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Cells sense, respond, and adapt to a low oxygen environment called hypoxia, which is widely in-
volved in a variety of human diseases. Adaptation to low oxygen concentrations includes gene ex-
pression changes by inducing hypoxic genes and reducing aerobic genes. Recently, the mitochondrial 
respiratory chain has been implicated in the control of these oxygen-regulated genes when cells expe-
rience hypoxia. In order to obtain an insight into an effect of the mitochondrial respiratory chain on 
cellular response to hyxpoxia, we here examined whole genome transcript signatures of respira-
tion-proficient and respiration-deficient budding yeasts exposed to hypoxia using DNA microarrays. 
By comparing whole transcriptomes to hypoxia in respiration-proficient and respiration-deficient 
yeasts, we found that there are several classes of oxygen-regulated genes. Some of them require the 
mitochondrial respiratory chain for their expression under hypoxia while others do not. We found 
that the majority of hypoxic genes and aerobic genes need the mitochondrial respiratory chain for 
their expression under hypoxia. However, we also found that there are some hypoxic and aerobic 
genes whose expression under hypoxia is independent of the mitochondrial respiratory chain. These 
results indicate a key involvement of the mitochondrial respiratory chain in oxygen-regulated gene 
expression and multiple mechanisms for controlling oxygen-regulated gene expression. In addition, we 
provided gene ontology analyses and computational promoter analyses for hypoxic genes identified 
in the study. Together with differentially regulated genes under hypoxia, these post-analysis data will 
be useful resources for understanding the biology of response to hypoxia.
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Introduction

Cells are capable of responding to an exposure to a low 

oxygen environment, i.e., hypoxia [6]. This response to hypo-

xia includes immediate changes in cellular energy metabo-

lism as a short-term adaptation as well as the activation of 

gene expression pathways as a long-term adaptation, which 

help the cell cope with an insufficient concentration of oxy-

gen [6, 15]. Upon exposure to hypoxia, these gene expression 

pathways function to up-regulate a large number of hypoxic 

genes that are induced under low oxygen environments, and 

down-regulate a large number of aerobic genes that are ex-

pressed optimally in normoxic environments. Thus, the 

changes in expression of these oxygen-regulated genes (i.e., 

both hypoxic and aerobic genes) are crucial for cellular adap-

tation to a prolonged hypoxic environment.

Recent microarray studies have demonstrated that a sub-

stantial number (up to 15%) of the entire genes in yeast are 

oxygen-regulated [3, 23]. Expression of these oxygen-regu-

lated genes is known to be mediated through the control 

of a handful of transcription factors. For example, Rox1p re-

presses transcription of hypoxic genes under normoxic con-

ditions [18] while Mga2p activates transcription of hypoxic 

genes in response to hypoxia [17]. And, Mot3p represses 

transcription of hypoxic genes [19] whereas Hap1p activates 

transcription of aerobic genes, including ROX1, under aero-

bic conditions [25]. So far, much of the work on these yeast 

transcription factors has focused on the effects of oxygen 
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and heme levels on the activity of Hap1p, which is known 

to regulate most aerobic genes in response to oxygen levels. 

The activity of Hap1p is controlled by the level of an intra-

cellular heme pool. Under conditions of low oxygen, heme 

and Rox1p levels drop [31] and Rox1p-regulated hypoxic 

genes are de-repressed, allowing for their expression under 

hypoxic conditions. Moreover, Hap1p actively represses 

transcription of ROX1 in oxygen limiting conditions [10].

In addition to transcription factors mentioned above, sev-

eral recent studies have implicated the mitochondrial respi-

ratory chain in the induction of hypoxic nuclear genes in 

both yeast [21, 26] and mammals [9].  Initially, it was pro-

posed that the mitochondrial respiratory chain produces in-

creased levels of reactive oxygen species (ROS) when cells 

experience reduced oxygen levels and that these ROS are 

involved. Although this mechanism for hypoxic gene in-

duction in mammals has been controversial in the past, re-

cent studies strengthen the conclusion that mammalian cells 

undergo oxidative stress when exposed to hypoxia and that 

mitochondrially-generated ROS function in hypoxic signal-

ing by stabilizing HIF-1, an important regulator of hypoxic 

genes [5, 14]. However, it is not clear from these studies 

if ROS are sufficient for HIF-1 stability. Regardless of exact 

mechanisms, it seems that the mitochondrial respiratory 

chain plays a key role in expression of oxygen-regulated 

genes under hypoxia.

In the present study, we investigated a role for the mi-

tochondrial respiratory chain in oxygen-regulated gene ex-

pression at whole genome levels using DNA microarrays 

in the budding yeast, Saccharomyces cerevisiae. By comparing 

whole genome responses to hypoxia in respiration-proficient 

and respiration-deficient yeasts, we found that there are sev-

eral classes of oxygen-regulated genes. Some of them require 

the mitochondrial respiratory chain for their expression un-

der hypoxia while others do not. These results suggest that 

the mitochondrial respiratory chain participates in ex-

pression of oxygen-regulated genes under hypoxia in multi-

ple ways.

