135C
200 YGR024C
201  YDR337W
202 YPR143W
203 YDL015C
204 YGL198W
205 YLR261C
206  YBL040C
207 YGR01lW
208  YPL166W
209 YCR036W
210 YGL031C
21l YCR075C
212 Y」R091C
213  YPL098C
214  YFR052W
215 YER093C‐ A
216 YLR245C
217 YNL310C
218 YNL149C

219 YPL096W

220  YPL036W
221  YLR066W

222 YOL012C

223 YPR107C
224 YDR033W
225 YIR019C
226  YKR074W
227  YJL004C
228 YGL168W

229 YPR199C

230 YNL032W
231 YLR293C
232  YPR063C
233 YGL258W
234  YNL153C
235 YPL268W
236 YBR066C
237 YPR187W
238 YJR055W

HNTl
PUP3
RPS15
YOR105W
ARL3
SRB7
RPS27A
耐 L32

SP016
RD11

THGl
MRPS28
RRP15
TSC13
YIP4

YLR261C
ERD2
YGR01lW
YPL166W
RBKl
RPL24A
ERSl
JSNl

YPL098C
RPN12
YER093C‐ A
CDDl
ZIM17
YNL149C

PNGl

PMA2
SPC3

HTZl

YTHl
MRI11
MUCl
YKRl174W
SYSl
IIURl

ARRl

SIW14
GSPl
YPR063C
YGL258W
GIM3
PLCl
NRG2
RP026
HITl

nucleotide metabolism
ubiquitin-dependent protein catabolism
protein biosynthesis*
biological process unknown
intracellular protein transport
transcription from RNA polymerase II promoter
protein biosynthesis
protein biosynthesis
sporulation (sensu Fungi)
actin fi lament organization*
tRNA modification
protein biosynthesis*
processing of 27S pre-rRNA
very-long-chain fatfy acid metabolism
vesicle-mediated transport
biological process unknown
protein-ER retention
biological process unknown
biological process unknown
D-ribose metabolism
protein biosynthesis

L-cystine transport
mRNA catabolism, deadenylylation-dependent decay

biological process unknown
ubiquitin-dependent protein catabolism
biological process unknown
cytidine catabolism*
protein folding*
biological process unknown
misfolded or incompletely synthesized protein
catabolism*
regulation of pH*
signal peptide processing

regulation of transcription from RNA polymerase II
promoter*
mRNA polyadenylylation*
biological process unknown
pseudohyphal growth*
biological process unknown
Golgi to endosome transport*
DNA replication
positive regulation of transcription from RNA
polymerase II promoter*
endocytosis*
rRNA processing*

biological process unknown
biological process unknown
tubulin folding
pseudohyphal growth*
invasive gowth (sensu Saccharomyces)

transcription fiom RNA polymerase II promoter*

biological process unknown
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Number sYstematic
name

Biological Process
Standard
name

239 YDR306C
240 YMRl19W‐A
241 YBL107C
242  YLR267W
243  YNR009W
244  YLR362W
245  YDL136W
246 YЛ」192C
247 YER092W
248 YBR062C
249 YDL235C
250  YKR051W
251 YPL218W
252 YDL052C
253 YPR194C
254 YBL028C
255 YDR013W
256 YPR166C
257  YLR056W
258 YDL177C
259  YLR350W
260 YGR129W
261  YJL032W
262 YGR136W
263 YCR020C‐ A
264 YML102C―A
265 YPR007C
266  YFR026C
267  YNR040W
268  YIR022W
269 YIL01lW
270  マ■4L012W
271 YJR056C
272  YPL005W

273 YBR240C

274  YI)R469W

275  YFL031W

276  YGR215W
277 YIR042C
278 YNL277W
279  YAR027W
280 YLR165C
281  YJL184W
282  YPR049C
283 YGR284C
284 ・rHR059W
285 YGR020C
286 YGR139W
287 YBR122C
288 YMR171C

YDR306C
YMRl19W‐A
YBL107C
BOP2
YNR009W
STEll
RPL35B
SOP4
fES5

YBR062C
yPD′

YKR051W
MR′
説 C′

OP″

PSFf
滋訳P2
駅 G3

0島
"SyF2

ZS3f
iZZKθ′

REC∂

SEC′′

rfR3

ERン25

ИEP3

馳

の C′

″7C′

パSiZ27

燿 ″

し弘Pθ

P“5
GOⅣ7
И7G′′

ER/29
Fアン7
ン協 7

yRPz36

ubiquitin-dependent protein catabolism
biological process unknown
biological process unknown
biological process unknown
biological process unknown
protein amino acid phosphorylation*
protein biosynthesis

ER to Golgi transport
biological process unknown
biological process unknown
response to osmotic stress*

biological process unknown
ER to Golgi transport
sphingolipid biosynthesis
oligopeptide transport
biological process unknown
DNA-dependent DNA replication
protein biosynthesis

ergosterol biosynthesis

biological process unknown
response to unfolded protein
nuclear mRNA splicing, via spliceosome*
biological process unknown
biological process unknown
N-terminal protein amino acid acetylation
biological process unknown
meiosis*
biological process unknown
biological process unknown
signal peptide processing

biological process unknown
ER to Golgi transport
biological process unknown
mRNA metabolism
positive regulation of transcription from RNA
polymerase II promoter*
chromatin silencing at telomere*
regulation of tanscription from RNA polymerase II
promoter*
protein biosynthesis

biological process unknown
methionine biosynthesis *

biological process unknown
rRNA modification*
cell wall mannoprotein biosynthesis*
protein-vacuolar targeting*
ERto Golgi fansport
biological process unknown
vacuolar acidification
biological process unknown
protein biosynthesis

biological process unknown
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Number  Systematic     Staldard      131ologicalProcess
name         naコ

289 YPL|46C NOP53 ribosome biogenesis*
290 YNLISTW - biological process unknown
291 YDR304C CPRf biological process unknown
292 YPRI6TC MET|6 methionine metabolism*
293 YERI46W LSMS nuclear mRNA splicing, via spliceosome*
294 YCRO9IW KIN82 proteinaminoacidphosphorylation*
295 YPLll8W MRP5I proteinbiosynthesis*
296 YER177W BMHI sporulation (sensu Fungi)*
297 YIL080W - Ty element transposition
298 YCR043C - biological process unknown
299 YNR037C RSM|9 proteinbiosynthesis

300 YIL047C SYGI signal fansduction
301 YBR268W MRPL37 protein biosynthesis

302 YPL04IC - biological process unknown
303 YBL0I8C POPS rRNA processing*
304 YOR33IC biological process unknown
305 YNLOSIC SWS2 protein biosynthesis
306 YOR358W HAP5 ffanscription*
307 YGRI88C BUBI protein amino acid phosphorylation*

308 YPR079W MRLI vacuolar transport
309 YPL045W VPSI6 protein-vacuolar targeting*
310 YBR035C PDX3 fatty acid metabolism
311 YPL165C SET6 biological process unknown
312 YLR346C - biological process unknown
313 YOLI1TC - biological process unknown
314 YDR284C DPPI signal fransduction*
315 YDR3ISW MCM2I chromosome segregation

316 YBL026W LSM2 nuclear mRNA splicing, via spliceosome*
317 YHR193C EGD2 nascent polypeptide association

318 YPL152W RRD2 response to osmotic stress*

319 YGR278W CWC22 nuclear mRNA splicing, via spliceosome

320 YLR298C YHCI nuclear mRNA splicing, via spliceosome

321 YDR073W SNFI I chromatin remodeling
322 YDR339C - biological process unknown
323 YDL246C SOR2 hexose metabolism

324 YBROI4C - biological process unknown

325 YOR089C VPS2I endocytosis*

326 YPR099C biological process unknown

327 YEL027W CUP1 endocytosis*

328 YPR1 l9W CLB2 G2llvl transition of mitotic cell cycle*

329 YLR281C - biological process unknown

330 YIL0I6W SNLI nuclear pore organization and biogenesis

331 YMR022W QN8 chromatin assembly or disassembly*

332 YDR2I0W - biological process unknown

333 YOLI59C - biological process unknown

334 YEL026W SNU|3 nuclear mRNA splicing, via spliceosome*
335 YJR058C APS2 vesicle-mediated transport

336 YPL087W YDCI response to heat*

337 YMROTIC TVP18 biological process unknown

338 YLR345W - biological process unknown

339 YJL174W KRE9 cell wall organization and biogenesis*
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. Svstematic
NumDer

name
Biological Process

Standard
name

340  m101C
341  YPL066W
342  YLL050C
343 YGR207C
344  YJL173C
345 YGL029W
346  Y()R265W
347  YMRl12C
348  YIIL048W
349 YCR028C‐ A
350 YLR051C
351  YMR193W
352 YPL272C
353 YBR201W
354  YBR090C
355  YIIR060W
356  YDR541C
357 YLR074C
358 YLR203C
359  YOR099W
360  YPL052W
361 YLR406C

362  YPR005C

363  YPR201W
364  YNL131W
365 YOR304C… A
366 YDR530C
367 YPR120C
368  YBR278W
369 YNR036C
370 YEL024W
371  YLR326W
372  YKL160W
373 YMR101C
374 YPR188C
375  YIL098C
376  YI)R377W
377 YBR210W
378 YJLl13W
379  YHR049W
380  YKL153W
381  YFL038C
382 YNR067C
383 YOR307C
384 YLR169W
385 YLR349W
386  YJL003W
387 YIR027C
388 YHR072W‐ A
389 YKRC175C
390  YIL065C

CしEイ

COF′

閣 3

CGR′

鰐 Z2
yED′ ′

COS8
RIyf

i“RPZ2イ

DER′

ンηttZ22

3じD2θ
yss5′

Kηマ′

“

Zf

RPZ3′ B

RAZ′

ИRR3
η 〃 2

ИP/2
CZB5
DPBθ

RIP′

屁 F′

SRπ
滋 α

FMC′
ИTP17
ER/′5

FS「f

yPη

DSEイ

馳 ″ ′

COχ′σ

DИ Z′

NOP′θ

FIS′

biological process unknown
biological process unknown
actin fi lament organization*
biological process unknown
DNA recombination*
rRNA processing*
microtubule cytoskeleton organization and biogenesis*
transcription from RNA polymerase II promoter
response to unfolded protein
mitochondrial genome maintenance

biological process unknown
protein biosynthesis

biological process unknown
ER-associated protein catabolism
biological process unknown
protein complex assembly*
biological process unknown
bud site selection
protein biosynthesis*
Olinked glycosylation*
protein catabolism
protein biosynthesis
positive regulation of transcription from RNA
polymerase II promoter*
arsenite transport
mitochondrial matrix protein import
biological process unknown
nucleotide metabolism
Gl/S transition of mitotic cell cycle*
chromatin silencing at telomere*
protein biosynthesis
aerobic respiration*
biological process unknown
cell growth
protein amino acid glycosylation
cytokinesis, contactile ring contraction
protein complex assembly

ATP synthesis coupled proton tansport
axial bud site selection

biological process unknown
biological process unknown
biological process unknown
ER to Golgi transport*
cytokinesis, completion of separation

ER to Golgi transport
biological process unknown
biological process unknown
aerobic respiration*
allantoin catabolism
rRNA modification*
biological process unknown
mitochondrial fission
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Nunlber  Systematic     Staldard      BiologicalProcess
name         nan

391 YDR030C MD28 DNArepair
392 YGR230W BNS/ meiosis
393 YOR086C TCB| biological process unknown
394 YDRI39C RUBI protein deneddylation*
395 YMR297W PRCI vacuolarproteincatabolism
396 YOR016C ERP4 secretorypathway
397 YGR033C TIM2| mitochondrial matrix protein import
398 YDL0I6C biological process unknown
399 YIR024C - biological process unknown

4OO yJLl l'C GZF3 negative regulation of transcription from RNA
polymerase II promoter*

401 YLR250W SSPI2l protein secretion
402 YHR125W biological process unknown
403 YPR182W SMX3 nuclear mRNA splicing, via spliceosome
404 YEL004W YEA4 cell wall chitin biosynthesis*
405 YCR010C ADY2 transport*
406 YDR373W FRQI regulation of sigrral transduction
407 YHRI9SC FMP22 biological process unknown
408 YJR044C VPS55 late endosome to vacuole transport
409 YMR081C ISFI aerobic respiration
410 YIL070C MAM33 aerobic respiration
411 YNL031C HHT2 chromatin assembly or disassembly

412 YBR203W COg 1l signal tansduction
413 YLR376C PSY3 error-free DNA repair

414 ypR''gw HAAI transcription initiation from RNA polymerase II
promoter

415 YORI03C OST2 N-linked glycosylation
416 YOL030W GAS1 biological process unknown
417 YJL078C PRy3 biological process unknown
418 YLR300W EXGI cell wall organization and biogenesis*
419 YDR3l5C IPKI myo-inositol metabolism
420 YBL0TIC biological process unknown
421 YLR280C biological process unknown
422 YPLIS3W-A - protein biosynthesis

423 YER087C-A biological process unknown
424 YLR290C - biological process unknown
425 YNL255C GIS2 intracellular sipaling cascade

426 YDR063W - biological process unknown
427 YLR388W RPS29A protein biosynthesis
428 YOL026C MIMI protein complex assembly*
429 YGLI?TC SOHI DNArepair*
430 YDR177W UBCI endocytosis*
431 YDR286C - biological process unknovrn
432 YOL005C RPBI l transcription from RNA polymerase II promoter

433 YJR029W biological process unknown

434 YBRIT3C UMPI ubiquitin-dependent protein catabolism*

435 YGL028C SCWI l cytokinesis, completion of separation

436 YCR020C PET|8 mitochondrion organization and biogenesis*

437 YOR252W RBFL7 biological process unknown

438 YNLI4TW LSMT nuclear mRNA splicing, via spliceosome*

439 YBR055C PRP6 nuclear mRNA splicing, via spliceosome

440 YDR298C ATPS ATP synthesis coupled proton tansport
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Nu]nber  Systematic
name Biological Process

Standard
name

441 YPL123C
442 YMR008C
443 YBR077C
444 YJL185C
445 YAL049C
446  YPL071C
447  YJL140W
448 YCR007C
449 YGL219C
450 YCR060W
451  YKR048C
452 YCL007C
453  YNL214W
454  YML002W
455 YDR51lW

456 YGL035C

457 YLR218C
458  YNL030W
459  Y(〕 R105W
460 YBR058C‐ A
461 YLR286C
462  YDL018C
463 YOR264W
464  YNL336W
465 YDRl15W
466  YML058W
467  YNL156C
468 YOL162W
469 YCR020W‐ B
470  YNL338W
471 YGR030C
472  YKR106W
473 YOR031W

RNyf
PZBF
乱 ″

RPBイ

ル4DИイ
ν ″

Ⅳ7P′

PU77

ИCN9

MIG′

f二島″F2

ン協 2′

rsc3

C蜜,f

ERP3
DSE3
COS′

肱 ′

力SG2

肌 ′

POPσ

C85

cellular morphogenesis
glycerophospholipid metabolism
signal transduction
biological process unknown
biological process unknown
biological process unknown
mRNA-nucleus export*
biological process unknown
mitochondrion organization and biogenesis
protein folding
budding cell bud growth*
biological process unknown
peroxisome organization and biogenesis
biological process unknown
gluconeogenesis*

regulation of transcription from RNA polymerase II
promoter*
biological process unknown
chromatin assembly or disassembly
protein complex assembly

sphingolipid biosynthesis*
cytokinesis, completion of separation*
secretory pathway
biological process unknown
biological process unknown
protein biosynthesis*
mitochondrion organization and biogenesis*
biological process unknown
transport
regulation of cell cycle*
biological process unknown
rRNA processing*
transport
response to metal ion
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Table II 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

name
Standard
llame

Biological Process

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26
27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

YDL127W
YPR200C
YDR100W
YLR283W
YJR082C
YOR245C
YER131W
YFL017W‐ A
YIL086C
YGR053C
YJR161C
YDR512C
YNL327W
YPR082C
YBL005W‐B
YGR133W
YLR282C
YBR010W
YJL023C
YMR178W

YOR107W

YDL098C

YPR052C

YLR200W
YHL035C
YPR078C
YHR195W
YLR254C
YLR456W
YKL067W
YLR093C
YBL107W‐A
YGR181W
YPL020C
YER012W
YGL010W
YLR375W
YMR244W
YER124C
YLR325C
YMLl10C
YKL141W
YJRl15W
YPR061C
YPL234C
YDL137W

