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We conducted a comprehensive genomic analysis of the temporal response of yeast to anaerobiosis (six
generations) and subsequent aerobic recovery (=2 generations) to reveal metabolic-state (galactose versus
glucose)-dependent differences in gene network activity and function. Analysis of variance showed that far
fewer genes responded (raw P value of <1073) to the O, shifts in glucose (1,603 genes) than in galactose (2,388
genes). Gene network analysis reveals that this difference is due largely to the failure of “stress”-activated
networks controlled by Msn2/4, Fhil, MCB, SCB, PAC, and RRPE to transiently respond to the shift to
anaerobiosis in glucose as they did in galactose. After ~1 generation of anaerobiosis, the response was similar
in both media, beginning with the deactivation of Hapl and Hap2/3/4/5 networks involved in mitochondrial
functions and the concomitant derepression of Roxl-regulated networks for carbohydrate catabolism and
redox regulation and ending (=2 generations) with the activation of Upc2- and Mot3-regulated networks
involved in sterol and cell wall homeostasis. The response to reoxygenation was rapid (<5 min) and similar in
both media, dominated by Yapl networks involved in oxidative stress/redox regulation and the concomitant
activation of heme-regulated ones. Our analyses revealed extensive networks of genes subject to combinatorial
regulation by both heme-dependent (e.g., Hapl, Hap2/3/4/5, Rox1, Mot3, and Upc2) and heme-independent
(e.g., Yapl, Skn7, and Puf3) factors under these conditions. We also uncover novel functions for several
cis-regulatory sites and frans-acting factors and define functional regulons involved in the physiological

acclimatization to changes in oxygen availability.

Although the majority of yeasts cannot grow in the absence
of oxygen, many of the Saccharomyces sensu stricto yeasts, as
well as other Saccharomyces members, are facultative anaer-
obes capable of sustained anaerobic growth (3, 4, 75, 86). From
genomic comparisons of obligate aerobic and facultative an-
aerobic yeasts, it would appear that this capacity coincides with
a genome duplication event that occurred ~100 to 150 million
years ago in the Saccharomyces lineage (75, 83), followed by
the subsequent evolution of new protein variants and the re-
wiring of transcriptional networks (44, 93). Interestingly, even
under oxygen-replete conditions, these Crabtree-positive
yeasts preferentially dissimilate hexoses to the C5 and C, com-
pounds pyruvate and ethanol. This is due in part to the evo-
lution of a glucose repression circuit, which represses the tran-
scription of respiratory genes in the presence of high
concentrations of glucose (reviewed in reference 31). Although
thermodynamically less efficient, glucose fermentation pro-
vides a much higher power output (ATP - min~"' - glycosyl
unit ') than glucose oxidation, which confers an obvious se-
lective advantage to these fast-growing, ethanol-producing
yeasts in certain environments (84). In addition to maximizing
fermentation capacity, facultative anaerobic yeasts have had to
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contend with a number of challenges imposed by anaerobiosis,
including an inability to synthesize essential cellular compo-
nents that require molecular oxygen (e.g., sterols and unsatu-
rated fatty acids) and maintaining cellular redox potential and
essential mitochondrial functions in the absence of respiration
(reviewed in references 57 and 110). These and other physio-
logical, biochemical, and transcriptional programs have been
well studied in the budding yeast Saccharomyces cerevisiae.
As oxygen becomes limiting, cells remodel their metabolism.
This includes the retooling of catabolic pathways for reliance
on strictly fermentative metabolism, rebalancing cellular en-
ergy demand with supply, activating redox regulation pathways,
up-regulating anaplerotic pathways for maintaining glutamate
production, and, after considerable growth, coping with the
depletion of essential cellular components that require oxygen
for synthesis and mitigating any deleterious effects from an-
aerobic end product accumulation (reviewed in references 57
and 91). Classical genetic, physiological, and biochemical anal-
yses, as well as more recent microarray studies (6, 58, 82, 98),
have focused primarily on the long-term challenges imposed by
anaerobiosis. In addition to identifying biochemical mecha-
nisms for coping with these challenges, these studies revealed
that physiological acclimatization is initiated at the level of
gene expression, with heme playing a pivotal regulatory role
(reviewed in references 57 and 110). According to long-stand-
ing models (57, 110), normoxic levels of heme are sufficient to
activate transcription factors (e.g., Hapl and Hap2/3/4/5) that
control the expression of aerobically expressed genes. When
oxygen availability falls below submicromolar concentrations,
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heme synthesis declines (60), and cellular levels are diluted
with continued cell growth. This results in the deactivation of
these factors and the down-regulation of the genes they regu-
late. Targets of these factors include ROX1, encoding a prev-
alent repressor of anaerobic genes (58, 99), which in turn
controls the expression of UPC2 (58), a prevalent activator of
anaerobically expressed genes (106). According to this model,
oxygen indirectly controls the expression of these genes
through heme, which acts as an on/off switch for the expression
of aerobic and anaerobic genes. Although this is a simple
model that does not take into account additional known reg-
ulatory mechanisms (see, e.g., reference 48), it appears to
adequately explain the expression patterns of the majority of
oxygen-responsive genes. The model also predicts a substan-
tive delay in the response of heme-regulated gene networks
following oxygen depletion, a prediction that has been ver-
ified for a number of heme-regulated genes (57). However,
few studies have examined the dynamics of the response or
conducted global analyses of the transcriptional networks
involved.

In a recent transcriptomic temporal study (61), we discov-
ered that the short-term (=2 generations) response to anaero-
biosis consists of two distinct phases when cells are grown on a
nonrepressing carbon substrate such as galactose, namely, an
acute, transitory phase (=10 to 60 min) followed by a delayed
(>60 min) yet apparently chronic phase. Clustering analyses
revealed that the first phase is controlled by Msn2/4-, MCB-,
SCB-, PAC-, and RRPE-associated networks responsible for
retooling metabolism (respirofermentative to strictly fermen-
tative), balancing energy supply and demand, and regulating
the G,/S transition of the cell cycle. Interestingly, similar
changes in these gene networks are observed when cells en-
counter a variety of “environmentally stressful” conditions (15,
34). However, this “stress-like” response is absent when cells
are shifted to anaerobiosis on the repressing substrate glucose,
in which major changes in dissimilatory pathways are not re-
quired, nor are changes in growth rate observed. These results
suggest that the “stress” encountered is the abrupt cessation of
respiration and the associated energetic changes, not the with-
drawal of oxygen per se. Indeed, studies in our laboratory
(L.-C. Lai, M. T. Kissinger, and K. E. Kwast, unpublished data)
and by others (10) have revealed that simply inhibiting the
respiratory chain under aerobiosis produces a transcriptional
response similar to that elicited by anaerobiosis when cells are
grown in galactose.

In both repressing and nonrepressing carbon sources, more
chronic changes in gene networks are observed after a sub-
stantive delay (more than one generation) (61). Clustering
analyses substantiated that, as expected, these networks are
largely controlled by heme-responsive transcription factors.
The observed changes include the down-regulation of Hapl
and Hap2/3/4/5 networks associated with mitochondrial func-
tions such as respiration and energy metabolism as well as the
up-regulation of Rox1 and Upc2 networks involved in diverse
cellular functions required for long-term acclimatization to
anaerobiosis, notably, sterol homeostasis and cell wall function
(61). However, our previous study of the dynamics of the
response provided a limited view of the anaerobic networks,
given that its focus was on determining the role of Msn2/4 in
the acute, transient phase, and it analyzed just five time points
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over two generations of growth (61). Moreover, most other
genomic studies have focused on chronic changes observed
under steady-state anaerobic conditions (6, 58, 82, 98). Thus,
the goal here was to conduct a comprehensive temporal anal-
ysis of the changes in oxygen-responsive gene network activity,
sampling 24 time points over nearly eight generations of
growth, when cells were shifted to anaerobiosis and back to
aerobiosis under both nonrepressing (galactose) and repress-
ing (glucose) conditions. When combined with transcriptional
network analyses, this level of sampling has allowed us to
reveal dynamical changes in not only heme-responsive net-
works but also a diverse array of other networks and has
revealed novel insights into the physiological remodeling that
is required for acclimatization to changes in oxygen availabil-

ity.