Materials and Methods

Yeast strains, media, and growth conditions 

The following S. cerevisiae strains were used in this study: 

JM43 (MATα, his4-580, trp1-289, leu2-3, 112, ura3-52 [ρ+]) [24] 

and JM43ρ0 (MATα, his4-580, trp1-289, leu2-3, 112, ura3-52 [ρ0]) 

[29]. JM43 and JM43ρ0 are iso-chromosomal. Yeast cells were 

grown in SSG-TEA, a semisynthetic galactose medium, sup-

plemented with Tween 80, ergosterol, silicon antifoam, and 

amino acids and uracil, as described [7]. Pre-cultures were 

grown to steady-state on a controlled environment incubator 

shaker (New Brunswick Scientific, Enfield, USA) at 200 rpm 

and 30°C and kept in logarithmic growth phase for at least 

10 generations. Logarithmic phase pre-cultures were used 

to inoculate main cultures, which were grown under nor-

moxia or anoxia in a New Brunswick BIOFLO 3,000 fermen-

tor, as described [7]. Steady-state normoxic and anoxic cul-

tures were collected by centrifugation and immediately used 

or frozen at -80°C prior to further analyses. Anoxic cultures 

were exposed to anoxia for 24 hr.

RNA isolation and DNA microarray analysis 

Total RNA from JM43 and JM43ρ0 was isolated by the 

phenol-chloroform method [13], further purified with a 

RNeasy midi kit (Qiagen, Venlo, Netherlands) according to 

the manufacturer’s instructions, and subjected to DNA mi-

croarray experiments. cDNAs were synthesized from 5 µg 

of total RNA by using the Superscript Choice kit (Invitrogen, 

Waltham, USA) with a T7-(dT)24 primer incorporating a T7 

RNA polymerase promoter. cRNAs were generated and bio-

tin-labeled by T7-dependent in vitro transcription (Enzo 

Biochemical, New York, USA). Labeled cRNAs were frag-

mented by incubation at 94°C for 35 min in 40 mM Tris 

acetate, pH 8.1, 100 mM potassium acetate, and 30 mM mag-

nesium acetate. Fifteen micrograms of fragmented cRNAs 

were hybridized for 16 hr at 45°C to Yeast Genome 2.0 Array 

(Affymetrix, Santa Clara, USA). This yeast genomic chip con-

tains probe sets for two yeast species (both S. cerevisiae and 

S. pombe). Probe sets for S. pombe were excluded and only 

probe sets for S. cerevisiae were considered in later analysis. 

The chips were washed, stained with streptavidin-phycoery-

thrin in a fluidics station, and scanned at 3-µm resolution 

in the Affymetrix Genechip System confocal scanner 

(Agilent Technologies, Massy, France). For each yeast strain 

JM43 and JM43ρ0, three independent RNA isolations and mi-

croarray experiments including both normoxic and anoxic 

conditions, were performed.

Microarray data preparation and analysis 

All data processing and analysis were performed using 

R (http://www.r-project.org). Raw data from array scans 

were normalized using the Robust Multi-chip Average 

method [16] through the RMA package of Bioconductor [2]. 
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Fig. 1. Venn diagrams representing statistically significant genes 

that are differentially expressed in response to anoxia 

for 24 hr. (A) A Venn diagram showing all of differ-

entially expressed genes which include both induced 

and repressed genes in anoxic JM43 and JM43ρ0 cultures. 

(B) A Venn diagram illustrating hypoxia-induced genes 

(hypoxic genes), which are up-regulated at least 1.5-fold 

in anoxic cultures relative to normoxic cultures. These 

hypoxic genes are classified into Categories I-III, which 

are indicated in parentheses. (C) A Venn diagram illus-

trating down-regulated genes (aerobic genes) that are re-

duced at least 1.5-fold in anoxic cultures relative to nor-

moxic cultures. These aerobic genes are classified into 

Categories IV-VI, which are indicated in parentheses.

After normalization, the data were filtered using two criteria; 

(1) Affymetrix mRNA detection calls were used to exclude 

all Probe Set Ids with an ‘Absent’ call in all samples. (2) 

Transcripts that demonstrate little variation across all arrays 

were removed. This is performed by comparing the variance 

of the log-intensities for each gene with the median of all 

variance for the entire array. Those genes not significantly 

more variable then the median are filtered out. After filter-

ing, we performed a two-tailed t-test and corrected the p-val-

ue with False Discovery Rate (FDR) procedure [4]. At FDR 

of 0.05, the analysis produced the final lists of 1127 and 740 

differently expressed genes in anaerobic conditions relative 

to matching aerobic conditions in JM43 and JM43ρ0, 

respectively. These differentially expressed genes were clus-

tered using hierarchical clustering approach [2] through the 

R packages ‘heatmap’ and ‘gradient.rect’. Co-regulated 

genes were further grouped with respect to existing annota-

tions (e.g., Gene Ontology) [1] using FunSpec (a web-based 

tool available online at http://funspec.med.utoronto.ca) 

[27]. Transcription regulatory associations between tran-

scription factors and co-regulated genes were explored using 

the YEASTRACT database (www.yeastract.com) [28]. This 

database provides tools analyzing transcriptional regulatory 

networks in yeast based on experimental evidence under-

lying these regulatory associations, which is spread through-

out hundreds of published articles.