Pα2
И認

r/P′5

E/F6
DG∠′

RPS26B
SN2

COS5
M′
EC"
DIBI

PE″

〃η7′

PE7′ 3θ

RCS2

W″ 3

″

“yC2

/yR′

Ⅳ/JF

DZ′

nκ′
Ⅳyη

r″И′3

″ ′

PRE′

SEPθ

DSE′

RPZθ∂

C025
SDH3

JfD′

rFP3
ИRF2

cell cycle
response to arsenic

biological process unknown
biological process unknown
biological process unknown
triacylglycerol biosynthesis *

protein biosynthesis
nuclear mRNA splicing, via spliceosome

biological process unknown
biological process unknown
biological process unknown
sporulation (sensu Fungi)
cytokinesis
nuclear mRNA splicing, via spliceosome

biological process unknown
peroxisome organization and biogenesis*
biological process unknown
chromatin assembly or disassembly

biological process unknown
biological process unknown
G-protein signaling, coupled to cAMP nucleotide second
messenger
nuclear mRNA splicing, via spliceosome
regulation of transcription from RNA polymerase II
promoter*
protein folding*
transport
meiosis*
microautophagy
biological process unknown
biological process unknown
purine nucleotide biosynthesisr
vesicle fusion
biological process unknown
mitochondrial inner membrane protein import
G2lIvI transition of mitotic cell cvcle*
response to stress*

biological process unknown

biological process unknown
biological process unknown
cell wall organization and biogenesis
protein biosynthesis

aerobic respiration*
tricarboxylic acid cycle *

biological process unknown
biological process unknown
vacuolar acidification
ER to Golgi transport*
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Number Systematic
name

Standard
name Biological Process

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

YER058W
YOL129W
YBR253W

YER087C¨ B

YOL165C
YJL151C
YLR010C
YBR162W‐A
YCL056C
YDR183W

YNR032C‐A

YPL265W
YJL171C
YLR343W
YMR298W
YヨR092C
YMLl16W
YGR041W
YDR079W
YOR360C
YPL078C
YLRl18C
YPR159W
YIR032C
YIIR162W
YJL189W
YDLl15C

YBR040W

YDR022C
YKL013C
YLR271W
Y」R034W
YKR071C
YJL152W
YLR034C
YNIR046W‐A
YLR262C¨ A
YGL006W
YNL208W
YGR108W
YER163C
YJL160C
YPL057C
YDR326C
YDR032C
YPR156C
YML131W
YIL040W

PE7′ ′7

アPS68
SRBσ

s3為rf

ИИD′ 5

れ 43

卿 ′

6%

PZP′

frこヵBI

DIP5

as2
1カロDf

″

И7R′

B3D9
PEr′θθ

PDE2
ИrPィ

ス2もEσ

】  Zθ

RPZ39
f刀‰RI

FIG′

CISI

ИRcr9

PEr′ 9′

D朋 2

SyF3

RBF7
PyC′

α B′

SしRI

PS"
η α

ИPOf2

cytochrome c oxidase complex assembly
protein-vacuolar targeting
franscription from RNA polymerase II promoter
SRP-dependent cotranslational protein-membrane
targeting, tanslocation*
aldehyde metabolism
biological process unknown
telomere capping
protein secretion

biological process unknown
beta-tubulin folding*
cellular morphogenesis during conjugation with cellular
fusion*
amino acid transport
biological process unknown
biological process unknown
ceramide biosynthesis

hexose tansport
multidrug ransport
bud site selection

aerobic respiration*
cAMP-mediated signaling
ATP synthesis coupled proton transport
biological process unknown
cell wall organization and biogenesis*
allantoin catabolism
biological process unknown
protein biosynthesis

meiosis
cellular morphogenesis during conjugation with cellular
fusion*
regulation ofcyclin dependent protein kinase activity
mitochondrion inheritance *

biological process unknown
cytochrome c oxidase complex assembly

biological process unknown
biological process unknown
intracellular sequestering of iron ion
biological process unknown
biological process unknown
calcium ion homeostasis*

biological process unknov*n

G2II\,I tansition of mitotic cell cycle*
biological process unknown
biological process unknown
sphingolipid biosynthesis*
biological process unknown
biological process unknown
polyamine tansport
biological process unknown
mRNA-nucleus export

102



Number Systematic
name

Standard
name

Biological Process

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

YGL187C
YEL070W
YML066C
YDR031W
YOR032C
YEL012W
YPR094W
YDR156W
YPL221W
YEL068C
YGR066C
YPL135W
YML055W
YER039C
YPL264C
YЛ」142C

YPL185W
YJR061W
YML078W
YLR348C
YBR009C
YDR157W
YDL183C
YNL244C
YER185W
YDR474C
YOR161C
YLR378C
YMR244C‐A
YLR392C
YOR357C
YBR071W
YIR039C
YDR467C
YLR294C
YER044C
YIR043C
YDR322C‐A
YMR141C
YCR046C
YFR053C
YOL048C
YOR210W
YML129C
YGL072C
YGR258C
YIR044C
YDL045W‐A
YML072C
YDR275W
YER063W

ca移
DSFI
躍 2

fY]Иr,′

υBC∂

DS3
″ И′イ

BOP′

IS切

SPC2
″/C′

CPR3
D」Cr

f77777′

S1/ff

PNS′

SEC6′

Gυ ′9

yPS6

ERG2∂

7カ物7′

ryG′

豚 ′

RPB′θ

C∝ 1イ

MD2

yRP′θ

rcBθ

BSC2
ZttO′

aerobic respiration*
biological process unknown
spore wall assembly (sensu Fungi)
biological process unknown
pseudohyphal growth
protein monoubiquitination*
nuclear mRNA splicing, via spliceosome*
transcription from RNA polymerase I promoter

biological process unknown
biological process unknown
biological process unknown
iron ion homeostasis*

signal peptide processing

biological process unknown
biological process unknown
biological process unknown
biological process unknown
biological process unknown
protein folding
dicarborylic acid transport
chromatin assembly or disassembly

biological process unknown
biological process unknown
translational initiation
biological process unknown
biological process unknown
biological process unknown
protein-ER targeting*
biological process unknown
biological process unknown
protein localization
biological process unknown
biological process unknown
biological process unknown
biological process unknown

ergosterol biosynthesis
biological process unknown
ATP synthesis coupled proton transport
biological process unknown
protein biosynthesis
glucose metabolism*
biological process unknown
transcription from RNA polymerase II promoter*

aerobic respiration*
biological process unknown
nucleotide-excision repair, DNA incision, 3'-to lesion

biological process unknown
protein biosynthesis
biological process unknown
biological process unknown

transcription, DNA-dependent
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Number
Systematic

name
Standard
mame Biological Process

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

FMPj′
ИrG22

“SCSア
yPS5

CЭК

FE2

YOR045W
YPL277C
YLRl19W
YPR020W
YPL054W
YER085C
YDR396W
YOR122C
YOR003W
YCL058C
YDR133C
YLR423C
YGR209C
YNIR286W
YER057C
YNL281W
YFL062W
YNIL009C
YAL030W
YGR244C
YMR291W
YNL259C
YPR030W
YPL225W
YLR407W
YLR204W
YJR085C
YER050C
YJL131C
YER142C
YPR100W
YER019C― A
YIIR210C

YDR179C

YBR139W
YOL133W
YLL049W
YIL077C
YFL006W
YBR262C
YCL038C
YOR015W
YLR107W
YMR272C
YGL259W
YLR395C
YNIR252C
YPL017C
YEL073C
Y昭 19C

η 筋

S藤2
ИrP2θ

ιEE′

PFyf
ysP3

ИπG′ 7

噌

几

“

RPZ33

″ ′

κ ″′

COS4
ハ狛RP乙39

SNCr
昴 C2

ИZχ′

CSu

2R15

RS″′∂

ルИG′

九狛RPZ5′

S3月ワ

帥

駅 η

mitochondrial maFix protein import
biological process unknown
protein-vacuolar targeting*
ATP synthesis coupled proton transport
biological process unknown
biological process unknown
biological process unknown
response to osmotic stess*
protein catabolism
biological process unknown
biological process unknown
autophagy

response to oxidative stress*
protein biosynthesis

biological process unknown
response to stress*

biological process unknown
protein biosynthesis

endocytosis*
tricarborylic acid cycle*
biological process unknown
response to oxidative stress*

cell wall organization and biogenesis*
biological process unknown
biological process unknov"n
biological process unknown
biological process unknown
protein biosynthesis

biological process unknown
DNA dealkylation
protein biosynthesis*
cotranslational protein-membrane targeting
biological process unknown
adaptation to pheromone during conjugation with cellular
fusion*
biological process unknown
Gl/S transition of mitotic cell cycle*
biological process unknown
biological process unknown
biological process unknown
biological process unknown
protein-vacuolar targeting*
biological process unknown
RNA processing

fatty acid metabolism
biological process unknown
aerobic respiration*
biological process unknown
biological process unknown
biological process unknown
intracellular copper ion tansport*
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Number    Systematic    Standard
name        name

Biological Process

196 YBR082C UBC4 response to sfiess*
197 YBL002W HTB2 chromatin assembly or disassembly
198 YDR086C SSS/ protein secretion*
199 YLR054C OSW2 spore wall assembly (sensu Fungi)
200 YPRI58W - biological process unknown
201 YBL001C ECM(5 cell wall organization and biogenesis
202 YBR039W ATP3 ATP synthesis coupled proton fansport
203 YEL059C-A SOMI proteolysis and peptidolysis
204 YDR342C HXTT hexose transport
205 YGLI46C - biological process unknown
206 YHRI80W biological process unknown
207 YPLI86C UIP4 biological process unknown
208 YER067W - biological process unknown
209 YPRI38C MEP3 ammonium transport
210 YKI-167C MRP49 protein biosynthesis
2ll YGRI38C TPO2 polyamine transport
212 YJLI66W QCRS aerobic respiration*
213 YGL080W FMP37 biological process unknown
214 YNL306W MRPSIS protein biosynthesis
215 YJRI35W-A TIMS mitochondrial inner membrane protein import
216 YGL045W NM8 meiosis*
217 YDRI34C - biological process unknown

2tg yIR'lTC MET2g regulation of transcription from RNA polymerase II
promoter*

219 YDR5I0W SMT3 protein sumoylation
220 YML030W - biological process unknown
221 YPLI54C PEP4 sporulation*
222 YEL049W PAU2 biological process unknown
223 YNL333W SNZ2 thiamin biosynthesis*
224 YGL226C-A OSTS Nlinked glycosylation
225 YHR05IW COX6 aerobic respiration*
226 YPR026W ATHI response to stress*
227 YDL123W SNA4 biological process unknown
228 YHR175W CTR2 intracellular copper ion transport*
229 YDR545W YRF|-I telomerase-independent telomere maintenance

230 YOR285W - biological process unknown
231 YFR033C QCR6 aerobic respiration*
232 YGLI33W ITCI chromatin remodeling*
233 YMRI99W CLNI regulation of cyclin dependent protein kinase activity
234 YGR042W - biological process unknown
235 YGRI43V/ Sr(M1 cell wall organization and biogenesis*
236 Yl<Llg2C ACPI fatty acid biosynthesis
237 YDR042C - biological process unknown
238 YJR074W MOGI protein-nucleus import
239 YI{R039C-A VMA|| vacuolar acidification*
240 YOR327C SNC2 endocytosis*
241 YFR003C YPI| protein amino acid dephosphorylation*
242 YDL243C AAD4 aldehyde metabolism
243 YPL024W RMIL response to DNA damage stimulus
244 YJLl6lW FMP33 biological process unknown
245 YDR224C HTBI chromatin assemblv or disassemblv*
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Number Systematic
name

Standard
mame Biological Process

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

YDR357C
YDR363W‐A
YDR078C
YKL224C
YLL064C
YEL005C
YDL232W
YJRH9C
YGR282C
YLR295C
YGL188C
YKL065C
YDL024C
YHR143W

YBR089C‐A

YNIR040W
YER106W
YDR277C
YOR020C
YOR052C
YOL035C
YKRC176W
YDL010W
YIL087C
YDR276C
YNL070W
YOR303W
YIR037W
YLR356W
YDR343C
YIL060W
YGL191W
YLL025W
YDR154C
YGL248W
YBR026C
YBR157C
YLR037C
YIR199C
YOR389W
YOR100C
YDR513W
YPL013C
YNL200C
YJL048C
YLRl10C
YGR044C
YLR390W‐A
YPL278C
YNL274C

SEル″

S″″

“

″

“

Z

BGZ2
Иη ′イ

yE爾

Df/3
DSE2

Ⅳ刀P6B

″

"燿 ν′
M蘭 ′

「

SP′θ

ECル″

PMP3
70″
CPA′

ff駅′

fZλ名口6

COχ′θ

PDE′

E雲′
」CS2
】  N2

FMP3イ

CRC′

77R′

九狛RPS′ 6

しり

“CC″r′2

RyE′

CC″′イ

biological process unknown
ubiquitin-dependent protein catabolism*
error-free DNA repair
biological process unknown
biological process unknown
biological process unknown
N-linked glycosylation
biological process unknown
cell wall organization and biogenesis
ATP synthesis coupled proton transport
biological process unknown
biological process unknown
pseudohyphal growth*
cell wall organization and biogenesis*
regulation of tanscription from RNA polymerase II
promoter*
biological process unknown
meiotic chromosome segregation

signal transduction*
protein folding
biological process unknown
biological process unknown
cell wall organization and biogenesis

biological process unknown
biological process unknown
cation tansport
mitochondrial matrix protein import*
arginine biosynthesis

response to oxidative stress

biological process unknown
hexose transport
biological process unknown
aerobic respiration
biological process unknown
biological process unknovrn
cAMP-mediated signaling
aerobic respiration*
biological process unknown
biological process unknown
biological process unknown
biological process unknown
fatty acid metabolism
response to oxidative stress*
protein biosynthesis

biological process unknown
ubiquitin-dependent protein catabolism*
cell wall organization and biogenesis*
meiosis*
cell wall organization and biogenesis

biological process unknown
metabolism
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Systematic

name
Standard
name

Biological Process

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

YKL016C
YDL124W
YGL218W
YLR297W
YLR149C
YDL182W
YCL039W
YLL039C
YNL332W
YIR041W

YOR028C

YPL026C
YLR251W
YGL261C
YBLl12C
YIL015C‐A
YOR044W
YNL322C
YDL004W
YER096W
YLR312C
YNL234W
YLL060C
YPR204W
YAL061W
YHR145C
YFL068W
YKL142W
YOR062C
YBR006W
YLR461W
YFL020C
YPL230W
YNR076W
YER158C
YKR049C
YLL009C
YLR270W
YOL161C
YCL042W
YDL067C
YJL223C
YOL083W
YDL244W
YDR059C
YOR215C
YCR082W
YGR243W
YBR012C
YGL037C

Иη 7

ιyS2θ

GID7
UB14
r乃ビ′2

Cf7V5

SXSI
Syル″

J(ぷU3′

′η ′σ

S″て
'′

GH2

躍 ∂

“

∠2

PAし7
PИしり

PИじ6

FMPイ 6

C∝ 17
DCS′

C鋭9
″ 切

7L[′ 3

υBC5

/瀾C2
FMPイθ

PⅣじ′

protein complex assembly*
metabolism
biological process unknown
biological process unknown
biological process unknown
lysine biosynthesis, aminoadipic pathway

negative regulation of gluconeogenesis

response to stress*

thiamin biosynthesis
biological process unknown
regulation of transcription from RNA polymerase II
promoter*
protein amino acid phosphorylation*

ethanol metabolism
biological process unknown
biological process unknown
biological process unknown
biological process unknown
cell wall organization and biogenesis

ATP synthesis coupled proton transport
sporulation (sensu Fungi)*
biological process unknown
response to stress

glutathione metabolism
biological process unknown
biological process unknown
biological process unknown
biological process unknown
protein biosynthesis
biological process unknown
response to oxidative stress*

biological process unknown
biological process unknown
biological process unknown
biological process unknown
biological process unknown
biological process unknown

cytochrome c oxidase complex assembly*

deadenylylation-dependent decapping

biological process unknown

biological process unknown
aerobic respiration*

biological process unknown
biological process unknown
thiamin biosynthesis
endocytosis*
biological process unknown
biological process unknown
biological process unknown
biological process unknown
chromatin silencing at telomere*
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Standard
mame Biological Process

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

YDR178W
YGR122C‐A
YKL185W
YLL020C
YJL205C‐ A
YNR073C
YKR042W
YER138W‐A
YJR008W
YBR067C
YPIR158C¨B
YDR340W
YJL144W
YGR279C
YEL039C
YCL035C
YDL020C
YMR181C
YNL334C
YGR102C
YMLl17W‐A
YNL055C
YOR338W
YER035W
YCL025C
YDR218C
YPR002C¨ A
YHRC133W
YLR252W
YFL030W
YIIR056C
YBR105C
YGR183C
YGR035C
YER188W
YKL096W
YJR127C
YOLH9C
YDR529C
YNIIR122W‐A
YFR01lC
YGR146C
YPL092W
YNL305C
YCR005C
YDR055W
YKL063C
YPR150W
YKR105C
YER053C
YCR071C