MATERIALS AND METHODS

Media and growth conditions. Wild-type S. cerevisiae strain JM43 (MATo
leu2-3,112 his4-580 trp1-289 ura3-52 [rho™]) (20) was used in this study. Aerobic
and anaerobic batch fermentor cultures were grown as described previously (58,
61) in either a semisynthetic galactose or glucose medium containing Tween 80,
ergosterol, and silicon antifoam (SSG-TEA and SSD-TEA, respectively) (12).
Liquid precultures were grown at 28°C with shaking (200 rpm) and kept in the
early- to mid-exponential growth phase (<100 Klett units; optical density at 600
nm of <1.0) for 3 to 4 days prior to inoculating a New Brunswick BioFlo III
fermentor (3.5-liter working volume) (58). The fermentor inoculation volume
was adjusted so that the cell density upon final harvesting was ~60 Klett units.
Cultures were allowed to acclimate to fermentor conditions for =12 h before
harvesting the aerobic control and switching the sparge gas from air to 2.5% CO,
in O,-free N, (1.2 volumes of gas/volume of medium per min) for six generations
of anaerobic growth, followed by 1.6 generations of aerobic recovery (air
sparged). The dissolved O, concentration was maintained and monitored as
described previously (58, 61).

To compare the responses in cells grown in glucose medium to those of cells
grown galactose medium, in which the growth rate is substantively different (61),
samples were harvested after the same relative amount of cell growth as assessed
by turbidity measurements (Klett meter) following a change in sparging condi-
tions (61). In total, 14 samples (0, 0.04, 0.08, 0.13, 0.19, 0.25, 0.38, 0.5, 1, 2, 3, 4,
5, and 6 generations) were harvested during the shift to anaerobiosis, and 10
samples (0.03, 0.06, 0.1, 0.13, 0.2, 0.3, 0.4, 0.6, 0.8, and 1.6 generations) were
harvested after reoxygenating the medium to normoxic conditions. Three batch
fermentor experiments were conducted to complete the full time series, using the
samples at zero and six generations to link the subsets, and the full time series
was repeated in triplicate for each medium. As mentioned above, cells were kept
at low densities to minimize any effects due to changing resource availability
during the time courses. Cells were harvested, using a rapid vacuum filtration
apparatus (13), onto AcetatePlus membranes (ISC BioExpress, Kaysville, UT) as
described previously (61). The filtered cells were washed with either sterile
deoxygenated or oxygenated water (as appropriate), flash frozen in liquid N,
within 1 min of initiating the sampling, and stored at —80°C for later RNA
isolation.

RNA extraction, cDNA synthesis, and microarray hybridization. Total RNA
was extracted from the filtered cells using hot phenol as described previously
(13). Thirty micrograms of total RNA was used for first-strand cDNA synthesis,
and microarray target preparation was performed as described elsewhere previ-
ously (61). A reference design was used for microarray hybridizations. The
references consisted of a pool of equal masses of RNA collected from each time
point sampled in galactose or glucose medium. Microarray hybridization, wash-
ing, and scanning were conducted as described previously (61). The custom
microarrays consisted of the Operon yeast genomic 70-mer oligonucleotide set
(version 1.1; QIAGEN, Valencia, CA) spotted in duplicate at a concentration of
20 uM in 150 mM sodium phosphate (pH 8.5), 10 Arabidopsis oligonucleotide
spike controls (SpotReport; Stratagene, La Jolla, CA) spotted in quadruplicate,
and 10 human and 10 yeast oligonucleotide negative controls spotted in
duplicate. The oligonucleotides were printed on Codelink slides (Amersham,
Piscataway, NJ) by Microarrays, Inc. (Nashville, TN). Postprint processing
was conducted according to the manufacturer’s recommendations.

Microarray and statistical analyses. Data were analyzed as described previ-
ously (61). In brief, GenePix Pro software (v4.1) was used for spot identification
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and fluorescence intensity quantification. After manually flagging and removing
spots with aberrant measurements due to array artifacts or poor quality, back-
ground fluorescence was subtracted from the median Cy3 and median Cy5
fluorescence intensity values. Any resulting negative intensity values were set to
zero, and a constant of 1 fluorescent unit was then added to all intensity values.
Outliers were identified and removed using SAS software (SAS Institute Inc.,
Cary, NC) as described previously (61), and the log, Cy3 intensity (query cDNA)
for all remaining observations on a slide was normalized against the log, Cy5
intensity (reference cDNA) using locally weighted linear regression (Loess). The
linearity of the resulting Cy3 and CyS5 intensities across each slide was compared
to that for the Arabidopsis spike controls (fluorescence intensity versus spike
mRNA amount [ranging from 0.02 to 2 ng]) (61) and was corrected if necessary
(there were zero occurrences here). The log,(Cy3/Cy5) ratio for each spot was
calculated, and the mean log,(Cy3/Cy5) ratio across all observations on a slide
was normalized to a value of zero. The mean of the normalized log,(Cy3/Cy5)
ratio for each gene was then calculated by averaging the duplicate observations
on each slide and pooling replicate slides by medium and sampling time.

Statistical analyses were performed as a two-factor analysis of variance
(ANOVA) using the SAS MIXED procedure with repeated measures (SAS
Institute Inc., Cary, NC). The factors were medium (galactose or glucose) and
generation (0 [aerobic control], 0.04, 0.08, 0.13, 0.19, 0.25, 0.38, 0.5, 1, 2, 3, 4, 5,
or 6 generations for the anaerobic response and 0 [anaerobic sample after six
generations], 0.03, 0.06, 0.1, 0.13, 0.2, 0.3, 0.4, 0.6, 0.8, or 1.6 generations for
aerobic recovery). Separate statistical models were run for the response to
anaerobiosis and for recovery in each medium. A post hoc step-down Bonferroni
P value adjustment was used to minimize the false discovery rate. Postmodel
analyses included motif searches using both upstream (—1 to —800 bp) and
downstream (+1 to +200 bp) sequences. Several bioinformatic computational
programs were used, including regulatory sequence analysis tools (101), MDscan
(67), MEME (5), CompareACE (40), and FunSpec (89).

Data clustering and gene network discovery. The temporal profiles in gene
expression were clustered as described previously (61). In brief, the temporal
signatures were unbiasedly clustered 10 separate times with a self-organizing
map (SOM) algorithm (one-dimensional [1D] ring topology, Pearson correla-
tion) using a range of K values (cluster numbers) from 2 to 50. Two quality
assessment metrics were calculated from the results obtained to determine an
appropriate K value for recovering the gene network structure: consensus share
(CS) and the feature (motif) configuration statistic (FCS) (61). Note that to
avoid confusion with the motif conservation statistic presented previously by
Kellis et al. (50), henceforth, we refer to what was originally presented as the
motif configuration statistic (61) as the FCS to reflect the general applicability of
using this metric to assess the configuration of any features, in this case, tran-
scription factor binding motifs. CS is the percentage of genes (not gene pairs)
that were consistently grouped together over 10 replicate clusterings using ran-
dom seeding for initiating the SOM; it provides an indication of the robustness
of the clustering results and the extent of structure in the data as a function of
K. Genes that were not consistently grouped together over 10 replicate cluster-
ings for a given K value were placed in a separate category and excluded from
FCS calculations. FCS is the probability that the observed configuration of a
transcription factor motif (TFM) among gene clusters arose by chance alone
from the multinomial distribution dictated by cluster sizes (61). In total, we
examined the distribution of a compiled list of 2,603 consensus binding se-
quences (see Table S1 in the supplemental material) (1, 2, 7-9, 11, 16-18, 21, 22,
24, 26, 28, 33, 35, 36, 38, 39, 42, 45, 47, 50-52, 55, 56, 59, 62-66, 68-71, 73, 74,
76-78, 81, 85, 92, 95-97, 100, 102) among the gene clusters generated for each
value of K and compared this configuration to that generated by randomly
distributing the observed motif counts 10° replicate times among genes within
gene clusters by using a Monte Carlo approach (61). An average FCS P value for
all TFMs was then calculated for each value of K. By comparing the values of
FCS and CS over a range of K values (2 to 50 here), we determined the value of
K for which the algorithm consistently groups the temporal profiles (high CS
value) in a manner that results in the least probable configuration of TFMs
among gene clusters (lowest FCS P value). Additional details of this approach
are described elsewhere (61; A. L. Kosorukoff and K. E. Kwast, unpublished
data).

In addition to examining the configuration of consensus binding sequences
among gene clusters and calculating their hypergeometric enrichment P values,
we also used MDscan (67) to identify additional overrepresented sequences in
each of the gene clusters. For training, we used a set of ~30 expression profiles,
but no more than 50% of any cluster, that were closest to the mean expression
profile in each cluster. Compare ACE (40) was used to calculate similarity indices
of identified sequences for known transcription factor binding site matrices (38,
40). FunSpec (89) was used to calculate hypergeometric P values for enriched
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FIG. 1. Transient changes in oxygen concentrations during the shift
to anaerobiosis (left panel) and the shift back to aerobiosis (right
panel). The change in the dissolved O, concentration (wM) is plotted
as a function of time over the first 10 minutes after switching the sparge
gas from air to 2.5% CO, in O,-free N, (left panel) and then back to
air after 24 h of anaerobiosis (right panel). The O, concentration was
calculated from the dissolved oxygen level measured with a 12-mm
Ingold polarographic O, sensor and is based upon the solubility of O,
in the media at 28°C and ambient barometric pressure.