Results and Discussion

Involvement of the mitochondrial respiratory chain 

in global gene expression in response to hypoxia

In order to obtain insights into roles for the mitochondrial 

respiratory chain in the global gene expression responding 

to hypoxia in yeast, we have used two S. cerevisiae strains; 

the respiration-proficient wild-type JM43 and its respira-

tion-deficient derivative, JM43ρ0. JM43ρ0 is iso-chromosomal 

to JM43 but lacks a mtDNA and a functional mitochondrial 

respiratory chain, resulting in a complete loss of respiration. 

We cultured these strains first aerobically and then exposed 

them to anoxia for 24 hr. Aerobic and anaerobic cells were 

harvested by centrifugation. Subsequently, total RNA was 

isolated, purified, and subjected to Yeast Genome 2.0 Array 

from Affymetrix. All experiments were triplicated. For each 

strain, we compared its aerobic transcriptomes with match-

ing anaerobic transcriptomes. These comparisons revealed 

differentially expressed genes in JM43 or JM43ρ0, in response 

to oxygen availability. As shown in Fig. 1A, at the false dis-

covery rate of 0.05, exposure of yeast cells to anoxia for 24 

hr led to change in expression levels of 1127 genes in JM43 

and of 740 genes in JM43ρ0. These differentially expressed 

genes in anaerobic cultures relative to aerobic cultures are 

oxygen-regulated and include both up-regulated and 

down-regulated genes. They correspond to an overall 

change in approximately 17% and 11% of the whole yeast 

transcriptome in JM43 and JM43ρ0, respectively. From Fig. 

1A, 233 genes are affected in both JM43 and JM43ρ0, indicat-

ing that their regulation is not dependent on respiration. 

However, the gene expression change of 894 genes in JM43 
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and that of 507 genes in JM43ρ0 are unique to cell’s ability 

to respire, indicating that respiring cells respond differently 

to lack of oxygen from non-respiring cells.

These oxygen-regulated genes were further selected by 

modes of expression (i.e., induced or reduced) and by de-

grees of change in expression (i.e., >1.5-fold up or down) 

under hypoxia (Fig. 1B and C). Fig. 1B shows up-regulated 

genes in response to lack of oxygen. These up-regulated 

genes are referred to hypoxic genes because their expression 

is induced under hypoxia. These hypoxic genes comprise 

three Categories (Categories I-III). First, Category I genes are 

up-regulated exclusively in JM43. Second, Category II genes 

are increased in both JM43 and JM43ρ0. Third, Category III 

genes are induced only in JM43ρ0. Category I genes requires 

the mitochondrial respiratory chain for their induced ex-

pression upon hypoxia while Categories II and III genes do 

not. As shown in Fig. 2B, we revealed 467 yeast hypoxic 

genes of which 248 genes are Category I, 109 genes are 

Category II, and 110 genes are Category III. Therefore, the 

induction of 248 hypoxic genes (Category I) in JM43 is asso-

ciated with respiration-proficiency. However, the up-regu-

lation of 109 hypoxic genes (Category II) in both JM43 and 

JM43ρ0, and that of 110 genes (Category III) in JM43ρ0 do 

not require respiration. Gene names and their expression 

levels corresponding to Categories I-III are shown in Fig. 

2-Fig. 4.

Fig. 1C represents down-regulated genes in response to 

anoxia. These down-regulated genes are referred to aerobic 

genes because their optimal expression is reduced under 

hypoxia. Similarly to hypoxic genes in Fig. 1B, these aerobic 

genes comprise three categories (Categories IV-VI). First, 

Category IV genes are down-regulated exclusively in JM43. 

Second, Category V genes are decreased in both JM43 and 

JM43ρ0. Third, Category VI genes are reduced only in JM43ρ0. 

Category IV genes requires the mitochondrial respiratory 

chain for their reduced expression upon hypoxia while 

Categories V and VI genes do not. From Fig. 1C, we found 

678 yeast aerobic genes of which 275 genes are Category 

IV, 103 genes are Category V, and 300 genes are Category 

VI. Thus, the down-regulation of 275 aerobic genes (Catego-

ry IV) in JM43 is dependent on cell’s ability to respire. But 

the reduced expression of 103 aerobic genes (Category V) 

in both JM43 and JM43ρ0, and that of 300 in JM43ρ0 

(Category VI) do not require respiration. Gene names and 

expression levels for Categories IV-VI are shown in Fig. 5-Fig. 7.

Overall, from above results, a large number of genes in 

yeast genome are needed for the adaptation from aerobic 

to anaerobic environments. Among them, some hypoxic 

and/or aerobic genes are dependent on respiration for their 

change in expression but others are not. In addition, from 

the finding that many aerobic genes are down-regulated in 

response to hypoxia, it is apparent that both up-regulation 

of hypoxic genes and down-regulation of aerobic genes are 

required to maximal cellular adaptation to hypoxia. This no-

tion is particularly important for hypoxic/aerobic gene pairs. 