鋤 H4

/SII

し卿リ

71P′

SC″7
Cκ 7
GRXr
瞼 NA

脚 02

POR′

EDC2
ИCP′

sPe∂

ИGXF
ぷ C3θ

/fD2イ

2CR9

C″P′

ZyS′

に 解

OCR7

SS切

cfr2

PSη

PIC2

fyG2

tricarborylic acid cycle
biological process unknown
pseudohyphal growth*
biological process unknown
biological process unknown
biological process unknown
mitochondrion organization and biogenesis*
biological process unknown
biological process unknown
cell wall organization and biogenesis

biological process unknown
biological process unknown
response to dessication

conjugation with cellular fusion
electron transport
response to oxidative stress*

ubiquitin-dependent protein catabolism*
biological process unknown
thiamin biosynthesis*
biological process unknown
biological process unknovrn
aerobic respiration*
biological process unknown
deadenylylation-dependent decapping

amino acid transport
cell wall organization and biogenesis*
biological process unknown
biological process unknown
biological process unknown
glycine biosynthesis
regulation of transcription, DNA-dependent
vesicle-mediated transport*
aerobic respiration*
biological process unknown
biological process unknown
cell wall organization and biogenesis

biological process unknown
transport
aerobic respiration*
biological process unknown
biological process unknown
biological process unknown
sulfite transport
biological process unknown
glutamate biosynthesis *

cell wall organization and biogenesis

biological process unknown
biological process unknown
biological process unknown
phosphate transport
protein biosynthesis
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Standard

name
Biological Process

７

８

　
９

０

　
１

９

９

　
９

０

０

３

３

３

４

４

YDL181W
YOR306C
YDR525W¨ A
YPL088W
YPR149W

YILlllW

YBR047W
YBL048W
YBR230C

YOR247W

YMR103C
YPL250C
YPR127W
YCR083W
YLR109W
YOR010C
YGLl17W
YEROHW
YPR098C
YJL159W
YPR184W
YLR205C
YⅣ懸α71C
YLR038C
YOR289W
m195W
YNL036W
YPL027W
YBL064C
YKL062W
YⅣ願に174C

YGR008C
YCL040W
YPL271W
YOR248W
YIL101C
YGR052W
YHL040C
YGL158W
YOL084W
YDR001C
YER121W
YDLHOC
YFL058W
YMR322C
YBR285W
YKL026C
YLL028W
YGL156W

n彊′
κ め

翻 2

NCEIθ2

CⅨ5B

FMP23

SRI′

ATP synthesis coupled proton transport
transpon
biological process unknown
aldehyde metabolism
protein secretion
mitochondrial electron transport, cytochrome c to
oxygen*
biological process unknown
biological process unknown
biological process unknown
nucleobase, nucleoside, nucleotide and nucleic acid
metabolism
biological process unknown
biological process unknown
biological process unknown
response to oxidative stress

regulation of cell redox homeostasis*

response to stress

biological process unknown
response to stress

biological process unknown
cell wall organization and biogenesis
glycogen catabolism
iron ion homeostasis*
pyrimidine base biosynthesis
cytochrome c oxidase complex assembly

biological process unknown
biological process unknown
response to oxidative stress

spore wall assembly (sensu Fungi)
regulation of cell redox homeostasis

response to stress*

vacuolar protein catabolism
ATP synthesis coupled proton transport*
carbohydrate metabolism*
ATP synthesis coupled proton transport
biological process unknown
response to stress

biological procdss unknown
iron-siderophore transport
protein amino acid phosphorylation*

biological process unknown
response to sfress*

biological process unknown
biological process unknown

thiamin biosynthesis
pyridoxine metabolism
biological process unknown
response to oxidative stress

polyamine transport
carbohydrate metabolism

109

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429
430

431

432

433

434

435

436

437

438

439

440

441

442

443

444
445

IC″

“ИttP′

躍

rfRI

ISP′ 5θ

GDB′

HttI
し頃И′θ

C鋭 12

κ y7

NCE′θθ

S燿′
PRχ r

"P/13
SrF2
GZK′

И″ ′5

β P′

FMPイ∂

ИⅢ ′

RCKl
P″
ハげ″′

rrf5

潔 OA

CⅨ ′
η O′

ИルSI



Number
Systematic

name
Standard
name Biological Process

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

“

Pイ

yRα

C7P2

И″ ′9

SRχ′

"′
PCM2
0ル″5

PEr′θ

saD2
ZSZ2
Ffrf

Gfrr

"G7
「
ヽA3
瀕 F■

71S′ ′

Ю Lイ

P熙

PTR2
R器3

"〃
′

777アイ

ИRC′

SED′

ИrG∂
ySCr

OP13
/TP′∂

GZCθ

肥 P3θ

PC乙5

「

SPだ

rFS′

CP/2
CしP′―′

cしPr_2

鰍 G′

雰ι′

DCS2

cPrr
″ θ′

YKL103C
YBR054W
YKL096W‐A
YBR241C
YOL077W¨A
YKL086W
YDL049C
YHRl154C
YMR105C
YIL136W
YKR046C
YHR008C
YDR453C
YDR534C
YCR098C
YOR134W
YCL069W
YDL130W‐A
YLR136C
YNR014W
YGR248W
YER037W
YBR085C‐A
YKR093W
YGR161C
YJL052W
YGR144W
YOL058W
YDR077W
YBL078C
Y～L128C
YJR073C
YML081C‐ A
YEL01lW
YCR021C
YHR071W
YDR258C
YBR147W
YMR090W
YLR178C
YDL021W
YHR053C
YHR055C

YDR043C

YGR043C
Yヽ個L100W
YOR173W
YFR032C
YPR160W
YDR533C

vacuolar protein catabolism
biological process unknown
cell wall organization and biogenesis*
biological process unknown
ATP synthesis coupled proton fansport
response to oxidative stress

beta- 1,6 glucan biosynthesis
biological process unknown
glucose l-phosphate utilization*
biological process unknown
aerobic respiration
replicative cell aging*
regulation of cell redox homeostasis

siderophore tansport
glycerophosphodiester transport
small GTPase mediated sigral transduction
basic amino acid transport
ATP synthesis coupled proton fransport
mRNA catabolism*
biological process unknown
biological process unknown
biological process unknown
biological process unknown
peptide transport
protein amino acid dephosphorylation
glycolysis*
mitochondrial genome maintenance*
arginine biosynthesis *

cell wall organization and biogenesis*
protein-vacuolar targeting *

meiotic recombination
phosphatidylcholine biosynthesis
ATP synthesis coupled proton transport
glycogen metabolism
response to stress

cell cycle
response to stress*

biological process unknown
biological process unknown
regulation of proteolysis and peptidolysis
biological process unknown
response to copper ion
response to copper ion
regulation of tanscription from RNA polymerase II
promoter*
biological process unknown
response to stress*

biological process unknown
biological process unknown
glycogen catabolism
biological process unknown
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name
Standard
name Biological Process

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

GRE′

ИGP′

PR/」

賂 F9
ИZDイ

NCИ3

CPG′

FE3
πOR7

「

SP33
SPfr

PBD
Ffr2

DDe
潔 P26
1SP′2

YPL223C
YblL160W
YJL079C
YLR327C
YOR374W
YJLl16C
YGL121C
YOR383C
YMR251W‐A
YOR391C
YER150W
YOL047C
YNL015W
YOR382W
YOL052C‐A
YBR072W
YFL014W

response to stress*

response to stress*

biological process unknown
biological process unknown
ethanol metabolism
mitochondrion organization and biogenesis

sigrral transduction
siderophore transport
response to stess
biological process unknown
biological process unknown
biological process unknown
vacuole fu sion, non-autophagic *

siderophore transport
response to stress

response to stress*
response to oxidative stress*



Table III List of up-regulated genes only in the control strain. The asterisk (*)
indicated a main biological process of encoding protein.

Number Systenatic Standard 
Biologicat processname name

I YGLI93C biological process unknown
2 YIR029W DALZ allantoin catabolism
3 YILOZ3C - biological process unknown
4 YMR097C MTGI protein biosynthesis*
5 YJLIZ9C TRKI potassium ion homeostasis
6 YPL222W FMP40 biological process unknown
7 YLRI68C - biological process unknown
8 YDL075W RPL3IA protein biosynthesis

9 YKL034W TULI protein ubiquitination*
l0 YGRlslC biological process unknown
I I YKR033C biological process unknown
12 YDL209C CWC2 nuclear mRNA splicing, via spliceosome
13 YDL027C - biological process unknown
14 YER137C - biological process unknown
15 YEL0ITC-A PMP2 cation transport
16 YKLI38C MRPL3I protein biosynthesis
17 YOR309C biological process unknown
18 YNLI25C ESBP6 transport
19 YMRI34W - iron ion homeostasis

20 YLL024C SSA2 protein folding
2l YPLITTC CUP9 transcription initiation from RNA polymerase II promoter*
22 YKROI4C YPT52 endocytosis*
23 YKR100C SKGI cell wall organization and biogenesis

24 YMRI35C GIDS negative regulation of gluconeogenesis

25 YMR03IC - biological process unknown
26 YHRISTW RECIO4 meiotic recombination*
27 YOR036W PEPI2 Golgi to vacuole transport
28 YML070W DAKI response to stress*

29 YPL275W FDH2 formate catabolism

30 YOL071W EMI5 sporulation (sensu Fungi)
3l YEL020C - biological process unknown
32 YGL054C ERV|4 ER to Golgi transport*
33 YOR085W OST3 protein complex assembly*

34 YCL009C ILI/6 branched chain family amino acid biosynthesis

35 YHRI40W - biological process unknown
36 YPR154W PIN3 actin cytoskeleton organization and biogenesis

37 YLR402W biological process unknown
38 YLR2I3C CRRI biological process unknown
39 YMLI08W - biological process unknown
40 YCR061W - biological process unknown
4l YAR035W YATI alcohol metabolism*
42 YORI0SW LEU9 leucine biosynthesis

43 YER020W GPA2 sporulation (sensu Fungi)*
44 YAL044C GCV3 one-carbon compound metabolism*
45 YKL023W - biological process unknown
46 YML034W SRCI mitotic sister chromatid segregation
47 YLL029W - biological process unknown
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Number  Systematic
name Biological Process

Standard
name

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

YMRC152C‐A
YBL030C
YDR497C
YGR206W
m194W
YIL153W
YOL152W
YER048W¨A
YBR001C
YOR182C
YGR222W
YDR003W
YOR121C
YOL082W
YNIRl14C
YNL293W
YDL139C
YDR282C
YLR145W
YML087C
YOR337W
YTR047C
YGR023W
YEL041W
YJR052W
YIL097W
YDR034C
YIL012W
YKL018W
YHR037W
YKR01lC
YDL197C
YFL013C
YHR217C
YOL153C
YLL041C
YOR302W
YOR305W
YOR170W
YDL053C
YOR300W
YOR226C
YJR079W
YDR314C
YOR027W
YER054C
YNL283C
YKL107W
YHR018C
YFL059W
YHR219W

PE"
fTR′

の 1イ3′

RRD′

炉りυE7

ハリワ

RPS3"
PEπイ
RC餃

ИrG′9

ys33

SCルβ

RMP′

71ら4′

3VZσ

肥 ′

MD7
Fyフ「′θ

ZIS′イ

S7D2
Pしの

Иぎ 2
fES′

SD「2

PBPイ

IS″

srff

GIP2
閤 C2

ИRCイ

SNZ3

biological process unknown
aerobic respiration*
myo-inositol transport
biological process unknown
mitochondrion organization and biogenesis*
DNA repair*
biological process unknown
biological process unknown
response to stress*
protein biosynthesis
protein biosynthesis*
biological process unknown
biological process unknown
protein-vacuolar targeting
biological process unknown
actin filament organization*
biological process unknown
biological process unknown
rRNA processing*

biological process unknown
transcription
NAD biosynthesis
cell wall organization and biogenesis

biological process unknown
nucleotide-excision repair, DNA damage recognition
negative regulation of gluconeogenesis

lysine biosynthesis, aminoadipic pathway

biological process unknown
histone methylation*
glutamate biosynthesis*
biological process unknown
chromatin silencing at silent mating-type cassette

chromatin remodeling
biological process unknown
biological process unknown
tricarborylic acid cycle*
regulation of protein biosynthesis
biological process unknown
biological process unknown
biological process unknown
biological process unknown
iron ion homeostasis*

biological process unknown
biological process unknown
protein folding
protein amino acid dephosphorylation
cell wall organization and biogenesis*
biological process unknown
arginine biosynthesis
thiamin biosynthesis*
biological process unknown
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Number :l'J:'*" ::Tj""u Biorogicar process

99 YLR202C biological process unknown
100 YFR014C CMKI protein amino acid phosphorylation*
l0l YKLI90W CNBI cell wall organization and biogenesis*
102 YIL008W URMI protein modification
103 YILI54C IMP2' DNA repair*
104 YOR298W MUM3 spore wall assembly (sensu Fungi)*
105 YJL089W SIP4 regulation of transcription from RNA polymerase II promoter*
106 YDR094W biological process unknown
107 YBRI l9W MUDI nuclear mRNA splicing, via spliceosome
108 YLL066C - biological process unknown

109 
'DR259C 

yAp6 positive regulation of transcription from RNA polymerase II
promoter

110 YER042W MXRI response to oxidative stress

1l I YGR255C COQ6 ubiquinone metabolism
ll2 YCL0I8W LEU2 leucine biosynthesis
I 13 YNL285W biological process unknown
ll4 YGL038C OCHI N-linked glycosylation
I 15 YLL005C SPO75 sporulation (sensu Fungi)*
I 16 YJRI59W SORI fructose metabolism*
117 YDLI99C biological process unknown
I 18 YKLI33C - biological process unknown
I 19 YOL060C MAM3 mitochondrion organization and biogenesis*
120 YDR320C SWA2 ER organization and biogenesis
l2l YMR25lW GTO3 biological process unknown
122 YOL027C MDM38 mitochondrion organization and biogenesis*

123 yNLl'3W MET4 positive regulation of transcription from RNA polymerase II
promoter*

124 YOLI23W HRPI mRNA polyadenylylation*
125 YDR.272W GLO2 carbohydrate metabolism
126 YCL0I9W biological process unknown
127 YGL058W RAD6 ubiquitin-dependent protein catabolism*
128 YOL085C biological process unknown
129 YLR260W LCB5 response to heat*
130 YNR004W - biological process unknown
131 YAL069W biological process unknown
132 YOR0TIC - transport
133 YOR058C ASEI mitotic spindle organization and biogenesis in nucleus*
134 YEL035C UTRS biological process unknown
135 YKLI3TW - biological process unknown
136 YMR094W CTFI3 centromere and kinetochore complex maturation
137 YNL33IC AADI4 aldehyde metabolism
138 YIL050W PCLT regulation of glycogen biosynthesis*
139 YNL2I lC - biological process unknown
140 YORI52C - biological process unknown
l4l YHRO2IW-A ECM|2 cell wall organization and biogenesis
142 YBRI l4W RADI6 nucleotide-excision repair, DNA damage recognition
143 YOLI40W ARGS arginine biosynthesis*
144 YGL0I lC SCLI ubiquitin-dependent protein catabolism
145 YEL074W biological process unknown
146 YIL007C NAS2 ubiquitin-dependent protein catabolism
147 YER073W ALD1 elecffon transport*
148 YILI08W - proteolysis and peptidolysis
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name lllllard  Bl。
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149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

YMR254C
YDR293C
YMR189W
YCR107W
YER017C
YDR405W
YLL065W

YDR397C

YNR051C
YOR324C
YOL013W‐A
YKL129C
YDL009C
YヨL005C
YDR080W
YBLlllC
YIL152W
YOR137C
YPR191W
YER091C
YLR046C
YAL039C
YJR048W
YIIR030C
YEL077C
YOL106W
YLL046C
YGL005C
YGR295C
YGL033W
YJR109C
YMR137C
YMR188C
YDR452W
YDL215C
YDR230W
YTL067W
YBR222C
YPL061W
YLR223C
YGL059W
YOR227W
YLR444C
YOR148C
YAL004W
YDL042C
YIL144W
YLR030W
YHR005C‐A
YIL063C
YNL155W

SSD′

CC/2
″ D3
ИFG3
ん狛RP2θ

NC32

BRE5
FRη

ZЮ 3

/PS4′

S1/′

gc聰
燿 %

CyC3
Cκ′

“

″

RNP′

COG7
COS6
瀾OP2
CP/2
Psa2
几石RPS′ 7

PPVf
GDH2

PCS6θ

ИZDσ

″7′

SPP2

躍

TID3

酬 ′′

昭 2

biological process unknown
cell wall organization and biogenesis

one-carbon compound metabolism*
aldehyde metabolism
protein complex assembly*
protein biosynthesis

biological process unknown
negative regulation of transcription from RNA polymerase II
promoter
protein deubiquitination
response to stress

biological process unknown
cell wall organization and biogenesis*
biological process unknown
biological process unknown
vacuole organization and biogenesis*
biological process unknown
biological process unknown
proton tansport
aerobic respiration*
methionine biosynthesis
biological process unknown
cytochrome c-heme linkage
electron transport
cell wall organization and biogenesis*
biological process unknown
biological process unknown
ribosome biogenesis and assembly

intra-Golgi transport
biological process unknown
synapsis

arginine biosynthesis
DNA repair*
protein biosynthesis*
po$phosphate metabolism
nitrogen compound metabolism

biological process unknown
biological process unknown
biological process unknown
acetate biosynthesis

rRNA processing*

biological process unknown

biological process unknown
biological process unknown
nuclear mRNA splicing, via spliceosome

biological process unknown

chromatin silencing at telomere*
chromosome segregation*

biological process unknown
mitochondrial inner membrane protein import
mRNA-nucleus export*

biological process unknown
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200 YIR034C LYSI lysine biosynthesis, aminoadipic pathway
201 YBR086C IST2 response to osmotic stress