MIPS (Munich Information Center for Protein Sequences; http:/mips.gsf.de
/genre/proj/yeast) functional categories in each gene cluster or for subgroups of
genes identified with MDscan.

Microarray accession numbers. Microarray data reported in this paper are
available in the GEO database under accession numbers GSE2246 for the full
galactose data set and GSE2267 for the full glucose data set.

RESULTS

Dynamics of the response to anaerobiosis. As shown in Fig. 1,
several minutes are required to purge O, from the medium
after switching the sparge gas from air to 2.5% CO, in O,-free
N, (left panel) and to resaturate the medium to normoxic
conditions after switching back to air (right panel). Previous
research (57) has shown that 1 uM O, is a critical threshold for
the expression of a large number of aerobic and hypoxic genes,
with maximal expression of the former above this value and
that of the latter below this value. This concentration is
reached roughly 10 min after the shift to N,, corresponding to
about 0.04 generations in galactose and 0.08 generations in
glucose, and within 5 min after reoxygenation, corresponding
to about 0.03 generations in galactose and 0.04 generations in
glucose.

Statistical analyses of the expression changes (ANOVA us-
ing the SAS MIXED procedure with repeated measures) re-
vealed a remarkable 2,388 genes whose transcript levels re-
sponded significantly (P < 0.01) to shifts in oxygen availability
at one or more time points in galactose medium (complete
results are provided in Table S2 in the supplemental material
and under GEO accession number GSE2246). Note that a post
hoc step-down Bonferroni procedure was used to minimize the
false discovery rate, which is a stringent cut of the data, with an
adjusted P value of 0.01 corresponding to a raw P value of
~10~®% and a minimum average expression level difference of
1.75-fold. Of these genes, 2,092 responded significantly to the
shift to anaerobiosis (1,102 down-regulated, 853 up-regulated,
and 45 both up- and down-regulated at different time points),
and 1,218 responded significantly to the shift back to aerobiosis
(682 up-regulated, 491 down-regulated, and 45 both up- and
down-regulated). In glucose, far fewer genes (1,603 in total)
responded to the shifts: 1,337 genes responded to the shift to
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O,-responsive genes
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FIG. 2. Comparison of oxygen-responsive genes identified in galac-
tose and glucose media. The figure shows the overlap in genes that
were found to respond significantly (P < 0.01) to the shifts in oxygen
availability in galactose and glucose media. ORFs, open reading
frames.

anaerobiosis (560 up-regulated, 733 down-regulated, and 44
both up- and down-regulated), and 991 genes responded to
reoxygenation (594 up-regulated, 372 down-regulated, and 25
both up- and down-regulated) (complete results are provided
in Table S3 in the supplemental material and in the GEO
database under accession number GSE2267).

From these analyses, it is clear that a large fraction of the S.
cerevisiae genome is oxygen responsive and that the metabolic
state of the cell (i.e., glucose fermentation versus galactose
mixed respirofermentation) greatly influences the genes that
respond. The results also suggest that more genes respond to
the shift to anaerobiosis than to the subsequent shift back to
aerobiosis. This is due, in part, to the fact that transcript levels
of some genes had not yet returned to their preanaerobic (i.e.,
steady-state aerobic) levels by the end of the time course (1.6
generations of aerobic recovery), and fewer time points were
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collected during aerobic recovery (10 compared to 14 for
anaerobiosis), which reduces the statistical power for resolving
differences. Regardless, given that the goal of this study was to
identify oxygen-responsive gene networks, all genes that re-
sponded significantly to either shift within a given medium
were pooled for gene network analyses.

With respect to overall carbon source-dependent differ-
ences, Fig. 2 compares the genes that responded significantly
to the oxygen shifts in each medium. Although the majority of
genes are common to both sets, a large fraction (nearly half) of
those identified in galactose are unique to this medium,
whereas a much smaller fraction (one-fifth) are unique to glu-
cose. Of the 1,296 genes in common, a surprising 66% (724/
1,296) were found to have a significant (P < 0.01) medium
effect as assessed by ANOVA. However, examination of the
gross patterns of up- and down-regulation with respect to
changes in oxygen availability revealed that the majority of
genes (456/724) exhibited similar expression patterns in both
media. Thus, many of the medium effects uncovered are due to
fine-scale temporal differences in the responses of genes in the
two media.

Figure 3 shows the overall dynamics of the response in each
medium, with black bars indicating genes that responded to the
shifts for the first time at the indicated time point and gray bars
indicating those that had responded at an earlier time point
but that continued to be differentially expressed with respect to
the controls. From Fig. 3, it is clear that the dynamics of the
response to reoxygenation (B and D) are similar in the two
media but that the response to anaerobiosis is not (A and C).
As shown in Fig. 3A, the anaerobic response in galactose is
biphasic. The first phase is comprised of a large set of genes
(1,068 of 2,092 genes) that exhibit an acute (0.04 to 0.08 gen-
erations) yet transient (<0.38 generations) response, with max-
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N,—> Air (Gal)
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Mumber of genes
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FIG. 3. Dynamics of oxygen-responsive gene induction and repression during acclimatization to anaerobiosis and subsequent recovery. The
numbers of genes that responded significantly (P < 0.01) to the shifts in O, availability in galactose (A and B) and glucose (C and D) media are
plotted as a function of time (generations) after the shifts. Genes are divided into those that were significantly up-regulated and those that were
significantly down-regulated. Black bars indicate the number of genes that were identified for the first time at that time point to exhibit a significant
change in expression from that of the aerobic (A and C) or anaerobic (B and D) controls. Gray bars indicate the number of genes that were
differentially expressed in the sample but that had already been identified to have responded significantly to the shift in O, concentration at an
earlier time point. The combined height of the black and gray bars is the total number of genes at each time point that showed a significant

difference in expression relative to controls.
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imum numbers of newly responding genes (Fig. 3A, black bars)
appearing at 0.08 generations. After a considerable delay
(=0.25 generations), a second, smaller set of genes (544 genes)
was then differentially expressed, most for the duration of
anaerobiosis (six generations). Peak numbers of newly re-
sponding genes in this phase appeared after two generations of
anaerobic growth. In contrast, the anaerobic response in glu-
cose was largely monophasic (Fig. 3C), with increasing num-
bers of newly responding genes up to three generations. As in
galactose, most of these genes continued to be differentially
expressed for the duration of anoxia. In comparison, the re-
sponse to reoxygenation was more rapid and similar in the two
media, with maximal numbers of newly responding genes ap-
pearing between 0.06 and 0.2 generations (Fig. 3B and D).
Most of these genes continued to be differentially expressed for
the duration of the time course. Although similar carbon
source-dependent differences in the acute response to anaero-
biosis were noted in our previous study (61), which examined
the samples at 0, 0.04, 0.08, 0.19, and 2 generations, a much
clearer picture of both the transient and chronic anaerobic
response is afforded by the large number of time points (24 in
total) examined in this study and the increased statistical power
that they afford in resolving transcript differences by ANOVA.
Moreover, unlike the response to anaerobiosis, these results
suggest that the metabolic state of the cell has less of an overall
effect on the dynamics of the response to reoxygenation. To
further dissect the dynamics of these responses, we separately
clustered the temporal signatures in the two media using a
novel approach (61) to recover the gene networks involved.
Gene network analyses. To identify the networks, we sepa-
rately clustered the temporal profiles of O,-reponsive genes
identified in each medium (2,388 genes for galactose and 1,603
genes for glucose) using a number of different clustering algo-
rithms, distant metrics, and cluster numbers (K). From the
results obtained, we determined the most appropriate ap-
proach by evaluating clustering quality using two metrics: CS
and FCS (61). CS is the percentage of genes that were identi-
cally clustered over replicate runs (n = 10) of an algorithm
using a random seed for initiation, whereas FCS is the prob-
ability that the observed configuration of transcription factor
motifs (2,603 TFMs in total) (see Table S1 in the supplemental
material) among gene clusters arose by chance alone from
their multinomial distributions dictated by cluster sizes (61).
High CS values are indicative of robust clustering results, and
low FCS values are indicative of highly improbable motif con-
figurations based on chance alone. By comparing the results
for CS and FCS for different approaches, we can determine the
most suitable combination of algorithms, distance metrics, and
number of clusters for recovering gene network structure.
Oxygen-responsive gene networks identified in galactose
medium. A comparison of the performance of K means, K
medoids, and SOM using Manhattan, Euclidean, Sup, and
correlation as distance metrics indicated that the SOM algo-
rithm with one-dimensional ring topology and standard corre-
lation produces superior results (data not shown; see reference
61). Figure 4 shows the quality of the SOM clustering results as
assessed by CS and FCS for values of K ranging from 2 to 50.
From this figure, it is clear that far more structure is recovered
from the temporal profiles for K values of <28, as evidenced by
the precipitous decrease in CS (Fig. 4, dashed line, right ordi-