Because these gene pairs encode interchangeable proteins 

with different functional properties, the failure to switch off 

one gene while the other is switched on would result in com-

petition between hypoxic and aerobic isoforms, preventing 

maximal adaptation to hypoxia. Here, we were able to con-

firm that the expression of hypoxic/aerobic gene pairs is 

tightly regulated by oxygen levels. For examples, hypoxic 

genes COX5b, CYC7, HMG2, and ANB1 are up-regulated 

in response to hypoxia as their aerobic counterparts COX5a, 

CYC1, HMG1, and HYP2 (TIF51a) respectively, are simulta-

neously down-regulated.

Gene ontology (GO) biological processes enriched 

in hypoxic genes and aerobic genes (Categories I-VI) 

relative to the whole yeast genome

Table 1 lists GO biological processes overrepresented in 

248 hypoxic genes (Category I) which require respiration. 

Notably, twenty-two genes involved in autophagy are in-

duced in response to hypoxia, indicating that autophagy is 

an important cell survival response to hypoxia. This notion 

is also supported by studies with mammalian cell cultures 

[30], in which mitochondrial autophagy is a hypoxia-in-

duced adaptive response required for preventing increased 

levels of ROS and cell death. Another interesting finding is 

that several GO processes (e.g., DNA damage responses) 

mediated by MEC1 are enriched in Category I hypoxic 

genes. MEC1 encodes a yeast homolog of the mammalian 

tumor suppressor ATM kinase and ensures genome integrity. 

Thus, in respiring cells the up-regulation of MEC1 may pro-

vide protective responses to hypoxia which can induce 

ROS-mediated DNA damages. GO biological processes in-

volved in the syntheses of cell wall and sterol/ergosterol 

lipid are enriched in 109 hypoxic genes (Category II) induced 

in both JM43 and JM43ρ0, indicating these processes are com-

mon responses to hypoxia regardless of cell’s ability to 

respire. Sterol lipid biosynthesis process is overrepresented 

in 110 hypoxic genes (Category III) induced only in JM43ρ0, 
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A

  B                  C

Fig. 2. Category I hypoxic genes. In a left margin, a microarray heat map shows Category I hypoxic genes that are up-regulated 

in anoxic JM43 cultures but not in anoxic JM43ρ0 cultures relative to their matching normoxic cultures. Red indicates an 

induced gene expression and green indicates a reduced gene expression according to the scale bar. Three sections (A to 

C) of the heat map are enlarged and gene names are represented. Each gene is represented by a single row of colored 

boxes. Three independent microarrays for each strain and oxygen availability are represented by three consecutively adjacent 

columns.
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                                    A                          B

Fig. 3. Category II hypoxic genes. In a left margin, a microarray heat map shows Category II hypoxic genes that are up-regulated 

in both anoxic JM43 cultures and anoxic JM43ρ0 cultures relative to their matching normoxic cultures. Red indicates an induced 

gene expression and green indicates a reduced gene expression according to the scale bar. Two sections (A and B) of the 

heat map are enlarged and gene names are represented. Each gene is represented by a single row of colored boxes. Three 

independent microarrays for each strain and oxygen availability are represented by three consecutively adjacent columns.
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                                        A                        B

Fig. 4. Category III hypoxic genes. In a left margin, a microarray heat map shows Category III hypoxic genes that are up-regulated 

in anoxic JM43ρ0 cultures but not in anoxic JM43 cultures relative to their matching normoxic cultures. Red indicates an 

induced gene expression and green indicates a reduced gene expression according to the scale bar. Two sections (A and 

B) of the heat map are enlarged and gene names are represented. Each gene is represented by a single row of colored boxes. 

Three independent microarrays for each strain and oxygen availability are represented by three consecutively adjacent columns.
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A

B              C              D

Fig. 5. Category IV aerobic genes. In a left margin, a microarray heat map shows Category IV aerobic genes that are down-regulated 

in anoxic JM43 cultures but not in anoxic JM43ρ0 cultures relative to their matching normoxic cultures. Red indicates an 

induced gene expression and green indicates a reduced gene expression according to the scale bar. Four sections (A to 

D) of the heat map are enlarged and gene names are represented. Each gene is represented by a single row of colored 

boxes. Three independent microarrays for each strain and oxygen availability are represented by three consecutively adjacent 

columns.
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A                      B

Fig. 6. Category V aerobic genes. In a left margin, a microarray heat map shows Category V aerobic genes that are down- regulated 

in both anoxic JM43 cultures and anoxic JM43ρ0 cultures relative to their matching normoxic cultures. Red indicates an induced 

gene expression and green indicates a reduced gene expression according to the scale bar. Two sections (A to B) of the 

heat map are enlarged and gene names are represented. Each gene is represented by a single row of colored boxes. Three 

independent microarrays for each strain and oxygen availability are represented by three consecutively adjacent columns.

further supporting that the hypoxia-induced up-regulation 

of sterol/ergosterol lipid metabolism is independent of res-

piration (data not shown).