202 YCR0I3C biological process unknown
203 YDR403W DITI spore wall assembly (sensu Fungi)
204 YLRI94C - biological process unknown
205 YPL276W - formate catabolism
206 YOR355W GDSI aerobic respiration
207 YLR225C - biological process unknown
208 YHR080C - biological process unknown
209 YOL036W - biological process unknown
210 YJR077C MIRI phosphate ransport
2ll YJLl4lC YAKI protein amino acid phosphorylation
212 YNL213C - mitochondrion organization and biogenesis

213 YHRIT6W FMOI protein folding
214 YNL133C FYI/6 double-sfand break repair via nonhomologous end-joining
215 YJLI64C TPKI protein amino acid phosphorylation*
216 YHR182W - biological process unknown
217 YDR3I3C PIBI protein ubiquitination
218 YAL034C FWl9 biological process unknown

Zlg 
'KL005C 

ByEt negative regulation of tanscription from RNA polymerase II
promoter

220 YNR077C biological process unknown
221 YLL056C - biological process unknown
222 YDRI99W biological process unknown
223 YNLI l7W MLSI glyoxylate cycle
224 YKRl0lW SIRI chromatin silencing at silent mating-type cassette*

225 YORI39C biological process unknown
226 YDLI06C PHO2 franscription*
227 YLRIT0C APSI vesicle-mediated tansport
228 YJR086W STE|8 signal transduction during conjugation with cellular fusion
229 YLR237W THIT thiamin transport
230 YKLI99C biological process unknown
231 YKR097W PCKI gluconeogenesis

232 YOR007C SGT2 biological process unknown
233 YLR152C - biological process unknown
234 YBR024W SCO2 copper ion transport
235 YDL086W - biological process unknown
236 YFL056C AAD6 aldehyde metabolism
237 YLR089C ALTI biological process unknown
238 YDL022W GPDI intracellular accumulation of glycerol
239 YDR0I9C GCI4 one-carbon compound metabolism*
240 YKL053C-A MDM35 mitochondrion organization and biogenesis

241 YJRI2OW - mitochondrion organization and biogenesis*
242 YER175C TMTI biological process unknown
243 YPR075C OPY2 cell cycle arrest in response to pheromone

244 YML0I3W SELI protein secretion*
245 YDR273W DONI meiosis*
246 YPL046C ELCI RNA elongation from RNA polymerase II promoter*

247 YKR096W - biological process unknown
248 YILI l3W SDPI MAPKKK cascade during cell wall biogenesis

249 YERIO3W SSA4 response to stress*

250 YFL063W biologicalprocessunknown
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251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266
267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

YBR218C
YNLlllC
YJL017W
YDL061C
YLR299W
YGL182C
YBR078W
YNIR204C
YKR058W
YIL042C
YGR149W
YIL051C
YOR009W
YDR058C
YNR001C
YHRl10W
YDR034C‐A
Yヽ狙R191W
YIIR209W
YDR270W
YBL099W
YNL143C
YKL093W
YLL058W
YOR350C
YBR162C
YGL180W
YEL020W‐A
YNL179C
YDR056C
YNL134C
YGR086C
YJL149W
YMR072W
YDR216W
YKR067W
YLR162W
YHL046C
YPL282C
YJL163C
YKR013W
YPR140W
YFL016C
YOR284W
Ⅷ R104W
YER030W
YJL042W
YGLl16W
YNR068C
YKR069W
YDR374C

PyC2
CyB5

PS29B
К M3∂

ECM33
/NP′

GZG′

〃 ′

TJRイ

κ Z2

cfrf

ERP5

SPC5

CCC2
И″ ′

協 RI

眼 E′

πOS′

ИπG′

物

PfZ′

ИBF2
ИDRf
CP″

PR″
ν Zf

″ ′

HUA2
GZ3

1イI働P′

CDC2θ

И ″

gluconeogenesis*

sterol biosynthesis
biological process unknown
protein biosynthesis
glutathione catabolism
biological process unknown
cell wall organization and biogenesis
peroxisome inheritance
glycogen biosynthesis
biological process unknown
biological process unknown
mitochondrial genome maintenance*
biological process unknown
lipid metabolism
tricarboxylic acid cycle *

secretory pathway

biological process unknown
biological process unknown
biological process unknown
intracellular copper ion transport*
ATP synthesis coupled proton transport
biological process unknown
aerobic respiration
sulfur metabolism
biological process unknown
biological process unknown
autophagy

mitochondrial inner membrane protein import
biological process unknown
biological process unknown
biological process unknown
response to heat

biological process unknown
mitochondrion inheritance*
transcription*
phospholipid biosynthesis

biological process unknown
biological process unknown
biological process unknown
biological process unknown
biological process unknown
phospholipid biosynthesis*
protein folding*
actin cortical patch assembly

response to stress*

biological process unknown
cell wall organization and biogenesis*
mitotic sister chromatid segregation*
biological process unknown
methionine metabolism*
biological process unknown
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302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

ИFR′

RIB5

露 r

P(2
cu■

/rfF

P/C′

駅 0′

SC〃
bぶヽ
【PЮ

繊 m
SPO′9

CPRσ

SFC′

SRL3

GD「3
酪 2

yE"

PP麓

翻 29

FMP52
C粥
CИ C′

PC乙′

IDS2
Z7Fr
燿 Z33
』И2VZ)f

麗 ′

ⅣPC2

Pttθ

saD′

以 Z5

YPR172W
YDR085C
YBR256C
YLR043C
YIL045W
YGR189C
YIR016W
YML133C
YNIR 197C

YGL062W
YML130C
YLR217W
YPL025C

Q0160
YBR301W
YMR104C
YBR016W
YLR164W
YJL066C
YPL130W
YLR216C
YJR095W

YKRC191W

YAL062W
YGL087C
YⅣL058C―A
YDL072C
YDR436W
YⅣ【R304C¨ A
YGR203W
YER038C
YER004W
Q0275
YOR178C
YFL012W
YNL289W
YJL146W
YNL241C
YBR297W
YGL183C
YOR267C
YAR069C
YDLl14W
YDR262W
YDL046W
YDR542W
YOL01lW
YJR104C
YTL054C
YNIR041C
YJR152W

biological process unknown
signal tansduction during conjugation with cellular fusion*
ribofl avin biosynthesis

response to oxidative stress*

biological process unknown
biological process unknown
biological process unknown
biological process unknown
vesicle fusion*
gluconeogenesis*

protein folding*
biological process unknown
biological process unknown
intron homing
biological process unknown
protein amino acid phosphorylation
response to dessication

biological process unknown
biological process unknown
meiosis
protein folding
fumarate transport*
nucleobase, nucleoside, nucleotide and nucleic acid
metabolism
glutamate biosynthesis

ubiquitin-dependent protein catabolism*
biological process unknown
biological process unknown
sodium ion homeostasis

biological process unknown
biological process unknown
biological process unknown
biological process unknown
aerobic respiration*
meiosis*
biological process unknown
cell cycle
meiosis
pentose-phosphate shunt

regulation of transcription, DNA-dependent*
meiotic recombination
cell ion homeostasis

biological process unknown
biological process unknown
biological process unknown
biological process unknown
biological process unknown
phosphatidylserine catabolism*
zinc ion homeostasis*

water transport
biological process unknown
allantoate fansport
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353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

YIL024C
YJR059W
YFL057C
YKL035W
YJL015C
YNL013C
YDR223W
YJR155W
YBR132C
YIIL050C
YDL066W
YLR31lC
YGR273C
YOR185C
YJL108C
YOR023C
YGL081W
YML054C
YMR056C
YAL054C
YOL132W
YOR394W
YDR523C
YDL223C
YGL215W
YGR201C
YJL153C
YNIR173W
YER190W
YOR214C
YOR273C
YNL142W
YBL015W
YER187W‐A

YER159C

YNL300W
YBR292C
YLL018C
YNL180C
YILl19C
YOR255W
YMR017W
YKL085W
YBR269C
YOR120W
YER069W
YOR208W
YNL335W
YLL023C
YGR121C
YMR180C

PrK2
″ D′σ

“

P′

CVl
ИレlDfθ

И3P2

fDPI

こW2
PRyfθ

ИttC′

CYB2
″ C′

ИCS′

α シ

SPSI

認 π

CttG′

Ⅳ O′

DDRイ∂
yRF7‐ 2

η Oイ

燿 P2
ИCII

BしRび

DPS′

R″05
JむP′′

OS″′
SP02θ

ルリ″′

″ 2′

CCyf
ИRC,6
PP2

MEP′

CLl

biological process unknown
Gl/S transition of mitotic cell cvcle*
aldehyde metabolism
protein amino acid glycosylation*
biological process unknown
biological process unknown
negative regulation of tanscription
aldehyde metabolism
response to osmotic stress*

biological process unknown
glutamate biosynthesis*
biological process unknown
biological process unknown
nuclear organization and biogenesis

conjugation with cellular fusion
histone acetylation
biological process unknown
electron transport
aerobic respiration*
acetyl-CoA biosynthesis*
biological process unknown
biological process unknown
protein amino acid phosphorylation*

cellular morphogenesis dwing conjugation with cellular fusion
cell cycle
biological process unknown
myo-inositol metabolism
DNA repair
telomerase-independent telomere maintenance

biological process unknown
polyamine transport
pseudohyphal growth*
acetate metabolism*
biological process unknown
negative regulation of transcription from RNA polymerase II
promoter
biological process unknown
biological process unknown
protein biosynthesis
Rho protein signal transduction
thiamin biosynthesis*
spore wall assembly (sensu Fungi)

spore wall assembly (sensu Fungi)*
tricarboxylic acid cycle*
biological process unknown
response to salt stress*

arginine biosynthesis *

protein amino acid dephosphorylation*
biological process unknown
biological process unknown
ammonium transport
RNA processing
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1。gical Process

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439
440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

YDL131W   五【れ ′
YDR393W    SttE9
YNL093W     IPrS3
YIL146C    ECM37
YJR078W     aVИ 2
YDR231C   C∽ θ

YFR049W   f駅 3′

YFR016C   ―
YDR074W   rP繊
YDR476C   ―
YFL053W   ttκ 2
YGR142W   B藤 2
YLR307W   CD/′
YBR126C    TPSI
YNL104C    LEしイ
Q0130     0u■
YGR236C    SPCr
YKL006C‐A  SFTf
YLR438W   a″
YMR030W   ぷ F′
YER088C    DO%
YIR038C    C「 1
YLR031W   ―
YMR250W   G∠ D′
YDR504C    SPC3
YKL150W   ycR′
YLL055W   ―

YOR298C‐A  ttBF′

YER084W
YOR065W   Crl
YIL176C    ―
YER079W   ―
YGR182C
YKL151C   ―
YJL158C    CIS3
YGL184C   Sπ マ3
YLR121C    FPS3
YKRC139W   GИ P′
YBL075C    SS/3
YJL038C    ―
YJL037W   ―
YDR271C
YKL124W   SSH4
YAR053W
YKL148C   SD「 f
YBR076W   ECM8
YML042W    CA72
YMR170C   ИttD2
YPL171C    O】τ3
YERH9C    И置 6
YLR142W   Pし T′

lysine biosynthesis, aminoadipic pathway
mitochondrion organization and biogenesis*
endocytosis*
cell wall organization and biogenesis
NAD biosynthesis

aerobic respiration*
protein biosynthesis

biological process unknown
response to stess*
biological process unknown
response to sfress*

intracellular protein transport*
spore wall assembly (sensu Fungi)
response to stress*
leucine biosynthesis
protein complex assembly *

biological process unknown
intra-Golgi tansport
arginine catabolism
aerobic respiration*
regulation of tanscription from RNA polymerase II promoter*
glutathione metabolism
biological process unknown
response to oxidative stess*
biological process unknown
response to oxidative stress*

biological process unknown
positive regulation of transcription from RNA polymerase II
promoter
biological process unknown
mitochondrial electon transport, ubiquinol to cytochrome c*
biological process unknown
biological process unknown
biological process unknown
biological process unknown
cell wall organization and biogenesis

methionine biosynthesis
protein metabolism
amino acid fansport*
response to stress*

biological process unknown
biological process unknown
biological process unknown
biological process unknown
biological process unknown
tricarboxylic acid cycle*
cell wall organization and biogenesis

carnitine metabolism
aldehyde metabolism*
biological process unknown
amino acid transport
glutamate biosynthesis *
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Nu口nber  Systematic     lllllard  B1010gicalProcess
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455  YIL155C    Gし の    carbohydrate metabolism摯
456   YJR025C    酬 ′   NAD biosynthesis
457   YMR169C    ИιD3    response to stress*
458    YDL218W     ―          biological process ttown
459   YGR087C   PDCσ    ethanol metabolism
460    YDL186W     ‐          biological process ttown
461   日ヽIR138C    ‐        vacuolo lbsion,non・ autophagic
462   YLL026W    ISP′ θイ  response to stress*
463    YNIR095C    ttO′     pyridoxine metabolisl■ *

464   YJL088W   ИRG3   arginine biosynthesis*
465    YDR171W    ISPイ 2    response to stress*
466   YJR150C    D∠ⅣF   sterol transport
467    取電ゞ L195(〕      ―          biological process ttown
468    YBRl17(〕      κ 2     pentooe‐ phosphate shunt
469    YML058W‐ A  ″

“

′     response to DNA damage stimulus*

470   YKL163W   PIR3    cell wa1l organ2ation and biogenesis

471    YMR107W    SP(フ イ     biological process ttown
472  YIIR139C  SPS′ θθ  spore wall assembly(sensu Fungi)
473   YOR348C   PUT4   proline catabolism*
474   YLR337C     /RP′     endocytosis*
475    YJR162C     _        biological process u田 よnown          ′

476  YJR156C   rm■ ■   thialnin biosynthesis

477   YPR151C    S」E′    protein catabolism
478   YIL099W    SC∠ ′    sporulation(Sensu Fungi)*
479   YIL107C     PFK26   金uctose 2,6‐ bisphosphate metabolism*
480   YBR169C    SSE2     protein folding
481   YKL221W   ルC″    transport
482    YPL280W    ISP32    biological process― own
483    YI)L222(〕     FMPイ5    cell wan organL“ ltion and biogenesis
484   YGR088W   C「 l   response to stress
485    YDL204W    R豫2    biological process uttknown
486  YMR096W  SNZF   pyridoxine metabolism*
487    YFR017C      ―         biological process unlmown
488    YBRl16C     _         biological process unknown

489  YFL021W   GИ tt   transcription inttiation fbm RNA polymerase Ⅱ promoter*
490    YDR034W‐ B   ―          biological process unknown
491    YNR034W‐ A  ―          biological process unknown
492    YHR087W     ―          RNA metabolism
493    YMR175W    S工 P′∂     response to osmotic stress*
494    YHR126C     ―          Biological process ttown
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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.