EUKARYOT. CELL

%)

Consensus share (

Feature configuration statistic

0 10 20 30 40 50
K (cluster number)

FIG. 4. Assessment of clustering quality using the FCS and CS for
oxygen-responsive genes identified in galactose medium. The temporal
profiles of genes that responded significantly (P < 0.01) to the shifts in
oxygen availability in galactose medium (SSG-TEA) were clustered 10
times using an SOM algorithm with 1D ring topology and Pearson
correlation as the distance metric. The average FCS P values (solid
line, left ordinate) for 2,603 transcription factor consensus binding
sequences (TFMs) and CS (dotted line, right ordinate) are plotted as
a function of cluster number (K). CS is the percentage of genes that
were consistently grouped together over 10 runs of the algorithm. FCS
is the probability that the observed configuration of TFMs among gene
clusters arose by chance alone from the multinomial distribution dic-
tated by cluster sizes.

nate) and the corresponding increase in FCS (solid line, left
ordinate) with increasing K values above 28. A sharp fall in CS
and a rise in FCS is predicted as the number of clusters allowed
exceeds that supported by the structure contained within the
temporal profiles. In addition, the substantive variability ob-
served in CS and FCS for K values between 2 and 28 might also
be expected as the algorithm partitions the temporal profiles
for K values that are either supported by the underlying net-
work structure (high CS and low FCS) or are unsupported (low
CS and high FCS). For a K value of 18, the temporal profiles are
robustly partitioned (CS = 97%) in a manner that results in the
least probable configuration of TFMs among gene clusters
compared to random chance (i.e., the minimum average FCS P
value [0.31]). Thus, 18 is the optimum K value for the criteria
selected, and we discuss the recovered networks in the sections
that follow.

As shown in the heat map of the clustered profiles (Fig. 5),
the SOM algorithm nicely partitions these signatures into tem-
porally shifted groups beginning with those that were acutely
down-regulated in N, (galactose cluster 1 [C,1] to C,6), fol-
lowed by those with a more delayed response (C,7 to C.9).
These groups are followed by clusters of genes whose expres-
sion was also up-regulated in air (C,10 to C,12), those that
were acutely up-regulated in N, (C,13 to C,15), and, finally,
groups that exhibited an increasing delay in their anaerobic
up-regulation (C,16 to C,18). Because of the 1D ring topology,
the temporal signatures of genes in adjacent clusters are most
similar to each other, with C,18 to C,1 serving to close the ring.
The 64 profiles shown in C,0 are genes that were not consis-
tently placed in the same cluster over 10 replicate runs of the
SOM algorithm, and thus, they were excluded from FCS cal-
culations. In regard to statistical evaluations, the right panel of
Fig. 5 shows the same temporal profiles as the left panel but
with an overlay that masks gene expression changes that were
not found to be significantly different from their respective
controls by ANOVA (aerobic sample for anaerobiosis and
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FIG. 5. Heat maps and statistical comparisons of oxygen-responsive genes identified in galactose medium. The temporal profiles of genes that
responded significantly (P < 0.01) to the shift to either anaerobiosis or aerobiosis in SSG-TEA medium were clustered using an SOM algorithm
with 1D ring topology (K = 18). The left panel shows the temporal signatures, and the right panel shows the same temporal signatures but with
a statistical overlay that masks gene expression changes that were not significantly (P > 0.01) different from the controls (aerobic sample for
anaerobiosis and sixth-generation anaerobic sample for aerobiosis). Cluster 0 contains genes that were not consistently placed in the same cluster
over 10 replicate runs of the SOM algorithm. Green indicates down-regulated expression, and red indicates up-regulated expression. Bars to the
right of the heat map indicate genes that also responded significantly (P < 0.01) to the shift in O, availability in glucose medium.
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TABLE 1. Selected list of enriched consensus sequence motifs (TFMs), MDscan sequence logos, and MIPS functional categories in clusters
of genes differentially expressed in response to O, availability in galactose medium®

Gene Share P value® MDscan motif logo (corr.) L . P value?
Cluster o, TFM Reference(s) (%) (set/genome) (freq. and score) MIPS functional category enrichment (genomic)
C,l 52 |NRGI 36 83 3.5/3.7 Amino acid biosynthesis/metabolism =92

(for MDscan motif genes, P = 6.6)
d
F6? (AAAGAAA) 17 81 22124 Metabolism (for MDscan motif genes, 8.1
P=52
SCB 36, 38, 45,50, 77 2.5/3.0 )
?3’79%37’ (<0.8 correlation coefficient) |Lipid, FA, and isoprenoid metabolism/ =2.1
? (30/52 genes, 3.1) breakdown
ARO80 33, 64 69 3.2/3.7 Mitochondrion 2.0
C2 165 |FHL1 17 84 2.2/2.0 Cell cycle and DNA processing (for 8.2
MDscan motif genes, P = 12)
MCB 36, 38, 50, 64, 77 5.0/5.4 ]
70, 74, 96, ACQGI DNA recombination and DNA repair 4.4
97, 107, 109 I =S (for MDscan motif genes, P = 5.5)
¥ (3 w R a o G c G T
SCB 36, 38, 45,50, 70 3.2/4.0 MBP1 (1.0), MCB*" (0.99) [TRNA transcription/synthesis =2.5
64, 96, 97, (65/165 genes, 4.5) L
107, 109 Mitotic cell cycle and cell cycle control 2.3
SWI4 36, 38, 50, 64, 60 5.4/6.0
97
C3 198 |PAC 50 74 21/23 rRNA transcription/processing/synthesis =6.6
(for MDscan motif genes, P = 4.6)
ABFI 26, 36, 38,50, 74 13/14 - . .
64, 65, 97, / , , ( Q | g q( T tRNA transcription/synthesis =52
107, 109 ==L
’ s m e a1 s a e u 1 |Nucleotide metabolism 3.1
SCB 36, 38, 45, 50, 68 3.0/3.5 PAC (1.0)
64, 96, 97, (98/198 genes, 5.6) Transcription/translation =23
107, 109
RRPE 50 45 11.7/=32
Cyé 245 |FHL1 17 87 5.2/4.5 Ribosome biogenesis/protein synthesis 14
X -2 (for MDscan motif genes, P = 5.5)
PAC 50 59 8.2/9.7
= ==z |TRNA transcription/processing (for =12
ABF1 26, 36, 38, 50, 59 2.7/3.7 Temoe AT oA 6oH MDscan motif genes, P = 11)
64, 97, 107, PACH® (0.99)
109 (78/245 genes, 5.1) Translation 6.1
RRPE 50 30 10/=32 tRNA transcription 2.9
C,5 98 |C47? (TCAAAAT) 17 42 3.2/2.4 Ribosome biogenesis/protein synthesis =92
(for MDscan motif genes, P = 11)
FHLI1 17 18 2.2/2.7
Cytoplasm (for MDscan motif genes, 10
SW14 17 12 3.2/3.1 FHL1¢® (0.9), RAP1% (0.9) P = 8.8)
(40/98 genes, 3.9)
Purine ribonucleotide metabolism 4.2
C6 58 |SKN7 33, 36, 38, 64 62 3.2/4.2 Purine ribonucleotide metabolism 43
BAS1 38, 50 34 2.0/2.0 Amino acid metabolism 4.0
3 PUF3 35 17 2333 STRE™ (0.9) Mitochondrion 4.0
(21/58 genes, 3.4) Fermentation 2.5
C,7 187 |HSF1 17, 36, 38, 50, 94 2.4/2.1 Mitochondrion (for MDscan motif 14
64, 97, 107 A - C - genes, P = 14)
ADRI1 107 82 25/3.2 ax Z@TT C CG Ribosome biogenesis (for MDscan 14
TY R T T oA C c o8 motif genes, P = 14)
3" PUF3 33,35 73 =32/=32 REB1¢%* (1.0), Protein synthesis (for MDscan motif 14
YDRO26C"™ (0.9) genes, P = 13)
3 Motif6 50 R =3y=3 (S6/187 genes, 3.7) Mitochondrial transport 63
(WTATWTACADG)