As shown in Table 2, several GO biological processes are 

enriched in 275 aerobic genes (Category IV) which are 

down-regulated exclusively in JM43. Not surprisingly, re-

duced genes function in the processes requiring oxygen (e.g., 

respiration and oxidation). Also, genes involved in trans-

lation and ribosome biogenesis are down-regulated in re-

sponse to anoxia. These results are consistent with the notion 

that hypoxia induces rapid and dramatic changes in cellular 

metabolism, in part through inhibition of target of rapamy-

cin (TOR) kinase complex 1 (TORC1) activity which regu-

lates protein synthesis. Therefore, under hypoxic conditions 

yeast cells rapidly initiate a variety of adaptive mechanisms 

that reduce energy expenditure through inhibition of en-

ergy-intensive processes including protein translation. The 

reduced expression of genes involved in oxidation and trans-

lation is also over-represented in 103 aerobic genes 

(Category V) relative to the whole genome. This finding sug-

gests that down-regulation of oxidation and translation proc-

esses is a common response to lack of oxygen in both respi-
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  A

 B  C  D  

Fig. 7. Category VI aerobic genes. In a left margin, a microarray heat map shows Category VI aerobic genes that are down-regulated 

in anoxic JM43ρ0 cultures but not in anoxic JM43 cultures relative to their matching normoxic cultures. Red indicates an 

induced gene expression and green indicates a reduced gene expression according to the scale bar. Four sections (A to D) 

of the heat map are enlarged and gene names are represented. Each gene is represented by a single row of colored boxes. 

Three independent microarrays for each strain and oxygen availability are represented by three consecutively adjacent columns.
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Table 1. Overrepresentation of Gene Ontology (GO) Biological Process in 248 Category I hypoxic genes that are up-regulated in 

JM43 but not in JM43ñ0 in response to hypoxia in this study

GO biological process and gene
Number of gene

p-value
A B

ascospore wall assembly [GO:0030476] 10 54 2.6E-05

   ADY3 DON1 DIT2 SPR3 AMA1 CDA2 SPO21 GAS4 SSP2 OSW1

autophagy [GO:0006914] 22 242 9.9E-05

   VPS8 ATG14 YSW1 ATG22 POL4 GPR1 YDL133W YDL176W ADY3 CIS1 YEL023C

   AVT2 JHD1 BUR6 MON1 YKL070W YLR030W ATG23 HMG2 ATG16 IRC15 REV3

nucleobase, nucleoside, nucleotide and nucleic acid metabolic process [GO:0006139] 6 24 2.0E-04

   MEC1 SRL3 POL2 CHL1 RAD53 REV3

regulation of Rho protein signal transduction [GO:0035023] 3 6 9.6E-04

   ROM1 TUS1 FUS2

meiosis [GO:0007126] 15 165 1.3E-03

   MEC1 SPO23 ADY3 DON1 MEI4 MSH4 AMA1 SPO16 REC104 CTF3 REC114 

   MER1 SPO21 NDJ1 MEK1

DNA damage induced protein phosphorylation [GO:0006975] 2 2 1.4E-03

   TEL1 MEC1

conjugation [GO:0000746] 5 26 2.5E-03

   MFA1 SPH1 PRM6 FUS2 PRM1

sporulation [GO:0030435] 11 111 2.9E-03

   ADY3 DON1 DIT2 MEI4 SPR3 SPO16 CDA2 HXT14 SPO21 SSP2 OSW1

meiotic recombination [GO:0007131] 7 53 3.4E-03

   MEC1 MEI4 MSH4 REC104 REC114 MER1 NDJ1

transmembrane transport [GO:0055085] 5 30 4.7E-03

   YBR241C HXT15 HXT3 VPS73 HXT14

carbohydrate metabolic process [GO:0005975] 12 136 4.9E-03

   SCW11 YGR287C IMP2 PGU1 CDA2 PGM3 GPD2 GAS4 HPF1 TYE7 DIP5 GDB1

ascospore formation [GO:0030437] 8 75 6.8E-03

   PAU8 MEI4 AMA1 NEM1 SPO16 RIM21 SSP2 OSW1

meiotic DNA double-strand  break formation [GO:0042138] 3 11 6.9E-03

   MEI4 REC104 REC114

glycine metabolic process [GO:0006544] 2 4 8.0E-03

   GCV1 GCV2

positive regulation of glycolysis [GO:0045821] 2 4 8.0E-03

   TYE7 GCR1

NADH oxidation [GO:0006116] 3 12 9.0E-03

   ADH5 NDE2 GPD2

sexual reproduction [GO:0019953] 4 23 9.8E-03

   MFA1 PRM6 FUS2 PRM1 　 　 　

GO Biological Process number is shown in brackets and Category I hypoxic genes in a given GO Biological Process are listed. 