Nuコnber  Systematic     illllard  B1010gicalProcess
name        ■

I YHR213W - biological process unknown
2 YDR502C SAM2 methionine metabolism
3 YKI-147C biological process unknown
4 YPRl8lC SEC23 ERto Golgitransport*
5 YGR0I2V/ - biological process unknown
6 YGRl19C NUP57 mRNA-nucleus export*
7 YMR22IC FMP42 biological process unknown
8 YMR24IW YHM2 ticarboxylic acid transport
9 YGLIT5C SAE2 meiotic DNA double-strand break processing
l0 YNR015W SMMI tRNA modification*
I I YORI56C NFII protein sumoylation*
12 YGL229C SAP4 Gl/S transition of mitotic cell cycle
13 YHL030W ECM29 protein catabolism
14 YAROI4C BUDI4 cellular morphogenesis dwing vegetative growttr
15 YDR346C SVFI biological process unknown
16 YNR060W FRE4 iron-siderophore transport
17 YKR003W OSH6 steroid biosynthesis
18 YCRI06W RDSI response to xenobiotic stimulus
19 YGLI3TW SEC27 ER to Golgi transport*
20 YPR045C - biological process unknown
2l Yl\tR227C TAFT transcription initiation from RNA polymerase II promoter*
22 YBRI33C HSLT regulation of cell cycle*
23 YAR062W - biological process unknown
24 YPR0I6C TIF6 ribosomal large subunit biogenesis*
25 YHR084W STEI2 pseudohyphal growth*
26 YDL138W RGT2 signal transduction*
27 YGLI99C biological process unknown
28 YDL225W ,SF1,S1 establishment of cell polarity (sensu Fungi)*
29 YOR048C RATI 35S primary franscript processing*
30 YNL2IOW MERI meiosis*
3l YORIS4W SERI purine base biosynthesis*
32 YBR096W - biological process unknown
33 YDL205C HEM3 heme biosynthesis
34 YDR365C ESFI rRNA processing

35 YLRIT5W CBFj rRNA modification*
36 YLR446W - biological process unknown
37 YORI9TW MCAI apoptosis

38 YORI64C - biological process unknown
39 YMR287C MSUI RNA catabolism
40 YIR020C biological process unknown
4l YOL056W GPM3 biological process unknown
42 YJLI96C ELOI fatty acid elongation, unsaturated fatty acid
43 YNR074C AIFI response to singlet oxygen*

44 ,.NLlggC GCR2 positive regulation of transcription from RNA polymerase II
promoter'

45 YNL020C ARKI protein amino acid phosphorylation*
46 YLR428C biological process unknown
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name

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

YORl12W
YGL235W
YKR001C
YDR472W
YOL067C
YKR082W
YBR134W
YMR049C
YJL009W
YNR063W
YAL043C¨A
YGR193C
YNR019W
YOR386W
YKL106W
YNL193W
YOR160W
YLR146C
YOR219C
YJR137C
YMR265C
YMR047C
YLR412W
YOR377W
YMR120C
YJRl17W
YGR242W
YDL220C
YKL078W
YBR172C
YGR266W
YKL120W
YNL073W
YBL097W
YGR061C
YLR232W
YER170W
YDL094C
YDL146W
YBR178W
YLR042C
YOR345C
YDL043C
YMR208W
YGLlllW
YTL01lW
YNL172W
YKR092C
YPL128C
YBR242W
YMR122C

/PS′

則 3′

R符′
ハ″〔勇P′ 33

ER3′

PDXr
ИRE2
PIRI
″ rF

ハイER′θ

SPE4
Sπ′θ
ECM17

ⅣしP′′び

И澪 ■

ИDE′ 7

STE2イ

CDC′ 3

D「R2
su2

0ИCr
ルSκ′

BH」
ИDE6

ИDρ

PRP′′

ERcr2
NS/′

〃 ′θ

ИPC′

SRPイθ

rBF■

biological process unknov',n

biological process unknown
protein-vacuolar targeting *

ER to Golgi transport
transcription initiation from RNA polymerase II promoter*
mRNA-nucleus export*
biological process unknown
rRNA processing

biological process unknown
biological process unknown
biological process unknovsn

acetyl-CoA biosynthesis from pynrvate

sterol metabolism
photoreactive repair
aspartate biosynthesis *

biological process unknown
protein-nucleus import*
pantothenate biosynthesis *

peptide pheromone maturation
cell wall organization and biogenesis*
biological process unknown
mRNA-nucleus export*
biological process unknown
fatty acid metabolism*
purine nucleotide biosynthesis *

peptide pheromone maturation
biological process unknown
telomere maintenance*

ribosome biogenesis

cytoskeleton organization and biogenesis

biological process unknown
sulfate transport*
lysyl-tRNA aminoacylation
mitotic sister chromatid segregation*
purine nucleotide biosynthesis
biological process unknown
nucleotide metabolism
biological process unknown
biological process unknown
biological process unknown
biological process unknown
biological process unknown
spliceosome assembly

ergosterol biosynthesis

ribosomal large subunit biogenesis

hexose transport
mitotic sister chromatid segregation*
nucleocytoplasmic tansport
loss of chromatin silencing
biological process unknown
biological process unknown
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98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

YBR294W
YIIRl14W
YGL082W
YBR089W
YBL069W
Ⅶ R027C
YFL025C
YLRl16W
YJR007W
YIL031W
YBL079W
YLR096W
YGR103W
YCR105W
YNL267W
YDL164C
YLR197W
YFL048C
YDL141W
YLR418C
YJL215C
YBL070C
YDR170C
YNL298W
YAL019W
YNL123W
YOR325W
YHRl174W
YER105C
YOL098C
YBL023C
YDL172C
YNL204C
m77W
YER019W
YKL21lC
YMR214W
YGL124C
乱 017W
YJR018W
YBR223C
YHR025W
YBR124W
YOL020W
YBR275C
YKL052C
YJR128W
YOL148C
YGL120C
YPL139C
YDR508C

Sしじ′

BZZ′

Иsr′

RPⅣ′

BSπ

厖 5

S」,
ω 2

ⅣしP′ 7θ

KIN2
ハ石OP7
ИD″7

PfK」

CDC9
SIKF

EMPイア
BPL′

CDC73

"C7働 イ
Fさもθ

郷 ′

ⅣしP′57

И 膠

SPS′∂

FCP′

β C′

7りυP3

SCJ7

И Ⅳ′

TDP′

mf

物 ″

RIFf

ИSκ′

SP″θ
PRPイθ

し鶴乙E′

G7VP′

sulfate transport
actin fi lament organization*
biological process unknown
biological process unknown
protein-membrane targeting
ubiquitin-dependent protein catabolism
ER to Golgi transport*
nuclear mRNA splicing, via spliceosome

fanslational initiation
mitotic spindle checkpoint*
mRNA-nucleus export*
exocytosis
processing of 2biological process unknownS pre-rRNA*
alcohol metabolism
sporulation (sensu Fungi) *

DNA recombination*
rRNA modification*
ER to Golgi transport
protein amino acid biotinylation
RNA elongation from RNA polymerase II promoter*
biological process unknown
biological process unknown
ER to Golgi tansport*
protein amino acid phosphorylation*

chromosome organization and biogenesis (sensu Eukaryota)
biological process unknown
biological process unknown
biological process unknown
mRNA-nucleus export*
proteolysis and peptidolysis
DNA replication initiation*
biological process unknown
sporulation
fanscription*
response to salt stress*

fiyptophan biosynthesis
protein folding*
protein-vacuolar targeting*
biological process unknown
biological process unknown
DNA repair
methionine metabolism*
biological process unknown
aromatic amino acid transport
chromatin silencing at telomere*
mitotic spindle organization and biogenesis in nucleus*
biological process unknown
histone acetylation*
U2-type spliceosome dissembly
regulation of meiosis

amino acid fiansport
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149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

YEL036C
YGR092W
YBR208C
YJL106W
YLR144C
YPR152C
YAR061W
YJL120W
YGL249W
YNL014W
YBR225W
YOR329C
YBR248C
YKLl14C
YDL156W
YBL067C
YDR299W
YGR126W
YML109W
YML008C
YDR120C
YIL141W
YNL181W
YAL043C
YBRl13W
YDR256C
YNL196C
YNL317W
YGL214W
YJL084C
YER128W
YDL147W
YFR030W
YBR012W‐A
YNL169C
YLR256W‐A
YNIR226C
YIR021W
YEL056W
YML057W
YOL107W
YGR21lW
Y■IR014W
YEL046C
YKR015C
YJR016C
YBR233W
YOR310C
YIIR086W
YOR098C
YHL009C

ИⅣP′

DBF2
DじRI,2
M2
/CF2

ZIP2

〃 3

SCD5

「

IS7

ИPNf

し
'BP′
3

BF2

as2
ERG6
磁 ′

P乃4′

cr/1

PF澄

″ 汚

燿 r′θ

PSD′

州 ′

″ ″

CルP2

ZPR′

SPO′θ

GZ/」

Z四
PBP2
NOP5∂

M沼
ⅣしP′

17P3

N-linked glycosylation
protein amino acid phosphorylation*

allantoin catabolism*
protein amino acid phosphorylation*

actin cytoskeleton organization and biogenesis

biological process unknown
biological process unknown
biological process unknown
synaptonemal complex formation
translational elongation
biological process unknown
endocytosis*
histidine biosynthesis*
DNA repair*
biological process unknown
biological process unknown
ER to Golgi tansport
biological process unknown
establishment of cell polarity (sensu Fungi)*
ergosterol biosynthesis

tRNA methylation
biological process unknown
biological process unknown
mRNA polyadenylylation*
biological process unknown
oxygen and reactive oxygen species metabolism
biological process unknown
mRNA polyadenylylation*
biological process unknown
biological process unknown
biological process unknown
ubiquitin-dependent protein catabolism
sulfate assimilation
biological process unknown
phosphatidylcholine biosynthesis
biological process unknown
metabolism
Group I intron splicing
chromatin silencing at telomere*
cell ion homeostasis*

biological process unknown
regulation of cell cycle
positive regulation of sister chromatid cohesion

threonine catabolism*
biological process unknown
branched chain family amino acid biosynthesis

biological process unknown
rRNA modification*
nuclear mRNA splicing, via spliceosome*
mRNA-nucleus export*
regulation of transcription from RNA polymerase II
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Number  Systematic
name Biological Process

Standard
name

200

201

202

203

204

205

206

207
208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

YHR135C
YBL022C
YEL066W
YLR244C
YIL133C
YOR233W
YFR024C¨ A
YBL042C
YBL01lW
YDR352W

YJL056C

YDROHW
YGL122C
YOR271C
YEL030W
YNIIL018C

YNIR084W
YML083C
YJL102W
YMR301C
YKR057W
YGR038W
Y殴 59C
YGR168C
YDL221W
YNL164C
YMR258C
YMR102C
YMR186W
YDR501W
YDR106W
YOR349W
YIIL045W
YKLl13C
YDR432W
YNL184C
YJL019W
YOR083W
YLL018C‐ A
YLR138W
YDR126W
YER027C
YNIR133W
YOR381W
YPR148C
YIL036W
YKL197C
YIL072W
YJL212C

yCKf

P昴イ′

″ ∠3

ルИP′

RPZ′ 6И

KZVイ

朋 3

F3n
SC爾

“

P′

町 2

MB2

ECMIθ

嘘

ИM
RPS2′И

OMI

IBD2

丘晨

'C∂

2

PZ〃
И″ ′θ

Cぶ■

RИD27
NPLθ

MPS3
Ⅳms
COχ′9

協 ′

SNTヽ
C′4Z∂θ

題 cr′ィ

肥 3

CS%
PEXf
″OP′

OPη

promoter

protein amino acid phosphorylation*
proteolysis and peptidolysis*
histone acetylation
proteolysis and peptidolysis
protein biosynthesis

biological process unknown
actin filament organization
uridine transport
phospholipid biosyrthesis
biological process unknown
regulation of transcription from RNA polymerase II
promoter*
response to drug*
mRNA polyadenylylation *

biological process unknown
protein-mitochondrial targeting*
biological process unknown
biological process unknown
biological process unknown
translational elongation
iron ion homeostasis
protein biosynthesis

response to unfolded protein
biological process unknown
biological process unknown
biological process unknown
mitotic spindle checkpoint
biological process unknown
biological process unknown
response to stress*

Gl/S-specific transcription in mitotic cell cycle
biological process unknown
post-chaperonin tubulin folding pathway*
biological process unknown
DNA repair*
mRNA-nucleus export
biological process unknown
mitotic sister chromatid cohesion*
Gl/S transition of mitotic cell cycle*
cytochrome c oxidase complex assembly*

monovalent inorganic cation homeostasis

spore wall assembly (sensu Fungi)
protein amino acid phosphorylation*

meiotic recombination*
iron ion homeostasis*

biological process unknown
transcription initiation from RNA polymerase II promoter*
peroxisome organization and biogenesis
meiosis*
sulfur metabolism
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Number  Systematic     Stildard  Bi。 1。gical Process
name        n

249    YKL102C     _        biological process umknown

250  YER086W  Z/」   branched chain family alnino acid biosynthesis

251   YER122C    GZ03   ER to Golgitransport十
252  YLR139C   SLS′    protein biosynthesis*
253   YOR138C   RしP′    biological process uttmown
254   YMR192W   G】Z′    ER to Golgitransport*
255    YLR150W     S7■イ′     telomere rnaintenance*
256   YLL057C    π PI     sulfbr metabolism
257   YER065C    rCZ′     glyOXylate cycle

%8 YGL∝ 3C PDR′
 爵調 器

」 trans面

"m hm NA"Ⅲ

∝ase II

259   YNR034W    SOZ′      tRNA‐ nucleus export*
260   YBR080C    SECr∂    ER to Golgitransport*
261    YJL041W    NSP′      mRNA‐nucleus export*
262    YER048C     ∽ ′     biological process unknoⅦ
263    YDL187C    _       biological process¨ Wn
264   YDL227C   πO    mating type switching and recombinationI
265   YIL109C    SEC2イ    ER to Golgitransport*
266   YNIL099C   ИRG∂′   arginine metabolism*
267    YGL196W    ―        biological process u田 よ■own
268    YNL290W    Jυ■CS     tFniSmatch repair*
269  YCR052W   ttC6   chromatin remodeling
270    YKR055W    ttOイ     actin fllalnent organizatiOn*
271    YNL042W    3('P3     response to merc町 lon

272    YDR142C     PEX7     peroxisome organization and biogenesis*

273   YDL214C    PRR2    MAPKKK cascade
274   YOL080C    REXイ     rRNA processing*
275   YOR030W   DFG′ 6  invas市 e growth(senSu saccharomyces)*
276   YDR294C   DPZI   sphingolipid metabolism*
277    YIIR094C     Iε rrf     hexOse tranSport

278  YPR145W   Иtt■   asparagine biosynthesis
279    YER137C‐ A   _        biological process u口 止■own
280   YORH3W   ИZF′    regulation oftranscnption,DNA‐ dependent*
281    YBR213W    ittEr8     sulfate assilnilationホ

282   YJL024C    ИPS3    vesicle‐mediated transport*
283   YNL088W    ttOP2    meiotic recombination*
284    YBR179C     FZaF     mitOchOndrion organization and biogenesis*

285    YFL034W     ―          biological process ttowll
286    YKL051W    SFKr     acthl cytoskeleton organization and biogenesis*

287   YIL137C    RBF′ θ∂  proteolysis and peptidolysis
288    YER189W     ―         biological process unknown
289    YMR037C     ys7v2     response to stress*

290   YDL054C    κ 五″   transport
291    YIIR106W     tt     response to oxidative stress

292   YBL091C   ルИP2   proteolysis and peptidolysis
293    YIL140W     Z2     bud site selection*

294    Yヽ4L005W    71υ И′2    bi01ogical process ttown

295   YGR097W    ИSKfθ    response to oxidative stress*
296   YBL066C    SEF′     biological process uttmown
297   YIL022W     物 イ    mitOChOndrial matrix protein import
298   YGL130W   CEC′    positive regulation oftranscription iom RNA polり merase II
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Number
Systematic
name lllllard  Bl。

1。gical Process

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

ι【盪

/PS6θ

SOK2
PRy5
C32
71υ Fイ

yK」8θ

fOC2

CCD2

SZZ2

NOP2
76)』Иイθ

ИttG3

ECLβ2

ECル22
2F5
動 ′

∬02

-f
IりV75

DP15
BFR′

CCP′

ИDE′

′PS27

BBC′

恥 k′

SИM∂

ル狛Dι′

協 ′

SEC9
R「Iθ3
SBE2
DIC2

YBRl15C
YDR486C
YMRC116C
YILl17C
YOR039W
YOLl15W
YMR106C
YOR378W
YhTL228W
YLR095C
YLR198C
YGR083C
YLR460C
YNL243W
YPR096C
YNL061W
YNIR203W
YBL082C
YER176W
YLR228C
YBR198C
YBR263W
YGR205W
YNIR183C
YGL203C
YNL166C
YLR172C
YOR198C
YDL023C
YKR066C
YAR015W
YOR218C
YNRC106W
YIL055C
YOR365C
YLR338W
YJL020C
YEL076C
YNIL010W¨ A
YEL042W
YNIR018W
YTL065C
YAL014C
YNL176C
YLR188W
YBL007C
YGR009C
YDR289C
YDR351W
YDR480W

promoter*

lysine biosynthesis, aminoadipic pathway
late endosome to vacuole transport*
pseudohyphal growth
conjugation with cellular fusion
protein amino acid phosphorylation*
mitotic sister chromatid cohesion*
chromatin assembly or disassembly*
biological process unknown
biological process unknown
chromatin remodeling
biological process unknown
translational initiation
biological process unknown
cell wall organization and biogenesis*
biological process unknown
rRNA processing

mitochondrial matrix protein impot
protein amino acid glycosylation*
regulation of translational termination
sterol biosynthesis

transcription initiation from RNA polymerase II promoter*

one-carbon compound metabolism
biological process unknown
vesicle fusion*
protein processing

cytokinesis*
peptidyl-diphthamide biosynthesis from peptidyl-histidine
meiosis*
biological process unknown
response to oxidative stress

purine nucleotide biosynthesis*
biological process unknown
protein-Golgi retention*
biological process unknown
biological process unknown
biological process unknown
actin cytoskeleton organization and biogenesis

biological process unknown
biological process unknown
protein amino acid glycosylation

biological process unknown
biological process unknown
transport
biological process unknovrn
oligopeptide transport
cell wall organization and biogenesis*
vesicle fusion*
negative regulation of DNA tansposition
cell wall organization and biogenesis

invasive gowth (sensu Saccharomyces)
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Number
Systematic
name