Continued on following page
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TABLE 1—Continued
Gene Share P value® MDscan motif logo (corr.) . . P value®
Cluster TFM Reference(s) (%) (set/genome) (freq. and score) MIPS functional category enrichment (genomic)
C,8 140 [PHO2 (BAS2) 107, 109 99 4.4/4.2 Energy (for MDscan motif genes, 14
P =8238)
SWIS 33, 36, 38,50, 86 3.3/3.7 =
64, 97, 107, ; Mitochondrion/mitochondrial transport =9.8
109 c ¢ s s s s s s G 8 (for MDscan motif genes, P = 7.0)
3’ PUF3 33, 35 34 2.7/4.0 (<0.8 correlation coefficient) | Respiration 9.2
(32/140 genes, 4.1)
PHD1 38 30 2.7/3.3 TCA pathway (for MDscan motif 8.8
genes, P = 6.9)
C9 112 |HAP2/3/4/5 24 76 2.2/2.3 Respiration (for MDscan motif genes, 14
P =15)
RGT1 38 72 2.2/2.7 ‘V
= = Energy (for MDscan motif genes, 14
HAP1 33,38,52,97, 35 6.0/7.7 s s 6 6 s s s s 6 6 P =153)
104, 107,
109 (SZS/T}{ZEW (0‘8)3 %) Mitochondrion (for MDscan motif 9.9
genes, 5. P = 4.
MIG1 50 18 2327 genes, %)
Homeostasis of metal ions (Na, K, Ca, 23
etc.)
C,10 77 |MSN2/4 64 39 27127 Pyrimidine ribonucleotide metabolism 3.4
HAP1 33,38,52,97, 34 4.0/5.0 T G Cell rescue, defense, and virulence (for 2.7
104, 107, -Gt \ MDscan motif genes, P = 4.3)
109 T 6 K 6 Y K T G Y 6
SKN7 36 8 3.4/3.7 SUTI®(0.8) Detoxification (for MDscan motif 2.1
(32/77 genes, 3.5) genes, P = 2.8)
YAPI1 64 4 2.5/3.0
Nucleotide metabolism 2.0
C, 11 94 F48¢ (TTANNNCCG) 50 34 27127 Lipid, fatty acid, and isoprenoid 5.6
-5 metabolism (for MDscan motif
HAPI1 33,38,52,97, 33 43/5.5 i QG&EGGC genes, P = 2.8) 25
104’ 107’ ‘c 6 6 s C 'c; VG c v’“»‘xr
109 Regulation of lipids, FA, and
(<0.8 correlation coefficient) isoprenoid metabolism
YAP1 56 29 2.4/2.3 (38/94 genes, 3.6)
Metabolism of vitamins, cofactors, and 2.0
prosthetic groups
C,12 110 |YAP1 33,36, 38,56, 70 3.2/3.4 . Amino acid metabolism/biosynthesis =14
64, 97, 107, lc ACGT( (for MDscan motif genes, P = 14)
109 <
0 P - == | Nitrogen and sulfur metabolism/
YAP7 38 57 8.4/8.7 Kow €A 6T e Mow utilization (for MDscan motif genes, =55
CBF @8 (1.0)’ P = 8.2)
GCN4 33 57 3.02.7 PHO4% (1.0) F tati
(27/110 genes, 4.2) ermentation 36
MET31 36, 38, 50, 64 35 12/=32 Cell rescue, defense, and virulence 2.5
C,13 196 | MSN2/4 36, 38, 47, 50, 88 4.7/6.1 Metabolism of energy reserves 3.0
64, 76, 107, (glycogen, trehalose) (for MDscan
109 motif genes, P = 2.8)
A G <3 G G G G A G G . .
STRE 47,1 38, 107, 76 11/15 STRE® (0.8) Proteolytic degradation 2.8
(877196 genes, 4.1) Lysosomal and vacuolar degradation 2.6
C,14 150 | MSN2/4 36, 38, 47, 50, 87 3.2/4.2 C-compound and carbohydrate =11
64, 76, 107, metabolism/transport (for MDscan
109 motif genes, P = 4.9)
ROX1 58 7 25125 % 2 GGG | celtutar import 8.9
K G G G <} G A=Y <} R G
STRE® 47, 50, 107, 67 3.3/5.4 STRE® (0.93) Metabolism of energy reserves 6.3
109 (47/150 genes, 4.1) (gly(_:ogen, trehalose) (for MDscan
motif genes, P = 9.8)
Cell rescue, defense, and virulence 2.6

Continued on following page
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TABLE 1—Continued
Gene Share P value® MDscan motif logo (corr.) . . P value®
Cluster TFM Reference(s) (%) (set/genome) (freq. and score) MIPS functional category enrichment (genomic)
C,15 94 |ROX1 58 74 2.5/2.5 . C-compound and carbohydrate =28
E& é! ! iig éf metabolism/transport
ACE2 29’626’135’ fg’g 52 2222 s R ¢ s ¢ o ¢ o v s |Glycolysis and gluconeogenesis 2.8
(<0.8 correlation coefficient) X
MIG1 50 20 2.7/32 (16/94 genes, 3.9) Metabolism of energy reserves 2.7
(glycogen, trehalose)
AFT1 50 18 2.4/3.0
C,16 150 |ROX1 58 70 2.0/2.0 Glycolysis and gluconeogenesis (for 11
MDscan motif genes, P = 6.8)
PDRI1 36, 38, 50, 64, 33 2.2/3.1 " | C-compound and carbohydrate =6.4
97 - utilization/metabolism
MIG1 50 30 21125 ROX1%(0.88) Energy 7.0
(77/150 genes, 3.9) Vacuole or lysosome 34
C,17 79 |YAP1 33, 36, 38,56, 72 3.03.2 Lipid, FA, and isoprenoid biosynthesis/ =6.5
64, 97, 107, metabolism (for MDscan motif
109 genes, P = 6.1)
HAP2/3/4/5 64 59 2.1/2.2 Metabolism (for MDscan motif genes, 6.2
. . P=53
UPC2 18, 103 47 3.4/37 (<0.8 correlation coefficient) )
(46/79 genes, 3.5) Endoplasmic reticulum (for MDscan 4.6
ROX1 107, 109 29 27127 motif genes, P = 5.1)
Deoxyribonucleotide metabolism 35
C,18 119 |MOT3 36 95 2.4/2.5 Stress response/cell rescue, defense, =4.8
p- and virulence (for MDscan motif
CuUP2 33,38, 97, 66 2.7/3.0 T .. | genes, P =05)
107, 109 ¢ e 1 1 v a r & a [Cell wall (for MDscan motif genes, 42
UPC2 18, 103 61 13/13 UPC20% (0.96) P =48)
(53/119 genes, 4.4) Extracellular/secretion proteins 33
F20¢ (TCGTTTA) 17 42 11/=32
ABC transporters 2.7
C0 64 |DALS1 36, 38, 64 69 2.4/3.0

“ P value [—log;(P)] for TFM enrichment relative to clustered genes (2,388)/P value [—log,(P)] for TFM enrichment relative to the genome.

b P value [—log,(P)] for MIPS functional category enrichment.

¢ STRE (AGGGG) has been listed as the binding site for Msn2, Msn4, Gis1, and/or Rph1 by different authors (see citations above).
@ See Table S2 in the supplemental material for an explanation of numbered motifs. F, functional motif; C, coherent motif (17).

¢ SOM clustering with 1D ring topology (K = 18).

sixth-generation anaerobic sample for aerobiosis). Finally, in
regard to the recovered transcriptional networks, Table 1 is a
partial list of TFMs and MIPS functional categories that were
significantly [—log,,(P) = 2; i.e., P = 0.01] enriched in each of
the clusters (complete results and gene-to-cluster membership
are provided in Table S2 of the supplemental material). Table
1 also shows the sequence logos from MDscan (67) and hy-
pergeometric P values for MIPS functional category enrich-
ment. Given that our approach first clusters the gene expres-
sion profiles based solely on a correlative index of their
temporal similarity and then determines what value of K re-
sults in the least probable configuration of TFMs among clus-
ters (lowest FCS P value), it is reasonable to presume that
individual clusters represent distinct gene networks controlled
by specific trans-acting factors. Thus, we discuss each of the
clusters separately below and then compare these networks to
those identified from clustering the profiles of genes that sig-
nificantly responded to the oxygen shifts in glucose medium.
Networks transiently down-regulated during anaerobiosis
in galactose. C,1 contains genes that were acutely (0.04 gen-

erations) yet transiently (<0.025 generations) down-regulated
in N, and then chronically up-regulated after a delay (=0.38
generations) (Fig. 5). Examination of the statistical overlay
heat map (right panel of Fig. 5) indicates that few of these
genes responded significantly (P < 0.01) to reoxygenation. In
terms of function (Table 1), many genes are involved in amino
acid (e.g., Arg, Ile, Lys, Thr, Pro, Met, and Gly) and fatty acid
metabolism, and motifs (e.g., F6 [AAAGAAA]) (17) or tran-
scription factor binding sites (e.g., ARO80 and BAS1) associ-
ated with such genes were significantly enriched. The inhibi-
tion of respiration leads to a substantial restructuring of
pathways for amino acid biosynthesis and nitrogen metabolism,
particularly through Hap2/3/4/5- and Rtgl/3-regulated net-
works that affect peroxisome function, the glyoxylate cycle,
anaplerotic pathways, and portions of the tricarboxylic acid
(TCA) cycle leading to glutamate synthesis (reviewed in ref-
erence 14). The delayed up-regulation of many of these genes
may be associated with such functions, whereas their transient
down-regulation is most likely part of an energy-balancing
measure elicited during the slowing of growth and the switch to
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strictly fermentative metabolism on galactose (61). In support
of the latter, several TFMs associated with cell cycle regula-
tion, including NRG1, SCB, SWI4, and SWI6 (see Table S2 in
the supplemental material for a full list), were significantly
enriched, which would provide a link to their acute down-
regulation during the slowing of the cell cycle under anaero-
biosis. Moreover, few of these transiently responding genes
were down-regulated during the transition to anaerobiosis in
glucose (discussed below), conditions for which there is no
evidence of perturbation of the cell cycle (61).