'A' denotes number of genes from Category I hypoxic genes in a given GO Biological Process while 'B' indicates number of genes 

in the Process from the total 6603 genes in GO data base. The GO Biological Process enrichment p-value was calculated by 

hypergeometric distribution analysis.
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Table 2. Overrepresentation of Gene Ontology (GO) Biological Process in 275 Category IV aerobic genes that are down-regulated 

in JM43 but not in JM43ñ
0 in response to hypoxia in this study

GO biological process and gene
Number of gene

p-value
A B

Cellular respiration  [GO:0045333] 18 50 4.38E-13

   EHD3 MRPL35 RML2 TIM13 MRP4 MRPL49 MRPL15 MRPL4 YML6 YMR166C 

   MRPL44 YNR040W MDM32 ISM1 ALD6 CAR1 COX10 RTC6

Translation [GO:0006412] 63 755 2.62E-08

   MRPL16 MRPL36 RIM2 MRPL32 SLM5 IMG1 MTF2 MRPL11 RSM10 MRPL1 

   RSM24 MRPL7 MHR1 MRPL35 MRPS28 BCS1 MRPL28 AIM8 RSM28 TIM9

   RML2 RSM18 RMD9 RSM23 YGR054W MRP13 MRPS35 RSM27 MRP4 RRF1 

   FYV4 MRPL6 MAM33 MRPL49 RSM26 RSM22 MRP49 MST1 MEF1 MRPL15 

   MRPL4 YML6 RPM2 MRPS8 YMR166C MRPL24 MRPL44 MSK1 YNL122C NAM9 

   MRPS18 ATP23 MRPL50 YNR040W PET123 AIM42 ISM1 MSY1 MRP51 COX10 

   MRPL40 RTC6 TOM5

Aerobic respiration [GO:0009060] 17 88 8.86E-08

   COR1 MBA1 DLD1 MRPL1 RSM24 BCS1 RIP1 QCR6 RMD9 SUA5 

   COX4 COX13 SHY1 MRPS35 MAM33 PPA2 QCR2

Methionine biosynthetic process [GO:0009086] 9 40 2.90E-05

   MIS1 MET8 STR3 MET3 ECM17 MET14 MHT1 MET17 MET2

Oxidation reduction [GO:0055114] 26 274 6.39E-05

   MIS1 MET8 DLD1 RIP1 MXR1 TPA1 QCR6 OLE1 COX4 COX13 

   ERV1 CTT1 CBP2 COX6 ECM17 HAP4 SDH1 COX8 DUS4 HMG1 

   RPM2 NDI1 IDH1 COX5A SPS19 ALD6

Ribosome biogenesis [GO:0042254] 50 724 0.000182

   RBG1 YBL054W HMT1 MIS1 ENP1 GFD2 PRM7 NOP6 ARX1 ATC1

   IZH1 TPA1 UTP7 FTR1 CGR1 SUA5 YGR054W YGR079W SLX9 SMI1 

   SDA1 YGR283C YHR127W IMP3 NMD3 RIX1 YIL096C SQT1 UTP18 NUC1

   UTP11 SRP40 SOF1 PAM18 CWC24 FPR4 TRM9 RRB1 YNL022C AAH1

   NOP13 AIM38 YOR021C RKI1 SLP1 LRC5 RRS1 VTS1 YPL108W IDI1

Phosphorus metabolic process [GO:0006793] 7 35 0.000496

   QCR6 TIM13 HAP4 AIM30 RPM2 COX5A MDM32

Sulfate assimilation [GO:0000103] 4 12 0.001118

   MET8 MET3 ECM17 MET14

Mitochondrial electron transport, cytochrome c to oxygen [GO:0006123] 4 13 0.001562

   COX4 COX6 COX8 COX5A

Methionine metabolic process [GO:0006555] 4 14 0.002116

   MET3 MET14 SAM1 MET17

Mitochondrial protein processing during import [GO:0006627] 3 7 0.002208

   MAS2 OCT1 MAS1

Cysteine biosynthetic process [GO:0019344] 4 15 0.002792

   MET3 ECM17 MET14 MET17

Mitochondrion organization and biogenesis [GO:0007005] 7 47 0.003028

   BCS1 DNM1 RPM2 ATP11 TIM23 MDM38 MDM32

Cofactor metabolic process [GO:0051186] 5 25 0.003232

   EHD3 HAP4 AIM38 ALD6 RTC6 　 　 　

GO Biological Process number is shown in brackets and Category I hypoxic genes in a given GO Biological Process are listed. 

'A' denotes number of genes from Category I hypoxic genes in a given GO Biological Process while 'B' indicates number of genes 

in the Process from the total 6603 genes in GO data base. The GO Biological Process enrichment p-value was calculated by 

hypergeometric distribution analysis.
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Table 3. Enrichment of putative transcription factors involved in regulation of hypoxic genes identified in this study 

Category Transcription factor
Number of genes

p-value
in cluster in genome

Category I hypoxic genes up-regulated in JM43 but not in JM43ρ
0 

(n=248) 

Sok2p

Aft1p

Rpn4p

Msn2p

Rox1p

Upc2p

Mot3p

Sut1p

64

56

49

48 

35 

13 

12 

8 

999

708

814

511

346

208

131

68

9.1E-06

5.9E-08

5.8E-04

3.7E-09

1.2E-07

5.2E-02

4.4E-03

4.6E-03

Category II hypoxic genes up-regulated in both JM43 and JM43ρ
0 

(n=109) 