Standard
name

Biological Process

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

「
К ′

CP′
PIB2
卿

PTC2
PR2

fOCイ

CEF′

I彊レ4f

srP2

/PS72

CPD2
鉗 1/1

ル

“

E′

B」Dイ

"″ИDE4
ERR3
PK「」

ИDE3
PDC5

sfrf

S7VF2

И703
/CP3
/D「5
3θP3
NGR′

"じ雪 σ

yRPィ

BИπ

ZRπ
P3Fι

Sκ75

RCK2

「

RD3

YBR083W
YBL081W
YHΠt146W
YGL023C
YJL083W
YER089C
YIR015W
YMR210W
YMRt144W
YMR213W
YEL076W‐C
YNL230C

YIIR006W

YBR280C
YDR485C
YOL059W
YIIL006C
YKL029C
YJR092W
YKL187C
YAR044W
YEL075C
YNL092W
YOL126C
YMR300C
YNIIR323W
YDR490C
YFR018C
YGR204W
YLR134W
YKR045C
YEL065W
YKR043C
YOR290C
YDR384C
YFL055W
YBR145W
YLR234W
YBR212W
YBR015C
YFR010W
YIIR100C
YIIL004W
YHR208W
YJL107C
YGL255W
YLL013C
YBL061C
YLR248W
YLR207W

pseudohyphal growth*
biological process unknown
biological process unknown
vesicle-mediated transport
cell wall organization and biogenesis*
Gl/S transition of mitotic cell cvcle*
tRNA processing

biological process unknown
chromatin remodeling
nuclear mRNA splicing, via spliceosome

biological process unknown
RNA elongation from RNA polymerase II promoter
positive regulation of tanscription from RNA polymerase II
promoter
biological process unknown
protein-vacuolar targeting*
glycerol metabolism
error-free DNA repair
pyruvate metabolism*
bud site selection*
biological process unknown
biological process unknown
biological process unknown
biological process unknown
gluconeogenesis*
purine nucleotide biosynthesis *

biological process unknown
protein amino acid phosphorylation*

biological process unknown
purine base biosynthesis *

pyruvate metabolism*
biological process unknown
iron ion homeostasis*

biological process unknown

chromatin remodeling

transport*
amino acid transport
alcohol metabolism
meiotic recombination*
mitochondrion organization and biogenesis*
protein amino acid glycosylation

protein deubiquitination
biological process unknown
protein biosynthesis
branched chain family amino acid biosynthesis*
biological process unknown
high-affrnity zinc ion transport
mRNA catabolism, deadenylylation-dependent decay

response to osmotic stress*

protein amino acid phosphorylation*

ER-associated protein catabolism
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Number  Systematic
name Biological Process

Standard
name

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

燿 rf3

FPR3

P/7V3

JJJ2

″m4
SPS2
ERe
R爾′

Wこ′7′

し
'1乙
Eσ

SIB3

PFf

SPPイ′

S″ル″

ZИS′ 7

ИEИ 2

RPZイ′И

Pο r′

Z/2
CPS′

DE2

C」ES
CD2
SIS′

yCPイ

∬ Cr
/PS36
CDC3イ

Hr5

ИπG′∂

″ π

PE"
メリυE7

YGL125W
YML074C
YBL077W
YKL025C
YJL162C
YDL224C
YDR522C
YPL281C
YGR213C
YGL157W
YGR013W
YPR203W
YDR207C
YDR169C
YKR035C
YIL095W

YDR464W

YLRC158C
YIIL008C
YPL162C
YOR181W
YIIR218W
YDR448W
YNL190W
YDL184C
YIL160C
Yヽ個R108W
YJL172W
YDL233W
YDL085W
YKL050C
YOR042W
YGR256W
YNL007C
YCR004C
YIR014W
YOL019W
YJR045C
YLR417W
YDR054C
YAL058C‐A
YHR096C
YGL204C
YJL018W
YNL057W
YFR021W
YAR035W
YBL030C
YOL152W
YDR282C

methionine metabolism*
biological process unknown
biological process unknown
DNA repair*
biological process unknown
regulation ofcell size

sporulation (sensu Fungi)*
biological process unknown
biological process unknown
biological process unknown
nuclear mRNA splicing, via spliceosome

biological process unknown
sporulation (sensu Fungi)*
biological process unknown
biological process unknown
protein amino acid phosphorylation*
negative regulation of transcription from RNA polymerase II
promoter
one-carbon compound metabolism
biological process unknown
biological process unknown
endocytosis*
biological process unknown
histone acetylation*
response to dessication
protein biosynthesis

fatty acid beta-oxidation
branched chain family amino acid biosynthesis
proteolysis and peptidolysis *

biological process unknown
ethanol fermentation*
biological process unknown
biological process unknown
glucose metabolism
protein folding*
biological process unknown
biological process unknown
biological process unknown
protein folding*
protein-vacuolar targeting *

Gl/S transition of mitotic cell cycle*
biological process unknown
hexose tansport
biological process unknown
biological process unknown
biological process unknown
protein-vacuolar targeting*
alcohol metabolism*
aerobic respiration*
biological process unknown
biological process unknown

130



Nu口nber  Systematic     illllard  Bi010gicalProcess
name         n

449 YOR027W STII protein folding
450 YOL027C MDM38 mitochondrion organization and biogenesis*
451 YMRI89W GCV2 one-carbon compound metabolism*
452 YOR324C FRTI response to sfess
453 YFL067W - biologicalprocessunknown
454 YDL042C SIR2 chromatin silencing at telomere*
455 YDLI06C PHO2 transcription*
456 YJRI20W - mitochondrion organization and biogenesis*
457 YERI03W SSA4 response to stess*
458 YBL099W ATPI ATP synthesis coupled proton transport
459 YML058C-A biological process unknown

460 .DLZZ3C HBTI cellular morphogenesis during conjugation with cellular
ruslon

461 YDRI8TC biological process unknown
462 YKLI84W SPEI 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
name

Biological Process
Standard
name

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

YDL037C

YGL089C

YIIR215W
YJR004C
YAR071W
YKL216W
YLR432W
YHR136C
YOL014W
YDL039C
YBR093C
YDR144C
YPRl18W
YKL177W
YGL263W
YFR055W
YEL040W
YPL263C
YBR238C
YNL040W

YKL178C

YAR073W
YPRl16W
YJL218W
YNRl103C
YBR092C
YPL126W
YJL014W
YNR075W
YMR205C
YIIR214W
YLR359W

YGR200C

YDR091C
YMR217W
YBR031W
YOR243C
YBR196C
YBR220C
YbTL209W
YKL021C
YHR216W
YBR296C
YOL141W
YNL049C
YML075C

BSC′

暉 (AZPH″ 2

PttO′ 2

MGf
PπO′′

こ″t4′

IMDθ

SPZ2

PRy7
Pra5
豚 C7

cas12

曖

云a二乙3

SrE3

ryD′

RPC3イ

Ptt03

MⅣ′
CC"
cas′θ

PFK2

ИDEfθ

EttP2

肥 ff

Gじ4′
RPZ綱
Pし57
PCff

SSB2
ルИK′′

ω 2

PH089
PPy2
SF32
磁 f

biological process unknown
response to pheromone during conjugation with
cellular fusion
biological process unknown
agglutination during conjugation with cellular fusion
phosphate metabolism
pyrimidine base biosynthesis
GTP biosynthesis

response to temperature

biological process unknown
conjugation with cellular fusion
phosphate metabolism*
proteolysis and peptidolysis
methionine salvage

biological process unknown
biological process unknown
sulfur metabolism*
cell wall organization and biogenesis

biological process unknown
biological process unknown
biological process unknown
signal transduction during conjugation with cellular
fusion
biological process unknown
biological process unknown
biological process unknown
fanscription from RNA polymerase III promoter
phosphate metabolism*
processing of 2biological process unknownS pre-rRNA
protein folding*
endocytosis
glycolysis

biological process unknown
purine nucleotide biosynthesis*
regulation of nanscription from RNA polymerase II
promoter
translational initiation*
GMP metabolism
protein biosynthesis

tRNA modification*
glycolysis*
biological process unknown
protein biosynthesis

ribosomal large subunit biogenesis

GTP biosynthesis

phosphate transport
biological process unknown
ER to Golgi tansport
ergosterol biosynthesis
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Nu口nber  Systematic    Staldard      Bl。 1。gical Process
name         nan

47 YPL028W ERG|0 ergosterol biosynthesis
48 YKLI43W LTVI response to osmotic stress*
49 YJR024C - biological process unknown
50 YERI56C - biological process unknown
5l YJL0I2C WC4 vacuole fusion, non-autophagic
52 YGRITTC ATF2 steroid metabolism
53 YDR0I2W RPL4B protein biosynthesis

54 YOLI05C IYSC3 cell wall organization and biogenesis*
55 YMR229C RRPJ rRNA processing*
56 YLR304C ACOI mitochondrial genome maintenance*
57 YJL080C SCPI60 chromosome segregation*
58 YPR033C HTSI histidyl-tRNA aminoacylation
59 YER1 lOC KAP123 protein-nucleus import
60 YAR068W - biological process unknown
6l YFR056C biological process unknown
62 YJR002W MPPI0 rRNA modification*
63 YLR060W ^ERS/ phenylalanyl-tRNA aminoacylation
64 YDL241W - biological process unknown
65 YKL2I5C - biological process unknown

66 yNn l2TW RSC. regulation of transcription from RNA polymerase II
promoter*

67 YOR34IW RPAI9O transcription from RNA polymerase I promoter
68 YGL009C LEUI leucine biosynthesis
69 YDLI50W RPC53 transcription from RNA polymerase III promoter
70 YDL084W SUB2 mRNA-nucleus export*
7l YKR026C GCN3 translational initiation
72 YHRI9TW RIXI 35S primary transcript processing*
73 YDR36IC BCPI biological process unknown
74 YLL002W RTT109 negative regulation of DNA transposition

75 yJLlsTC FARI sigr]allransduction during conjugation with cellular
tuslon+

76 YDLI54W MSHj meiotic recombination
77 YHRIT0W NMD3 ribosomal large subunit assembly and maintenance*
78 YDR324C WP4 processing of 2biological process unknownS pre-rRNA
79 YDLlslC biological process unknown
80 YJRI53W PGUI pseudohyphal growth*
8l YGRI59C NSR/ rRNA processing*

82 Y7<L|27W PGMI glucose l-phosphate utilization*
83 YILl2lW QDR2 multidrug transport
84 YJRI05W ADOI purine base metabolism
85 YDL036C - biological process unknown
86 YBR2SIC - biological process unknown
87 YDR34IC - protein biosynthesis
88 YORI53W PDRS response to drug*
89 YLR040C - biological process unknown
90 YMLI23C PHO84 phosphate transport*

9l YDR376W ARHI iron ion homeostasis*

92 YMR2I lW DMLI mitochondrial genome maintenance*
93 YDL062W biological process unknown
94 YCL029C BIKI mitotic spindle organization and biogenesis in nucleus*

95 YKLl8lW PRS/ histidine biosynthesis*

96 YEL045C biological process unknown
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Number  Systematic    Staldard      Bl。 1。gical Process
name         nall

97     YOR146W    _             biological process unknown

98     YLR143W     ―              biological process ttown
99   YBR298C   ルИttθ f      alpha‐ glucoside transport
100   YFR009W   CCN2θ      regulation oftranslational elongation
101    YLR041W    _             biological process unknown

102    YNIR093W    P′ 5        processmg of2biological process ttownS pre‐ rRNA
103   YPL145C    KES′        vesicle‐mediated transport*
104   YJL198W    PH09θ       phosphate transport
105    YGL149W    _            biological process unknown

106   YHR064C   SSZF       protein biosynthesis
107  YLR129W  DIP2     pЮ cessing of2biologicd process mhownS pre‐ rRNA
108  YDR165W  EM2    tRNA methyldion
109   YDR537C                biological process ttown
l10   YDL090C   RZ」 Иr      prOtein amino acid famesylation
lll    YhIL174W     _             biological process ttown

l12    YNL132W    KRE33        blological process unknown

l13  YJL069C   しろPお     35S primary transcript processing

H4 YIIRO“ C CP/′   酬

trans血

“

on during ttugatim w油 dlular
n

l15  YNL148C   И〃7f     post‐ chaperonin tubulin folding pathway*
116   YLR181C    ttA′        late endosome to vacuole transport
l17    YDL096C    _            biological process unknown

l18   YIR026C    y/「 I       sporulation(senSu Fungi)*
119   YGR162W   rr46θ f     translational initiation
120   YJR042W    ⅣしP∂5       mRNA‐ nucleus exportホ
121   YN優038C   CCSf       intracellular copper ion transport
122   YBL012C    _   .     biological process― own
123    YLR413W    ―             biological process unknown
124    YBR219C     ―             biological process unknowll
125   YOL155C   ―         cell wa1l organization and biogenesis
126  YIL078W   πβ′     protein biosynthesis
127  YLR100W   Iソ改92ア     ergosterol biosynthesis
128   YCL030C   Hヽ 4      histidine biosynthesis
129  YDR044W  朋 ″′θ    heme biosynthesis
130   YDR321W   ИSP′       asparagine catabolism
131  YBR079C   RPCr     translational initiation
132   YAR042W   SE″ I      steroid biosynthesis
133   YJL182C     _           biological process面 Wn
134  YBL076C   fZS′       protein biosynthesis
135    YBR085W    ∠ИC3        anaerobic respiration
136   YGR190C             biological pЮ cess uttbown
137    YNIR212(〕     EFR3          cenular morphogenesis

138  YNL307C   ルCκ′     protein alnino acid phosphorylation*
139   YFL002C   SPBイ       35S primary transc五 pt pЮ cessing*
140   YBR186W   PCH2       regulation ofnleiosis
141   YBL009W   ‐          meiosis
142   YOL104C    NDJI       synapsis*
143   YGR249W   ルβИ′      filamentous groⅥ 伍
144    Y(DR301W    パレじFr         bud site selection

И5 YKL191W DP12   1熙
1嵐

1‐dわhhamme bbymheds iom pep饉 ゥト
line

146   YER044C‐ A  И fイ       sporulation(Sensu Fllngi)*
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Number  Systematic    Standard      Bl。 1。gical Process
name         naロ

147   YDR292C   SRP′ θ′      protein‐ ER targeting*
148    YMR012W    α 3ヽ         translational initiation*
149   YGRl15C    _           biological process― own
150   YLR180W   S4ノ И′       methionine metabolism
151   YOR254C   SEC63     posttranslational pЮ tein¨membrane targeting*
152    Y」 R146W    _            biological process dcnown

153    YMR290W‐ A  _             biological process unknown

154  YJL008C   CC"     protein folding*
155   YER025W   CCD′ ′      廿alslational initiation
156  YFR028C   CDC′ イ    protein alnino acid dephosphorylation*
157    YGL239C     _            biological process―own
158   YDR023W   SESI       seryl‐ tRNA aminoacylation
159   YEL055C   POZ5      rRNA transcnption
160    YIIR183W    G'的 D′         response to oxidative stress*
161  YIIR070W  EM    tRNA methylation
162  YDL033C   SL九 ″      protein biosynthesis*
163    YDR344C     _             biological process unlコЮwn
164  YKR060W  しろP3θ    35S primary transcript processing

165   YBR034C    月鴨燿り       岬 A‐nucleus export*

166    YNRK143W    iイ ンつ′         ergoster01 biosynthesis*

167   YGR068C   ―         biological process― own
168    YBL013W    F′′        慣anslational initiation*
169    YJR129C      ―              biological process ttown

170   YCR01lC   ИDPr      transport
171    YJR015W     ―              biological process ttown
172   YBL016W   Fじ S3       protein alnino acid phosphorylationホ
173   YLR196W   P″ Pr       rRNA pЮcessmg
174   YCL020W   _          bio10gical process udmown
175    YGL069C    _            biological process u田 磁■own

176  YPL682C   νOπ     regulation oftranscription■
om RNA polynerase Ⅱ

177   YJL219W    "        heXOSe transport
178   YML037C    ―           bi01ogical process ttowll
179   YAL025C    ttκ′6       ribosomal large subunit biogenesis
180   YDRl12W   _         biological pЮ cess u」bown
181  YDR060W  ttKフ ′    HbOsomallarge subunh assembけ and maintenance
182    YBL104(〕      ―              biological process ttown

183    YOR315W    ―             bi01ogical process unknown
184   YOR361C   PR7′        translational initiation
185   YDL148C    NOP′ イ       processing of2biological process udmownS pre‐ rRNA
186  YBL014C   JRⅣ び      transcrlption iom RNA pol卿 erase l promoter
187   YOL022C    ―           bi01ogical process ttown
188    Y(DR272W     17■イ′          Hbosomal large subunit biogenesis*