C,2 to C,5 contain the majority of genes that were acutely
yet transiently down-regulated in response to anaerobiosis
(Fig. 5). Although many genes appear to respond to reoxygen-
ation in a similar manner, few of the observed changes were
statistically significant (Fig. 5, right panel). The response of
most of these genes was unique to galactose medium, as indi-
cated by the bars on the right side of Fig. 5 (O, effect in glucose
[Glu]). The first genes to respond (C,2) were those involved in
DNA processing, recombination, repair, and other processes
associated with the G,/S transition of the cell cycle (Table 1).
Remarkably, nearly 40% of these genes have been character-
ized as G, specific in previous microarray studies of the cell
cycle (96). Predictably, the vast majority of the genes contain
TFMs (e.g., FHL1, MCB, SCB, SWI4, SWI6, and MBP1) (see
Table S2 in the supplemental material for a full list) for factors
associated with G,/S. Members of this cluster include major
regulators of G, (e.g., CDC45, CLBS5, CLB6, and CLNI) and
genes involved in chromatin remodeling, chromosome replica-
tion, DNA replication/repair, checkpoint function, and bud
site selection/emergence (see Table S2 in the supplemental
material). From a functional viewpoint, the down-regulation of
G, -specific genes and a delay in the G,/S transition (i.e., before
START) is predictable, given that the acute withdrawal of
oxygen results in an abrupt decrease in ATP production during
the cessation of respiration, and mass and energy need to be
reassessed before committing to another round of the cell cycle
(61). The response is also predictably transient, given that the
cells quickly (~1 h) (data not shown) reach a new steady-state
growth rate supported solely by galactose fermentation.

The response of genes in C,3 is similar to that of genes in
C,2 but is shifted to slightly later times (Fig. 5). Given this
slight temporal difference, it is remarkable how clearly delin-
eated these two gene clusters are in terms of both function and
regulation (Table 1). Most genes in C,3 contain PAC, ABFI,
SCB, and/or RRPE motifs and are involved in early steps of
cytoplasmic ribosomal biogenesis, particularly rRNA and
tRNA synthesis/processing. Similarly, the response of genes in
C,4 is almost identical to that of genes in C,3, yet a remarkable
87% of genes contain binding sites for Fhll, sites that are not
enriched in C,3. Given this enrichment, it is not surprising to
find that a large number of these genes (62 in total) encode
structural constituents of the cytoplasmic ribosomes. Other
genes are involved in translation and/or ribosomal function,
including the processing of both 20S and 27S pre-rRNAs and
35S primary transcripts, as well as in initiating translation (e.g.,
FUNI2, GCDI11, HCRI, RPGI1, SUIl, TIF3, TIF34, and
TIF4631). Finally, whereas the acute response of genes in C,5
is similar to that of genes in C,4, many genes in C,5 exhibit
delayed chronic down-regulation under anaerobiosis. A large
number of genes are also involved in ribosome biogenesis, and
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about half of the genes contain an FHL1-like motif as identi-
fied by MDscan. In addition, members include a small group of
genes involved in purine and pyrimidine anabolism (e.g.,
ADE4, ADE5|7, ADE6, FURI, HPT1, MTDI, and URA4) that
were significantly up-regulated during aerobic recovery.

Overall, despite very little difference in the temporal re-
sponse of these transiently down-regulated genes in C,2 to
C,5, it is clear from the differential enrichment of TFMs and
MIPS functional categories that our clustering approach di-
vides them into distinct gene networks. As discussed in more
detail below, many of these gene networks respond to “envi-
ronmentally stressful” conditions in a similar manner (15, 34).
However, here, it is clear that they respond to the abrupt
cessation of galactose-supported respiration and associated en-
ergetic changes and not the withdrawal of oxygen per se, given
that they fail to respond to the anaerobic shift in glucose
medium (see O, effect in Glu in Fig. 5 and Discussion). Thus,
as was proposed previously (61), the transient repression of
Fhll-regulated genes involved in ribosomal function as well as
PAC- and RRPE-regulated networks involved in rRNA and
tRNA processing/transcription appear to be associated with
reducing the energy demand as part of a balancing measure
elicited during the cessation of respiration and the switch to
strictly fermentative growth. Moreover, the transient energetic
crisis apparently results in the down-regulation of MCB and
SCB networks and a delay in the progression of the cell cycle
at G, as energy and mass are reassessed before committing to
another round.

Networks chronically down-regulated during anaerobiosis
in galactose. C,6 contains genes that were acutely down-regu-
lated for the duration of anaerobiosis (Fig. 5). Given this
response, many genes are predictably associated with mito-
chondrial function including transport, genome stability, metal
ion homeostasis, and adenosine anabolism. Surprisingly, the
most prevalent TFMs were those for Skn7, which is involved in
the response to oxidative stress, hyperosmolarity, and heat
shock (87). Given that this factor’s function, along with Yapl,
is to mount an oxidative stress response when electron flow is
inhibited (23), it seems unlikely that it is the predominant
regulator of this cluster or that it couples in a novel way to
other factors in perhaps a redox-dependent manner. With the
exception of several genes involved in adenosine anabolism
(ADEI1,ADEI12, ADE13, and ADE17) and glycine metabolism
(GCV1, GCV2, GCV3, and SHM?2), few of these genes were
significantly up-regulated during aerobic recovery. MDscan
showed an STRE-like motif (correlation = 0.9), which is found
in about half of the genes. However, the consensus sequence is
unlike any TFM in databases we have searched. Thus, the
factor(s) responsible for down-regulating these genes during
anaerobiosis is not readily apparent from these analyses.

Genes in C,7 were transiently up-regulated and then chron-
ically down-regulated for the duration of anaerobiosis, with
many genes exhibiting a slow return to preanoxic levels after
reoxygenation. Nearly all the genes are involved in mitochon-
drial function and particularly in protein synthesis and process-
ing, including import, folding, secretion, and targeting. Mem-
bers of this cluster include 75% of the genes that encode
structural constituents of the mitochondrial ribosomes. De-
spite this tight functional clustering, however, the trans-acting
factor(s) responsible for this response is not readily apparent.
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The expression profiles suggest two distinct regulatory phases.
Given the frequency of occurrence and enrichment P values
for ADR1 and HSF1 motifs (Table 1), it is possible that these
factors play a role in their transient up-regulation, but they are
unlikely candidates for down-regulating these genes under
anaerobiosis. Rather, delayed yet chronic anaerobic down-reg-
ulation is a temporal signature reminiscent of positive regula-
tion by heme even though no associated TFMs are significantly
enriched. The absence of identifiable 5’ cis-regulatory sites has
been noted previously for similar sets of presumably coregu-
lated genes involved in mitochondrial protein synthesis and
related functions (40, 41, 44). Interestingly, the most signifi-
cantly (P < 10 3?) enriched motifs were 3'-untranslated sites
for Puf3, an mRNA-binding protein that regulates translation
and mRNA decay (46), and 40% of these genes have been
shown previously to be regulated by this factor (35). Recent
phylogenomic analyses of a number of sequenced yeasts have
shed some light on the regulation of these genes, suggesting an
apparent loss of ancestral 5’ cis-regulatory sites specifically for
mitochondrial ribosome genes in facultative anaerobic yeasts
(43). Studies have also shown that proper mitochondrial func-
tioning requires an intricate balance between RNA synthesis
and degradation (90). Exactly how this balance is achieved and
what factors are responsible for controlling their transcription
are currently unclear.