Upc2p

Sok2p

Rox1p

Ecm22p

Rap1p

Sut1p

Mot3p

Mga2p

46

44

36

33

30

20 

14 

4 

208

999

346

269

1191

68

131

27

< 1.0E-10

1.7E-10

< 1.0E-10

< 1.0E-10

9.5E-03

< 1.0E-10

4.0E-08

1.1E-03

Category III hypoxic genes up-regulated in JM43ρ
0 

but not in JM43 (n=110) 

　

Sok2p

Yap1p

Rap1p

Pdr1p

Phd1p

Fhl1p

Rox1p

Upc2p

Mot3p

41

37

30

25

24

23

14 

10 

7 

999

1551

1191

528

450

844

346

208

131

1.1E-08

1.0E-02

1.1E-02

1.6E-06

3.3E-07

1.1E-02

1.9E-03

2.6E-03

6.5E-03

A  web-based computational tool in the YEASTRACT database (www. yeastract.com; Teixeira et al., 2006) was used for identi-

fication of putative transcription factors involved in hypoxic genes identified in this study. Enrichment of a transcription factor 

in a given Category relative to the whole yeast genome was calculated by hypergeometric distribution analysis and  magnitude 

of the enrichment is indicated by the p-value.

ration-proficient and respiration-deficient cells. In 300 aero-

bic genes (Category VI), GO biological processes involved 

in sporulation and meiosis are enriched in response to hypo-

xia, implying that the hypoxia-induced reduction of some 

genes involved in sporulation and meiosis is independent 

of respiration (data not shown).

Computational promoter analyses of hypoxic genes 

identified in this study using YEASTRACT

Recent studies on transcriptional response to oxygen 

availability in yeast have implicated several transcription 

factors as key mediators during hypoxic signaling [3, 8, 

17-20, 22-23, 25, 31]. These transcription factors include 

Rox1p, Upc2p, Mot3p, Sut1p, Mga2p, Yap1p, and Msn2p. 

In order to examine their roles in transcriptional network 

underlying the induction of hypoxic genes, we have clus-

tered hypoxic genes identified in this study based on their 

regulatory associations with the known transcription factors 

(e.g., Rox1p, Upc2p, Mot3p, Sut1p, Mga2p, Yap1p, and 

Msn2p) using the YEASTRACT database (www.yeastract. 

com) [28]. Currently, this database contains a repository of 

more than 48,333 regulatory associations between tran-

scription factors and target genes in yeast. Because the 

YEASTRACT transcriptional regulatory information is based 

on experimental evidence from published results, this bio-

informatics tool may provide substantial insights into tran-

scription regulatory network for a group of co-regulated 

genes. As shown in Table 3, YEASTRACT computational 
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Table 4. YEASTRACT documented targets of Rox1p in hypoxic genes identified in this study 

Category Rox1p-target gene

Category I hypoxic genes up-regulated in JM43 but not in JM43ρ0 (n=248) 

AAC3

GIP2 

PRM6 

YMR252c 

ADH5

GPG1 

SPI1 

YNL200c 

ADH7

GPM2 

SUT1 

YNR014w 

CYC7

GSY1 

USV1 

YOL083w 

DCS2

HMG2 

YAL068c 

YPR015c 

DIP5

HPF1 

YFR012w 

EKI1

HXT15 

YGR066c 

ERG28

LAC1 

YGR287c

 

GDB1

MCH5 

YIL169c 

GID8 

PRM1 

YIL176c 

Category II hypoxic genes up-regulated in both JM43 and JM43ρ0 (n=109) 

ANB1

GUP2

PAU5

TSA2

ARE1

GYP6

PAU7

UPC2

COX5b

HAP1

PRM4

YEL047c

CSR1

HEM13

RNR3

YIL169c

DAN1

HEM14

SCM4

YLL064c

ERG26

HES1

SPO19

YML083c

ERG3

IRC23

SUR2

EUG1

NCP1

TIR1

FET4

NRG2

TIR2

FRT2

PAU4

TIR3

Category III hypoxic genes up-regulated in JM43ρ0 but not in JM43 (n=110) 

　
COT1 

ROX1 

CYB5 

VID24 

ERG11 

YDL038c 

ERG25 

YGR035c 

ERG6 

　

ERG7 

　

ERG9 

　

FIT2 

　

FIT3 

　

LAP4 

　

analysis has confirmed that Rox1p, Upc2p, and Mot3p are 

transcriptional regulators enriched in all Categories I-III hy-

poxic genes relative to the whole genome. In addition, we 

here identified Sok2 as a predominant transcription factor 

for all Categories I-III hypoxic genes. Because Sok2 has been 

implicated in the cyclic AMP (cAMP)-dependent protein kin-

ase (PKA) signal transduction pathway (Ref), our results 

suggest a possible involvement of PKA signaling in hypoxic 

gene induction.