189   YHR120W   ルS″′      DNA repar
190    YPR197C     _            bi01ogical process uttknown

191   YERH8C   Sttθ′      pseudohyphal gro、前h*
192  YOL021C   DS3     35S primary transcript processing*

193  YBR084W  yls′     朧 く

base'nucLoside,nudeodde and nucbた acH
)olism*

194    m33W    ―              bi01ogical process ttown
195   YLR029C    PL′ 5И     protein biosynthesis
196    YBR266C     _            bi01ogical process uttknown
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Number  Systematic    Staldard      IBi。 1。gical Process
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197   YDR192C    ハrυPイ2       mRNA‐ nucleus export*
198   YPR176C    BET2       pЮ tein alnino acid geranylgeranylation
199   YLRl14C    ИンZ9       biological process Шttmown
200   YGL097W   SRyf      rRNA‐ nucleus export*

201   YIL134W   Eυ r′       FAD transport
202    YHL039W     ‐              biological prOcess ttown
203    YJR147W    ′カツS2        pseudohyphal groⅥ伍
204  YIR012W  SO″     ribOSOmal large subun■ assembly and maintenance

205    YBL032W     
“

         te10merase‐ dependenttelomere mantenanceホ

206    YJL216C     ―             biological process unknown
207   YJL186W   ル閥悧5      pЮ tein amino acid glycosylation
208  YJR053W  BFИ r    cOttugatiOn with cellular ision*
209    YKL201C     i乙ⅣA″        response to stress*
210   YNIL126C   ERG′ g     ergosterol biosynthesis

21l   YIR019C    "∂ ′      asparagmyl‐tRNA aminoacylation
212   YAL048C   GEMI      vesicle‐ mediated transport
213   YDL143W   CCZ       protein folding*
214   YBR104W   IらレC2       transport
215   YGL234W   ИDE,7     purme nucleodde biosynthesis*
216   YER055C   rIS′       histidine biosynthesis
217    YLR449W     FPRイ           biological process ttown
218    YIR124W    ハリ r8θ        meiOsis*
219    YJR132W     m5        prOtem_nucleus unport
220    YNL019C     ―            biological process unknown
221   YIILOHC   PRS3      hiStidine biosynthesis*
222    YIしR339C                   biological process unknown

223    YDR437W    ―             biological process unknown
224   YDR390C   囲 2      pЮ tein sulnoylation
225   YOR393W   E駅 ′      biological process ummown
226   YOR168W   GШ 4      glutammyl‐tRNA aminoacylation

227 YCL066W 月吻 Z脇 ′
嵩

回 °n°ftranscriptbn iom mA polymem"Ⅱ
moter*

228    YBR244W     CPX2         response to oxidative stress

229    YNL033W     ―              biological process ttown
230   Y肥 24C   ル駅E′′     DNA repairホ
231   YER107C    G"2       mRNA‐ nucleus export*
232    YMR209C    ―             biological process unknown
233   YDR037W   KRSf      lysyl… tRNA aminoacylation

234 YblL288W attθ   tthbn°
ftran"rⅢ on tOm ttA polymerase Ⅱ

moter

235   YGL170C    SPOZr      sporulation(sensu Fllngi)
236   YGL201C   ttCル 6      DNA replication initiation*
237   YIIR089C   C∠ Rf      rRNA modiflcationホ
238  YFL004W  ン72    vacuole msion,non‐ autophaglc*
239    YIR177W    ―              bi01ogical process ttown
240   YGL207W   SPrf6      chrOmatin remodeling*
241    YGR145W    E7VP2         rRNA processing
242   YBL106C    SR077      exocytosis*
243    YDL129W    ―             biological process unknown
244    YJL195C                  bi01ogical process―own

245   YAR060C                bi01ogical process unknown
246    YDR395W    Sttηイ′         mRNA‐ nucleus export*
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Nulnber  Systematic    Staldard      BiologicalProcess
name        nan

247    YGR031W    ‐             biological process unknown
248   YNL313C    ―           karyogamy
249   YDR281C   P″ ル6      biological process― own
250  YBR245C   IS″ ′      chromatin remodeling
251   YGR124W  ИSN2      asparagine biosynthesis
252   YOL061W   PS5      histidine biosynthesis*

2" Ⅶ Ш 72C BRR2  
脇 爛

e ttCeosome confom狙 ond chageゎ Кbtte
nd Ul

254  YOR217W  RFC′       DNA repatホ
255    YDR353W     7RR′           regulation ofcell redox homeostasis
256    YNL035C     ‐             biological process unknown

257 YOυりW S2  
紙
l transれ

“

on during cottugatbn w仙 ∝Hular
n

258   YIL131C     FKttr′       pscudOhyphal growぬ
*

259  YDR398W  しろP5     processing of2biological process unlmownS pre‐ rRNA
260    YIL039W     ―             biological process unknown
261   YCL017C    NFSr       iron iOn homeostasis十
262  YDL226C   CCS′      ER to Golgitranspo“ *

263    YDR132C     ―              biological process ttown
264   YNIR290C    RASf        rRNA processmg
265    YNL220W    ИDE′2        pllrme nucleotide biosynthesis*
266    YNL105W                   bi01ogical prOcess unknown

267   YOR127W   RCИ ′      aCtin fllament organレ ation*
268    YNRC162C     ‐             biological process unknown

269    YNL279W    PRyr         plasma membrane ision
270    YMR266W    JttVV′           bi01ogical process unknown

271    YMR246W    躍 イ         lipid metabolism十
272   YDR521W               biological process ttown
273  YJL050W   硼 イ     35S prmary transc五 pt processing*
274   YIL003W   CFD′       iron‐sultt cluster assembly
275   YGL060W   fBP2       biological process uttmown

276 YMR128W ECM16   
田 :iSShg°

f2bbb」ca pЮcess unlmownS「 e‐
*ヽ

277   YLRH5W   CFT2      mRNA polyadenylylationホ
278   YGL251C   ″ ′      me10Sis*
279    YNL175C    A晨 9P′ 3       biological process uttk■ own

280   YGR185C   ttSI       γ OSyl‐tRNA aminoacylation
281    YAR066W    ―             bi01ogical process unknown
282   YLL016W   SDC25      Ras pЮ tein signal transduction
283   YOR206W   7VaC2      Hbosome assemblyホ
284   YEL037C    RИ D23       ER‐ associated protein catabolisln*
285    YDL102W    CDC2        nucleotide‐ excision repa士 *

286    YJL175W                   bi01ogical process unknown

287   YMR235C    RⅣ Z′        rRNA¨ nucleus export*
288  YMR220W  ERC∂      ergosterol biosynthesis*

289   YDR380W   ИROfθ      leucine catabolism*
290  YGL076C   ttLZ     pЮ tein biosynthesis

291   YBR017C   スИP′θイ     protein=nucleus import*
292    YDR535C                    bi01ogical process ttown

293   YGL148W   ИR02      aromatic amino acid family biosynthesis
294    YMR092C    /1P′          response to osmotic stress*
295   YGR233C   Pπ O∂′     phosphate nletabolism
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296 YOR24IW METT one-carbon compound metabolism
297 YBR288C APM3 vesicle-mediated transport*
298 YLR083C EMP70 transport
299 YHR214W-A biological process unknown

300 
'DR443C 

SSN2 negative regulation of tanscription from RNA
polymerase II promoter

301 
'.pllg'C 

NAB3 regulation oftranscription from RNA polymerase II
promoter

302 YORl4lC ARPS biological process unknown
303 YOL046C biological process unknown
304 YNL095C - biological process unknown
305 YLR032W RAD| DNA repair
306 YML082W - sulfur metabolism
307 YHRI3TW ARO9 aromatic amino acid family metabolism
308 YJR060W CBFI chromatin assembly or disassembly*
309 YNL233W BNI4 chitin biosynthesis*
310 YDR004W MD57 telomerase-independent telomere maintenance*
3l I YER003C PMI40 protein amino acid glycosylation*
312 YLR085C ARP6 protein-vacuolar targeting*
313 YLR4I0W-A biological process unknown
314 YOL077C BRXI ribosomal large subunit assembly and maintenance
315 YJLIO5W 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.

Nulllber  Systematic     lilllard  B1010gicalProcess
name        コ

I YGL253W HXK2 replicative cell aging*
2 YBL039C URAT phospholipid biosynthesis*
3 YML056C IMD4 biological process unknown
4 YLR249W YEF3 tanslational elongation
5 YLR385C SWCT chromatin remodeling
6 YML093W UTPI4 processing of 2biological process unknownS pre-rRNA
7 YPL0I9C WC3 vacuole fusion, non-autophagic
8 YKR059W TIFI translational initiation
9 YJR0TIW biological process unknown
l0 YDLI6TC NRPI biological process unknown
1l YNL024C - biological process unknown
12 YNLl4lW AAHI adenine catabolism
13 YPL266W DIMI rRNA modification*
14 YPL0I2W RRPI2 processing of 2biological process unknownS pre-rRNA*
15 YOL097C WRSI tryptophanyl-tRNA aminoacylation
16 YLR303W MET|7 methionine metabolism*
17 YNLI82C IPI3 35S primary transcript processing*
18 YGR265W biological process unknown
19 YLR409C UTP2I 35S primary transcript processing

20 YNR042W biological process unknown
2l YPL}0'IW - biological process unknown
22 YKR027W FMP50 biological process unknown
23 YAL022C FUN26 nucleoside transport
24 YAR075W - biological process unknown
25 YPRI63C TIF3 translational initiation
26 YNL198C biological process unknown
27 YMRI l6C ASCI biological process unknown
28 YPL044C biological process unknown
29 YLR433C CNAI cell wall organization and biogenesis*
30 YCR072C - biological process unknown
3l YPR04IW TIFS regulation of translational initiation*
32 YMRl3lC RRBI ribosome biogenesis

33 YJR070C LIAI microtubule cytoskeleton organization and biogenesis

34 YCL059C KRRI rRNA processing*

35 YCR057C PWP2 35S primary transcript processing*

36 YDR020C - biological process unknown

37 ,.pR009W SUT2 regulation of ranscription from RNA polymerase II
promoter'

38 YPR048W TAHIS biological process unknown
39 YDR496C PUF6 regulation of transcription, mating-type specific
40 YNL026W SAM50 protein complex assembly*
4l YCL046W biological process unknown
42 YDR434W GPII7 atiachment of GPI anchor to protein

43 YCL054W SPBI processing of 275 pre-rRNA
44 YGL00IC ERG26 ergosterol biosynthesis

45 YGRITSC ERGI ergosterol biosynthesis
46 YNLIT8W RPS3 protein biosynthesis*
47 YBRI89W RPS9B protein biosynthesis*
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Number  Systematic
name llll:ard  Bl。

1。gical Process

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

YPR198W
YNR053C
YHR109W
YLR420W
YLR452C
YLR222C
YNL296W
YIL009W
YPL208W
YPL131W
YPR010C
YPR144C
YDL080C
YGL012W
YPL273W

YDR190C

YDR428C
YOR385W
YDL178W
YGL034C
YDL014W
YPR019W
YOR192C‐A
YhIL324W
YER007W
YHR149C
YDR465C
YGR091W
YGL123W
YJR003C
YLR212C
YHRC172W
YDR268W
YJL025W
YDL104C
Ⅷ L060W
YER181C
YBR174C
YJL183W
YGR245C
YER005W
Y卜願じ43C
YDL103C
YOL052C

YPL086C

YDLl12W
YMR01lW
YDR149C
YJL058C
YGL047W

湯 E′

ⅣOG2
crm
爾 イ

SS″

しり ′3

脇 3

″ Z5

″ И′3j

NOCイ

″顎θ

ERGイ

M″

R43′

DZD2

NOP′

CDC5イ

PИC2
SKGσ

ψ

PRP3′

PS2

7て乃Bイ

ERG7
ル6″r

RU7
2H7
θGG′

四 ′′

SD/′

"′ZRC′
2RII
SPE2

1彊

"P3
M
腔

〃 %′

ИZG′θ

response to drug*
ribosome assembly*
protein modification
pyrimidine nucleotide biosynthesis
signal transduction*
processing of 2biological process unknownS pre-rRNA
biological process unknown
lipid metabolism*
biological process unknown
protein biosynthesis*
transcription from RNA polymerase I promoter
processing of 2biological process unknownS pre-rRNA*
thiamin biosynthesis
ergosterol biosynthesis

sulfur amino acid metabolism
regulation of transcription from RNA polyrrerase II
promoter*
biological process unknown
biological process unknown
biological process unknown*
biological process unknown
rRNA modification*
DNA replication initiation*
biological process unknown
biological process unknown
post-chaperonin tubulin folding pathway*

biological process unknown
peptidyl-arginine methylation
nuclear mRNA splicing, via spliceosome
protein biosynthesis*
biological process unknown
mitotic spindle organization and biogenesis in nucleus*
ergosterol biosynthesis

uyptophanyl-tRNA aminoacylation
transcripion from RNA polymerase I promoter
proteolysis and peptidolysis

DNA repair*
biological process unknown
biological process unknown
protein amino acid glycosylation

actin cytoskeleton organization and biogenesis*
protein amino acid glycosylation

zinc ion homeostasis*

UDP-N-acetylglucosamine biosynthesis
pantothenate biosynthesis *

regulation of transcription from RNA polymerase II
promoter
tRNA methylation
hexose transport
biological process unknown

biological process unknown
dolichol-linked oligosaccharide biosynthesis
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Number  Systematic
name :lllfard  Bl。

1。gical Process

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

″ ′θ

Sル」(′

几死ES′

DBP∂

″ ′

πOル6

″ ″

И ワ ′

物 5

BじD3
/R07
y/C′

YNL248C
YLL031C
YCL055W
YOL093W
YPR136C
YDR327W
YJL010C
YJL109C
YPR054W
YGR264C
YIIIR169W

YLL061W
YJR139C
YGR160W
YDR385W
YLL062C
YKL080W
YCL014W
YPR060C
YOR087W
YBR074W
YCR067C
YLR373C
YDR245W
YJR001W

YLR384C

YIL132C
m085W
YJRC141C

YJL098W
YJL064W
YPR006C
YKL009W
YPR189W
YDL063C
YCR045C
YBR252W
YCR034W
YAR018C
YGL143C
YLR183C
YBR160W
YDR137W
YGL169W
YLL038C
YIIR129C
YLR028C
YPL183C
YNL207W
YIL103W
YOL101C

贈 Aイ9  transcriptionお m RNA pOlymerasc l promoter
CPfr3  GPI anchor biosynthesis

KИRイ    meiosis*

鰍ν′θ  tRNA methylation

biological process unknown
biological process unknown
rRNA processing

processing of 2biological process unknownS pre-rRNA
protein amino acid phosphorylation*
methionyl-tRNA aminoacylation
35S primary transcript processing

S-methylmethionine transport
methionine metabolism*
biological process unknown
translational elongation
sulfur amino acid metabolism
vacuolar acidification
cytokinesis*
aromatic amino acid family biosynthesis
cation homeostasis

- proteolysis and peptidolysis

SED4 ERto Golgi tansport
yID22 vacuolar protein catabolism
MNNI0 actin filament organization*
AWI neutral amino acid transport

fKJ3
regulation of fanscription from RNA polymerase II
promoter

CSM2 meiotic chromosome segregation*
IPI| rRNA processing*

URB2 ribosome biogenesis*
SAP185 Gl/S transition of mitotic cell cycle

biological process unknown
ICL2 propionate metabolism*
MRT4 rRNA processing*

SKI3 mRNA catabolism*
- biological process unknown
- biologicalprocessunknown
DUTI pyrimidinedeoxyribonucleosidetriphosphatecatabolism
FENI vesicle-mediated fransport*
KIN3 chromosome segregation

MRFI protein biosynthesis*
TOS4 Gl/S-specific transcription in mitotic cell cycle
CDC28 protein amino acid phosphorylation*

RGPI intracellularproteintansport
SUA| aerobic respiration
ENT4 endocytosis*
ARPI establishment of mitotic spindle orientation*
ADE|6 aerobicrespiration*
- biological process unknown
NO2 processing of 2biological process unknownS pre-rRNA
DPHI peptidyl-diphthamidebiosynthesisfrompeptidyl-histidine
IZH4 lipid metabolism*
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Number SYstematic
name lllllard  Bl。

1。gical Process

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

YERl17W
Yヽ個L046W
YBL054W
YKL073W
YKL014C
YDRlllC
m02W
YJLlllW
YKL209C
YFL001W
YLR328W
YPR066W
YBR175W
YOL130W

YPL235W

YPL248C
YGR198W
YCR017C
YGR099W
YJL138C
YNL023C
YDR399W
YIL019W
YDR101C
YGR169C
YDR429C
YGR214W
YNL139C
YIIL033C
YLR063W
YDR267C
YPR175W
YAR008W
YLL007C
YML080W
YLL008W
YNIL022W
YPL143W
YGR128C
YOR095C
YJR124C
YER049W
YOR063W
YPL217C
YLR397C
YNIR289W
YOL158C
YCR101C
YJL002C
YMR288W
YPL101W