C,8 contains genes that were transiently up-regulated and
then chronically down-regulated, with few genes responding
significantly during aerobic recovery. Like C,6 and C,7, these
genes are primarily involved in mitochondrial function, and
they include much of respiratory complex V (ATPI1, ATP2,
ATP3, ATP5, ATP7, ATP10, ATP14, ATP16, ATPI7, and
ATPI8) and the TCA cycle (ACOI, IDH2, KGDI, LSCI,
LSC2, SDHI, SDH2, and SDH4). A remarkable 99% of these
genes contain motifs for the homeodomain protein Pho2 (also
known as Bas2 and Grf10), and 86% contain motifs for one of
its binding partners, Swi5. Together, theses factors are known
to activate HO expression, and thus, it is unclear what role they
might play here. However, the low probability (P = 5 X 1077)
of finding both of these motifs in 86% of the genes in this
cluster alone provides strong circumstantial evidence that
these sites are somehow involved in regulating expression,
whether through Pho2 and Swi5 or other factors that may bind
to such motifs.

Interestingly, C,9 contains genes for most of the rest of the
respiratory chain, including the flavin adenine dinucleotide-
dependent glycerol-3-phosphate dehydrogenase (GUT2),
NADH dehydrogenase (NDEI), NADH-ubiquinone oxi-
doreductase (NDII), and much of complexes III (CORI,
QCR2, QCR7, QCRS, QCR9, and QCRI0) and IV (COX4,
COX54, COX6, COX7, COXS8, COX12, and COX13). Their
expression differs from those in C,8 in showing a much more
rapid return to normoxic levels upon reoxygenation, a signa-
ture indicative of positive regulation by heme. Indeed, heme-
responsive factors appear to be the predominant regulators,
with Hap2/3/4/5 binding sites in 76% of these genes and Hapl
binding sites in 35% of these genes. Many are also known to be
glucose repressed. Thus, it is not surprising to find significant
enrichment for TFMs involved in this process (e.g., RGT1 and
MIGT1), even though they are predicted to be inactive under
these experimental conditions.
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Overall, it is clear that our network discovery approach re-
sults in tight functional clusters of genes involved in mitochon-
drial functions that were chronically down-regulated under
anaerobiosis. For several clusters, promoter analyses using di-
rected (i.e., specific TFM searches) or matrix-assisted searches
either failed to reveal the factors most likely to be responsible
for the observed expression patterns or suggest novel regula-
tory roles for specific cis-regulatory sites and/or trans-acting
factors. These analyses also further implicate the importance
of posttranscriptional processing (e.g., by Puf3) in regulating
transcript levels of specific sets of genes, for example, those
involved in mitochondrial protein synthesis (C,7). From an
examination of the temporal responses, they also reveal dis-
tinct differences in timing and regulation during the reestab-
lishment of specific mitochondrial pathways after reoxygen-
ation; for example, the rapid up-regulation of heme-responsive
components (i.e., Hap2/3/4/5 and Hap1 networks in C,9) of the
respiratory chain (complexes III and IV) responsible for gen-
erating the proton-motive force followed by the more delayed
up-regulation of components of the TCA cycle and F F, ATP
synthase (C,8) by different regulatory networks.

Networks rapidly up-regulated during aerobic recovery in
galactose. C,10 to C,12 contain the majority of genes that were
rapidly up-regulated upon reoxygenation (Fig. 5). In response
to anaerobiosis, they exhibit divergent temporal signatures,
with genes in C,10 and C,11 chronically down-regulated and
many genes in C,12 transiently up-regulated. Many of these
genes are involved in processes that either directly utilize ox-
ygen or protect cells from by-products of oxygen metabolism.
For example, a large number of genes are involved in sterol,
unsaturated fatty acid, and heme biosynthesis as well as respi-
ratory and peroxisome function. C,10 contains genes involved
in diverse cellular processes, notably, thiamine biosynthesis
(SNO2, SNO3, THIS5, THI11, THI12, and THI13), lipid metab-
olism (FAS2, IZH2, IZH4, LSB6, MDH3, OAF1, OLEI, OSH7,
SFKI1, and TAZI), and the oxidative stress response (e.g.,
AHPI, DDR2, GRX2, SOD1, SOD2, and TSAI). MSN2/4 and
HAP1 motifs were the most prevalent and significantly en-
riched (Table 1). What additional factor(s) may be involved in
controlling the expression of a large percentage (44%) of these
genes that lack either motif is unclear given the low occurrence
of other motifs known to regulate such functional categories of
genes (e.g., SKN7 and YAP1).

C,11 contains genes that responded rapidly to reoxygen-
ation, including a number of transcription factors important
for mediating this response (e.g., CIN5, MSN2, MGA1, SPT23,
and YAP7) as well as heme-responsive transcription factors
(e.g., ROXI and MOT3). Members include much of the early
pathway for sterol synthesis (e.g., ERGS, ERGI12, ERGI3,
ERG20,HMG1,and MVD1), genes for oxidative stress and/or
redox regulation (e.g., CTT1, GPX2, SRX1, and TRX?2), and
other genes for metal ion homeostasis and/or respiratory
function (e.g., COX15, COX19, CYC7, HEM2, ICT1, ISU2,
IZHI1, and YDR506C). Many of these genes have been
shown to be Hapl and/or Yapl regulated, and motifs for
these factors, although not particularly prevalent, were sig-
nificantly enriched (Table 1).

C,12 contains genes that were rapidly yet transiently up-
regulated after reoxygenation. Interestingly, members include
the entire pathway for the de novo synthesis of homocysteine
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(SUL1, SUL2, MET3, MET14, MET16, ECM17, METI0, and
MET17) and S-adenosyl-methionine (AdoMet) (MET6, SAM1,
and SAM?2) as well as other genes involved in sulfur metabo-
lism (e.g., STR3, MMP1, MUPI, MUP3, and MXRI). Homo-
cysteine is required not only as a precursor for the synthesis of
glutathione but also for ergosterol through AdoMet, which
condenses with zymosterol to form fecosterol. During anoxia,
ergosterol cannot be synthesized due to a lack of oxygen, and
squalene (an intermediate) is accumulated to high levels.
Upon reoxygenation, ergosterol is rapidly synthesized (53)
due, in part, to the chronic up-regulation of the latter portion
of the biosynthetic pathway under anaerobiosis (see C,17 and
C,18, discussed below). Thus, the de novo synthesis of homo-
cysteine from extracellular sulfate may be an absolute require-
ment for rapidly increasing both glutathione and AdoMet for
ergosterol synthesis during reoxygenation. In support of this,
genes for glutathione synthesis (CYS3, CYS4, and GSHI) and
reduction (TRRI) are members of this cluster, as are others
involved in the oxidative stress response (e.g., CCPI, CTAI,
DDR48, MXRI1, OXRI, and YAPI). Yapl is likely the predom-
inant regulator of this cluster, and 70% of the genes contain
consensus binding sites (Table 1). Given the preponderance of
genes for the synthesis of methionine and other amino acids,
there is also predictable enrichment for motifs (e.g., GCN4,
MET31, and CBF1) that regulate these genes even though they
are predicted to be “inactive” here. Finally, it is interesting that
some of these genes were also transiently up-regulated in re-
sponse to anaerobiosis. Some reports suggest, paradoxically,
that a shift to anaerobiosis results in transient oxidative stress
in yeast (27). Whereas it is possible that low levels of reactive
oxygen species may play a role in signaling, genes that exhibit
this temporal signature appear to be associated specifically
with redox regulation. For example, in addition to the afore-
mentioned genes leading to glutathione biosynthesis, other
genes (e.g., GSHI and ZWFI) involved in redox regulation
were transiently induced during both the anaerobic and aero-
bic shifts, whereas genes directly involved in mitigating reactive
oxygen species (e.g., AHPI, CCP1, CTA1, CTT1, GPX2, PRXI1,
SOD1, SOD2, and TSAI) responded only to reoxygenation.
Networks transiently up-regulated during anaerobiosis in
galactose. C,13 and C,14 contain genes that were transiently
up-regulated during the acute phase of the anaerobic response.
Many genes in C,14 also exhibit delayed, chronic up-regulation
(Fig. 5). Nearly all genes contain Msn2/4 binding sites (Table
1) and many have been shown to be induced by these factors in
response to anaerobiosis in knockout studies conducted using
this yeast strain (61). In addition to MSN2/4 motifs, 71% of the
genes in C,14 also contain ROX1 motifs, which is consistent
with the chronic up-regulation of many of these genes follow-
ing their acute, transient induction by Msn2/4. As indicated in
Fig. 5, many genes in C,13 and C,14 are not differentially
expressed in response to the O, shifts in glucose medium,
suggesting that they respond to the abrupt cessation of respi-
ration rather oxygen deprivation per se (10, 61). In support of
this, many of these genes are apparently involved in increasing
cellular energy currency during the metabolic switch. Members
include sensors of nutritional status (e.g., PSKI), genes for
regulating glycogen (GDBI, GIP2, GLC3, GLCS, GSY2,
PCL6, RIM11, and YPII) and trehalose reserves (NTHI,
NTH2, TPS1, TPS2, TPS3, and TSL1), and genes for hexose
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transport (GAL2, HXT3, HXT4, HXT6, HXT7, HXTII,
HXT13, HXTI15, HXT16, HXT17, and MAL11), dissimilation
(GLKI1, HXKI, and PYK2), and regulation (GAL3, GALI0,
MALI13, MDH2, RGT2, and SNF3). Other genes are involved
in secondary catabolism (GRE3, SUC2, and YJR096W) and
the negative regulation of gluconeogenesis (FYVI0, GID7,
RMDS, VID28, VID30, and UBCS). Finally, nearly half of the
genes for autophagy (e.g., ATG2, ATG3, ATG4, ATGS, ATGY,
ATG20, and SNX4) as well as a large number of genes involved
in protein folding, sorting, and targeting; proteasomal degra-
dation; and vacuolar function are also members of these clus-
ters, providing further evidence of a global response to an
energetic crisis. In addition to the above-mentioned genes in-
volved in the regulation of energy reserves, other genes subject
to dual regulation by Msn2/4 and Rox1 (C,14) are associated
with carbohydrate transport and metabolism (e.g., FSP2,
GAL2, GALI10, GDBI, GIP2, GLKI, GPHI, HXT4, HXTO,
HXT7, HXTI11, HXTI15, HXTI16, LATI, MALI3, MDH?2,
NGG1, PGM2, RGT2, RTG2, SNF3, TPS1, TPS3, YGR287C,
and YIL172C [with a MIPS enrichment P value of =2.5 X
107'9]), consistent with previous genomic analyses of the in-
dividual knockout strains (58, 61).