From Table 3, Rox1p, Upc2, Sok2p, Aft1p, Rpn4p, and 

Sut1p were identified as documented transcription factors 

for Category I hypoxic genes induced only in JM43. Msn2p, 

which is activated under stress conditions, is also suggested 

to be regulating Category I hypoxic genes. In contrast, 

Msn2p was not identified as a potential regulator for 

Categories II and III hypoxic genes in which are up-regu-

lated in JM43ρ0. This finding is further supported by the fact 

that JM43ρ0 experiences lower levels of oxidative stress rela-

tive to JM43 [11]. For Category II hypoxic genes induced 

in both JM43 and JM43ρ0, Upc2p and Rox1p were identified 

as major documented regulators and are associated with 

42.2% and 33.0% of the hypoxic gene in this cluster, re-

spectively. Furthermore, Sok2p, Ecm22p, Rap1p, and Sut1p 

were also identified as the putative regulators of Category 

II. For Category III hypoxic genes induced exclusively in 

JM43ρ0, the YEASTRACT computational clustering indicated 

that Sok2p, Yap1, Rap1p, Phd1p, Fhl1p, Rox1p, Upc2p, and 

Mot3p are mediating transcriptional regulation.

In addition, for Category I-III hypoxic genes, we have ex-

amined YEASTRACT documented targets of Rox1p, a major 

regulator of hypoxic genes (Table 4). Many of these genes 

(ERG3, ERG6, ERG7, ERG9, ERG11, ERG25, ERG26, ERG28, 

HES1, and HMG2) are involved in lipid, ergosterol, and ster-

ol biosynthesis. Genes implicated in stress response and cell 

wall synthesis, such as DAN1, FRT2, PAU4, PAU5, PAU7, 

PAU8, PAU14, PAU18, TIR1, TIR2, and TIR3, were also iden-

tified as documented targets of Rox1p. Interestingly, Rox1p 

has implicated in the induction of several Category III hy-

poxic genes up-regulated only in anoxic JM43ρ0 including 

COT1, CYB5, and several ERG genes. The presence of Rox1p 

targets in Category III hypoxic genes by YEASTRACT com-

putational analysis suggests that Rox1p stabilization/activa-

tion under hypoxia can be independent of respiration.

In summary, the present study we have examined whole 

genomic responses to hypoxia in yeast using DNA micro-

arrays. In both respiration-proficient and respiration-defi-

cient yeast cells, we have identified transcriptional changes 

in many genes that cover a substantial portion of yeast 

whole genome. We have categorized these oxygen-regulated 

hypoxic and aerobic genes with respect to dependence on 

respiration, i.e., the mitochondrial respiratory chain, for their 

expression pattern under hypoxia. Each category of hypoxic 

and aerobic genes are listed and further analyzed for gene 

ontology. In addition, we provided a computational pro-

moter analysis for hypoxic genes identified in the study. We 

found that the majority of hypoxic genes and aerobic genes 

need the mitochondrial respiratory chain for their expression 

under hypoxia. However, we also found that there are some 

hypoxic and aerobic genes whose expression under hypoxia 

is independent of the mitochondrial respiratory chain. 
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Together, these results indicate a key involvement of the mi-

tochondrial respiratory chain in oxygen-regulated gene ex-

pression and multiple mechanisms for controlling oxy-

gen-regulated gene expression.
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록： 산소 환경에 한 체 유 자 발  반응에서 미토콘드리아 호흡계의 연루

이보
1
․이종환

2
․변 호

3
*․우동균

1
* 

(1경상대학교 약학과, 2동의대학교 생명공학과, 3경상대학교병원)

세포는 다양한 인체 질환에 관련되어 있는 저산소 환경을 인지하고 반응하며 적응한다. 저산소 상태에 적응하

기 위해서는 hypoxic 유전자의 발현을 증가시키고 aerobic 유전자의 발현을 감소시키는 유전자 발현 조절이 필요

하다. 최근 연구에서 미토콘드리아 호흡계가 이러한 유전자 발현 조절에 관여됨이 밝혀지고 있다. 본 연구에서는 

호흡이 가능한 곰팡이(Saccharomyces cerevisiae)와 호흡이 불가능한 돌연변이 곰팡이를 실험대상으로 하여 미토콘

드리아 호흡계가 저산소 환경에서 유전자 발현 조절에 관여됨을 DNA microarray 기법을 이용하여 전체 유전자

를 대상으로 조사하였다. 산소 농도가 감소함에 반응하여 많은 유전자의 발현에 변화가 있었으며, 이러한 차별적

인 발현 양상을 보이는 유전자는 여러 그룹으로 분류할 수 있었다. 대부분의 hypoxic 그리고 aerobic 유전자는 

저산소 상태에 적응하는 발현 양상을 위해서는 미토콘드리아 호흡계가 필요하였다. 그러나 일부 hypoxic 그리고 

aerobic 유전자는 미토콘드리아 호흡계와 무관하게 저산소 상태에 적응하는 발현 양상을 보였다. 이러한 결과는 

미토콘드리아 호흡계가 저산소 환경에 적응하는 유전자 발현 조절에 필요하며, 또한 여러 기전을 통하여 이러한 

유전자 발현 조절에 관여함을 제시한다. 또한 microarray 실험 결과에서 도출된 산소 농도에 대해 차별적인 발현

을 보이는 유전자에 대하여 gene ontology 및 promoter 분석을 수행하였고 이러한 추가 분석 결과는 산소에 의해 

조절되는 유전자와 함께 세포가 저산소 환경에 적응하는 기작을 이해하는 데 유용한 자료가 될 것으로 기대된다.
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