貯 L233
PRP39

二乃S′

こスRり3′

ИZ"
ERC2
CC″
S7Eび

DEC′

磁 ′

し物 θ

SⅣD3
ИZRf

R/32

磁 Zイ

CVH43
22
rfF2

FИ P′

″ π

″ F′

ИRXf
PUS6
rfF35

Psa∠
肥 R′

RPZM

DPB2
SEN3イ

Dしり′

DRS′

ИPr′

RPZ33/
し7P∂

ROr

″ Z3

3ル盗I′

∠FG2
∠BZ2
1ら 9ヽ9′

OSπ
五晨ヌ″′55

EZPイ

protein biosynthesis
nuclear mRNA splicing, via spliceosome
biological process unknown
response to unfolded protein*
rRNA processing*

biological process unknown
ergosterol biosynthesis
protein folding*
peptide pheromone export
RNA processing

NAD metabolism
protein neddylation
chromatin silencing at telomere*
magnesium ion tansport*
regulation of tanscription from RNA polymerase II
promoter*
regulation of transcription, DNA-dependent*
MAPKKK cascade

cell wall organization and biogenesis*
telomerase-dependent telomere maintenance
fanslational initiation*
biological process unknown
purine nucleotide biosynthesis
processing of 2biological process unknownS pre-rRNA
ribosomal large subunit biogenesis
IRNA modification*
translational initiation
protein biosynthesis*
mRNA-nucleus export*
protein biosynthesis

biological process unknown
biological process unknown
nucleotide-excision repair*
tRNA splicing
biological process unknown
IRNA modification
35S primary transcript processing*

AMP biosynthesis*
protein biosynthesis
processing of 2biological process unknownS pre-rRNA
pentose-phosphate shunt

biological process unknown
biological process unknown
protein biosynthesis*
rRNA processing*
response to drug
biological process unknown
ferric-enterobactin transport
biological process unknown
N-linked glycosylation*
spliceosome assembly

regulation of transcription from RNA polymerase II
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Number  Systematic
name

Biological Process
Standard
name

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

YCR081W

YDL040C
YLR441C
YOR060C
YJL039C
YBR247C
YGR073C
YLL033W
YMR006C
YJRl14W
YNL330C
YDR047W
YNL299W
YBR180W
YNL328C
YGL084C
YDL051W
YOR175C
YLR167W
YDL058W
YDR280W
YLR243W
YCR032W
YML021C
YBR065C
YDR431W
YAR064W
YBR061C
YER127W
YDL060W
YIL018W
YKL172W
YPL181W
YPRl10C
YJL061W
YNL120C
YLR153C
YDL152W
YGL223C
YPL200W
YPL245W
YDLl18W
YLR404W
YOL145C
YDR172W
YKL075C
YPL043W
YKL033W
YDR538W
YPLl13C

SRB∂

躍 ″

RPS′И

ⅣしP′92

ENP′

PZ32
sr2
RPD3
五置フИ72

7RF5
D劉マ′
yDJ2

GしP′

ZあP′

RPS3′

邸 0′

IυιPイ5

BPrr
こ″Vて

'′ECM2

磁

ZCP5
71口R′

RPZ23
EBP2
CH6
″ C4θ

ⅣしP″

ИCS2

COG′

CS秘

C蜜9
SしP35

NOPイ

P′4D′

promoter

negative regulation of transcription from RNA polymerase II
promoter
protein amino acid acetylation
protein biosynthesis
biological process unknown
nuclear pore organization and biogenesis

rRNA processing*

biological process unknown
sporulation (sensu Fungi)
glycerophospholipid metabolism
biological process unknown
chromatin silencing at telomere*
heme biosynthesis
sister chromatid cohesion*
spore wall assembly (sensu Fungi)*
protein folding
glycerol tansport*
tRNA processing

biological process unknown
protein biosynthesis*
ER to Golgi transport*
35S primary transcript processing*

biological process unknown
cell wall organization and biogenesis*
DNA repair
cell wall organization and biogenesis*
biological process unknown
biological process unknown
protein biosynthesis*
rRNA modification*
rRNA processing*
protein biosynthesis
rRNA processing

positive regulation of transcription
transcription from RNA polymerase I promoter*

mRNA-nucleus export*
biological process unknown
acetyl-CoA biosynthesis
biological process unknown
intra-Golgi ransport*
meiotic chromosome segregation

biological process unknown
biological process unknown
biological process unknown
transcription from RNA polymerase II promoter*

mRNA catabolism, deadenylylation-dependent decay*
biological process unknown
rRNA processing

biological process unknown

aromatic compound catabolism
metabolism
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Nulllber  Systematic     :llllard  B1010gicalProcess
name        ロ

250 YJRO3IC GEAI ER to Golgi transport*
251 YNR066C - biological process unknown
252 YAL033W POP| rRNA processing*
253 YGR074W SMDI nuclear mRNA splicing, via spliceosome
254 YDR5I8W EUGI protein folding
255 YAL058W CNEI protein folding*
256 YCR006C biological process unknown
257 YNL089C biological process unknown
258 YGL245W GUSI glutamyl-tRNA aminoacylation
259 YKLI83W LOTS biological process unknown
260 YDR098C-A biological process unknown
261 YEL053C MAKI0 N-terminal protein amino acid acetylation

262 
'IR033W 

MGA2 positive regulation of tanscription from RNA polymerase II
promoter*

263 YDR257C SETT biological process unknown
264 YJLI45W SFH| phospholipid transport
265 YLL035W GRC3 rRNA processing
266 YGRI l4C biological process unknown
267 YDR446W ECM| l cell wall organization and biogenesis
268 YDR4I6W SYFI nuclear nRNA splicing, via spliceosome*
269 YCL052C PBNI GPI anchor biosynthesis*
270 YLR075W RPL|0 protein biosyrthesis*
271 YKL056C RBF|8 biological process unknown
272 YPLI50W - biological process unknown
213 YDROI5C biological process unknown
274 YDLI45C COP I ER to Golgi transport*
275 YJRI43C PMT4 O-linked glycosylation
276 YBR044C TCM62 protein complex assembly
277 YKL055C OARI aerobic respiration*
278 YDL074C BREI chromatin silencing at telomere*
279 YER006W NUGI rRNA processing

280 YLR084C RAX2 bud site selection
281 YNL022C - biological process unknown
282 YCR054C CTR86 biological process unknown
283 YGRIT3W RBG2 biological process unknown
284 YLR130C ZRT2 low-affinity zinc ion transport
285 YOR026W BUB3 mitotic spindle checkpoint
286 YLL054C - biologicalprocessunknown
287 Q0250 COX2 aerobic respiration*
288 YPLI5TW TGSI ribosome biogenesis*
289 YPL243W SRP68 protein-ERtargeting*
290 YNL256rW FOLI folic acid and derivative biosynthesis
291 YDR3l2W SSF2 ribosomal large subunit assembly and maintenance*
292 YMLI25C - biological process unknown
293 YPLI l2C PEX25 peroxisome organization and biogenesis*
294 YMR2I8C TRSI30 ERto Golgi transport
295 YLR302C biological process unknown
296 YIL020C HIS6 histidine biosynthesis
297 YGRISTC HGHI biological process unknown
298 YLROI5W BRE2 chromatin silencing at telomere*

2g9 yBL''gW HIR, regulation of transcription from RNA polymerase II
promoter
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NuIElber  Systematic
name

Biological Process
Standard
name

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

YHR031C
YPR029C
YIR008C
YNL075W
YOL076W
YOR213C
YLR274W
YCL024W
YBL096C
YNIRl17C
YDR161W
YDR212W
YJR140C
m62W
YFR001W
YIL145C
YLR401C
YBR159W
YDR348C
YGR261C
YDL087C
YBR267W
YDL100C
YLR186W
YLR154C
YKL099C
YNR021W
YOR135C
YBR181C
YBL052C
YGL094C
YGL21lW
YPRl12C
YPL035C
YPL160W
YER171W
YLR276C
YNIL014W
YNL021W
YBR259W
YDR354W
YJR145C
YPL161C
YDL050C
YBR143C
YDR488C
YGL172W
YNL216W
YPL030W
YLR101C
YPR153W

RU3
/PZイ

PRI」

fyPイ

九

“

D」物2θ

yS5

CDCイσ

KCCイ

SPC2イ

7て勇P′

「

IR3

ZOCr
Pttσ

D3ヽ

/Pttσ

ZυC7
Zff
ИJttRイ

EyG′
ψ θ3

P′ ′

″ S6B
MS
P懸2
NCS6
yRDf

CDC6θ

MD3
DBP9
物

翻 ′

rRPィ

Iυ■SイИ

BEル″

SしPイ5

P/Cff
ⅣしPイ9

RИ P′

DNA replication
vesicle-mediated transport
DNA replication initiation*
rRNA modification*
mitochondrion inheritance *

chromatin silencing at telomere
DNA replication initiation*
protein amino acid phosphorylation*

biological process unknown
chromosome segregation*
biological process unknown
protein folding*
Gl/S-specific transcription in mitotic cell cycle
biological process unknown
ribosomal large subunit biogenesis*
pantothenate biosynthesis
tRNA modification
fatty acid elongation
biological process unknown
vesicle-mediated tansport*
mRNA splice site selection
budding cell bud growth*
response to heat*
35S primary transcript processing*
DNA replication
processing of 2biological process unknownS pre-rRNA
biological process unknown
biological process unknown
protein biosynthesis
chromatin silencing at telomere*
postreplication repair*
biological process unknown
35S primary transcript processing

biological process unknown
leucyl-tRNA aminoacylation
transcription initiation from RNA polymerase II promoter*

35S primary transcript processing*

response to stress*

regulation of transcription, DNA-dependent*

biological process unknown
tryptophan biosynthesis
protein biosynthesis*
establishment of cell polarity (sensu Fungi)*
biological process unknown
cytokinesis*
nuclear migration, microtubule-mediated*
mRNA-nucleus exportr'

chromatin silencing at telomere*

biological process unknown
biological process unknown
biological process unknown
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Number  Systematic
name

Biological Process
Standard
mame

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

YIL104C
YGR234W
YBR164C
YLR341W
YHR045W
YDR300C
YNIL069W
YNR061C
YER015W
YLR419W
YDR191W
YblR012W
YOR312C
YLR230W
YLR405W
YPR105C
YJR069C
YBR205W
YLR002C
YOL139C
YDR274C
YGL221C
YBR125C

S■0′

】知 ′

И肥 ′

SP077

PRO′

P033

脇 2

郎 Z
し'ぼ
′

RPZ2θB

DUS4
COGイ
躍 ν′

KTR3
ⅣOC3
CDC33

…
3

Prc4

snoRNA metabolism
response to stness

protein-vacuolar targeting*

sporulation (sensu Fungi) *

biological process unknown
proline biosynthesis

chromatin remodeling*
biological process unknown
lipid metabolism*
biological process unknown
chromatin silencing at telomere*
pyrimidine salvage
protein biosynthesis

biological process unknown
IRNA modification
intra-Golgi tansport*
DNA repair
cell wall organization and biogenesis*
rRNA processing*

translational initiation*
biological process unknown
biological process unknown
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

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20
21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

YAL009W
YAL022C
YAL027W
YAL037W
YAL039C
YAL040C
YAL044C
YAL049C
YAL055W
YAR015W
YBL022C
YBL027W
YBL051C
YBL053W
YBL062W
YBL072C
YBL083C
YBL094C
YBL103C
YBR003W
YBR021W
YBR026C
YBR036C
YBR044C
YBR072W
YBR077C
YBR078W
YBR095C
YBRl12C
YBR126C
YBR131W
YBR173C
YBR231C
YBR251W
YBR268W
YBR282W
YBR283C
YBR291C
YBR292C
YBR296C
YCL007C
YCL008C
YCL010C
YCR002C
YCR003W
YCR009C
YCR024C

SP07
FIIN26

SAWl
YAL037W
CYC3
CLN3
GCV3
YAL049C
PEX22
ADEl
P1lИ l

RPL19B
PIN4
YBL053W
YBL062W
RPS8A
YBL083C
YBL094C
RTG3
COQl
FUR4
ETRl
CSG2
TCM62
HSP26
SLM4
ECⅣ【33

RXT2
CYC8
TPSl
CCZl
UMPl
SWC5
MRPS5
NIRPL37
NIRPL27
SSHl
CTPl
YBR292C
PH089
YCL007C
STP22
SGF29
CDC10
MRPL32
RVS161
SLM5
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Number Svstematic Name Standard Name From references
48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

YCR025C
YCR036W
YCR045C
YCR046C
YCR049C
YCR050C
YCR059C
YCR061W
YCR066W
YCR067C
YCR068W
YCR071C
YCR079W
YCR087C‐A
YCR087W
YDL001W
YDL012C
YDL013W
YDL040C
YDL044C
YDL056W
YDL065C
YDL066W
YDL067C
YDL068W
YDL081C
YDL088C
YDL090C
YDL091C
YDL096C
YDL100C
YDL107W
YDLl14W
YDLl18W
YDL191W
YDL198C
YDL225W
YDL226C
YDR010C
YDR035W
YDR049W
YDR065W
YDR074W
YDR079W
YDR108W
YDR121W
YDR126W
YDR149C
YDR162C
YDR175C
YDR192C
YDR194C

YCR025C
RBKl
YCRC145C

IMGl
YCR049C
YCR050C
YIHl
YCR061W
RAD18
SED4
ATG15
1MG2
PTC6
YCR087C‐A
YCR087W
RMDl
YDL012C
IIEX3

NATl
MTF2
NIBPl

PEX19
1DPl

COX9
YDL068W
RPPlA
ASM4
RAN11
UBX3
0P16
ARR4
MSS2
YDLl14W
YDLl18W
RPL35A
GGCl
SHSl
GCSl
YDR010C
AR03
YDR049W
YDR065W
TS2
PET100
GSGl
DPB4
SWFl
YDR149C
NBP2
RSM24
NUP42
MSSl16
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Number Systematic Name Standard Name From references
100

101

102

103

104

105

106

107

108

109

110

111

112

H3
114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

YDR197W
YDR202C
YDR204W
YDR219C
YDR230W
YDR237W
YDR245W
YDR255C
YDR260C
YDR261C
YDR265W
YDR274C
YDR283C
YDR293C
YDR300C
YDR317W
YDR332W
YDR337W
YDR347W
YDR354W
YDR372C
YDR375C
YDR393W
YDR435C
YDR484W
YDR485C
YDR486C
YDR488C
YDR491C
YDR493W
YDR523C
YDR529C
YEL009C
YEL024W
YEL042W
YEL046C
YER005W
YER050C
YER058W
YER087W
YER090W
YERl10C
YERlllC
YERl14C
YER122C
YER131W
YER145C
YER177W
YFL028C
YFL031W
YFR01lC
YFR033C

CBS2
RAV2
COQ4
MFBl
YDR230W
NIIRPL7

MNN10
RMD5
SヽVl江 1

EXG2
PEX10
YDR274C
GCN2
SSDl
PR01
HIMl
IRC3

MRPS28
MRPl
TRP4
VPS74
BCSl
SIIE9

PPMl
VPS52
VPS72
VPS60
PACll
YDR491C
FMP36
SPSl

QCR7
GCN4
RIPl

GDAl
GLYl
YNDl
RSM18
PETl17
YER087W
TRP2
KAP123
SW14
BO12
GL03
RPS26B
FTRl
BMHl
CAF16
HACl
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Number Systematic Name Standard Name From references
152
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YIIL009C
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YHR004C
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BRPl
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NEMl
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Number Systematic Name Standard Name From references
204
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Ⅷ R006W
YHR008C
YIR009C
YIIROHW
YIIR012W
YHRl129C
YHRl130C
YHRl138W
YHR067W
YIIR086W
YHRl16W
YHR129C
YIIR147C
YIIIR 189W

YIL017C
YIL029C
YIL034C
YIL036W
YIL039W
YIL052C
YIL053W
YIL124W
YIL125W
YIL157C
YJL003W
YJL006C
YJL024C
YJL046W
YJL080C
YJL095W
YJL096W
YJL101C
YJL102W
YJL131C
YJL154C
YJL164C
YJL175W
YJL179W
YJL187C
YJL208C
YJL209W
YJL21lC
YJL212C
YJR01lC
YJR018W
YJR025C
YJR033C
YJR043C
YJR059W
YJR074W
YJR075W
YJR090C

STP2
SOD2
YHR009C
DIA4
VPS29
YH19
SLつ
RRFl
HTD2
NAⅣ【8
COX23
ARPl
MRPL6
PTHl
VID28
YIL029C
CAP2
CST6
TEDl
RPL34B
RHR2
AYRl
KGDl
FNIP35

COX16
CTK2
APS3
YJL046W
SCP160
BCKl
MRPL49
GSHl
MEF2
YJL131C
VPS35
TKl
YJL175W
PFDl
SWEl
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YJL21lC
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YJR01lC
YJR018W
BNAl
RAVl
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HOCl
GRRl
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