Networks chronically up-regulated during anaerobiosis in
galactose. Genes in C,15 and C,16 were more chronically
up-regulated under anaerobiosis and rapidly returned to pre-
anoxic levels after reoxygenation (Fig. 5). This expression pat-
tern suggests negative regulation by heme (57), and indeed,
over 70% of these genes have ROXI1-like sequences in their
promoters (Table 1). Moreover, the function of many of these
genes fits well with the role of Roxl determined in previous
studies (58), specifically in regulating carbohydrate utilization
and redox balance. Members include genes encoding nearly all
of glycolysis (HXK2 [HXKI and GLKI in C,14], PGII, PFKI,
PFK2, PFK26, FBAI, TPll, GPD2, TDHI, TDH2, PGKI,
GPM1, GPM2, GPM3, ENO1, ENO2, CDC19 [PYK2 in C,14],
and DLD3), and for regenerating NAD* from the reduction of
acetaldehyde (4DHI, ADH2, ADH3, and ADHS), dihydroxy-
acetone phosphate (GPD2), and fumarate (OSMI and
YELO047C [also BRO! in C,0, whose temporal profile is most
highly correlated with this cluster]). In addition, a number of
retrograde (RTG)-responsive genes and other genes involved
in anaplerotic functions for glutamate synthesis and nitrogen
homeostasis (e.g., APE3, CIT2, COQ6, DALS5, DLD3, GDH3,
GPM1, PUT1, SDH3, and UGAI) are members of these clus-
ters.

Finally, genes in C,17 and C,18 also exhibit chronic an-
aerobic up-regulation but only after a substantive delay (=2
generations). After reoxygenation, many are either further in-
duced or remain elevated for some time after the shift. The
former expression pattern has been dubbed “delayed anaero-
bic” (18), and many of these genes predictably contain Upc2
consensus binding sites in their promoters. Previous studies
with rox! null strains have shown that the expression of UPC2
is negatively regulated by Rox1 (58), and thus, a substantive
delay in the induction of Upc2-regulated genes is predicted
based upon models of heme dilution under anaerobiosis. In-
deed, UPC2 is a member of C,18. In addition to UPC2 motifs,
YAP1, HAP2/3/4/5, and ROX1 motifs are significantly en-
riched in C,17, suggesting that many of these genes are subject
to combinatorial regulation, i.e., anaerobic up-regulation as a
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FIG. 6. Assessment of clustering quality using the FCS and CS for
oxygen-responsive genes identified in glucose medium. The temporal
profiles of genes that responded significantly (P < 0.01) to the shifts in
oxygen availability in glucose medium (SSD-TEA) were clustered 10
times using an SOM algorithm with 1D ring topology and Pearson
correlation as the distance metric. The average FCS P values (solid
line, left ordinate) for 2,603 transcription factor consensus binding
sequences (TFMs) and CS (dotted line, right ordinate) are plotted as
a function of the cluster number (K).

result of Upc2 activation and/or Rox1 derepression and aero-
bic induction as a result of Yapl and/or Hap2/3/4/5 activation.
Some of the genes that were most strongly induced upon
reoxygenation are involved in ergosterol synthesis, and nearly
all of these genes contain HAP2/3/4/5 and/or YAPI sites in
addition to UPC2 motifs. The majority of genes in C,18 con-
tain both MOT3 and UPC2 motifs. Mot3 is involved in con-
trolling a number of anaerobically expressed genes, including
many genes involved in cell wall maintenance and sterol bio-
synthesis (54, 94).

In terms of overall function, most genes in C,17 and C,18
are involved in sterol homeostasis (e.g., AREI, ATF2, AUSI,
CYBS5, ERGI1, ERG2, ERG3, ERGS5, ERG6, ERG7, ERG11,
ERG24, ERG25, ERG26, ERG28, HES1, IDI1, NCP1, PDRI1,
SUT2, TGL1, UPC2, and YEHI) and cell wall maintenance
(e.g., AGAI, DANI1, DAN2, DAN3, DAN4, DFG16, GNTI,
GSC2,KRE9,KTRI1,KTR2, KTR4, PAUI, PAU2, PAU3, PAU4,
PAUS, PAU6, PAU7, PLBI, PMT3, PMTS, PST1, RCRI, SAG1,
SIM1, SUN4, TIRI, TIR2, TIR3, TIR4, and other members of
the seripauperin gene family). Other genes are involved in
mitochondrial processes (e.g., BI2, CCSI, FMP34, GLTI,
GTTI, HEM13, MSSI, and SCM4), particularly transport
(AAC3, ATM1, ATO3, ODC2, ORTI, POR2, and PTKI). The
functional role of many of these networks under anaerobiosis
has been reviewed previously (58). In brief, modifications in
cell wall porosity are required for the import of ergosterol and
unsaturated fatty acids under anaerobiosis as well as the export
of potentially toxic end products of anaerobic metabolism. This
involves the remodeling of a large complex of Upc2-, Mot3-,
and Roxl1-regulated gene networks.

Oxygen-responsive gene networks identified in glucose me-
dium. Using the same network recovery approach as that used
with the galactose data set, we clustered the temporal profiles
of genes that responded significantly (P < 0.01) to the oxygen
shifts in glucose medium (1,603 genes in total). From Fig. 6, it
is clear that the optimum K value for exploring the transcrip-
tional networks is 13, as it results in the lowest FCS P value
(0.40) with high CS (99.6%). Given that far fewer genes re-
sponded in glucose than in galactose, and entire networks of
transiently responding genes controlled by Msn2/4, Fhll, SCB,
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MCB, and PAC are absent, as indicated in Fig. 5, fewer net-
work-defined clusters were expected for the glucose set (see
Table S3 in the supplemental material for a full list and for
gene-to-cluster membership). As shown in the heat maps of
Fig. 7, the SOM algorithm nicely partitions the profiles into
temporally shifted groups, beginning with those that were pri-
marily up-regulated during aerobic recovery (dextrose cluster 1
[C4ql] to C43), followed by genes that were primarily down-
regulated under anaerobiosis (Cg44 to C48). These genes are
followed by ones that were primarily up-regulated under
anaerobiosis with increasing delays (Cy9 to C413). Given that
the majority of these genes have a similar response in galactose
and were discussed in this context, we limit our discussion here
to additional regulatory insight gained through the clustering
of these temporal profiles and differences in the responses of
specific networks in the two media.

Networks transiently up-regulated during aerobic recovery
in glucose. Most of the genes that were transiently up-regu-
lated in response to reoxygenation are found in Cyl to C43
(Fig. 7). Despite the similarities in their expression profiles, it
is clear from the differential enrichment of TFMs and func-
tional categories (Table 2) that these gene clusters are regu-
lated by distinct transcriptional networks. Most genes in Cg4l
are found in galactose cluster C,12, and both clusters are
enriched for YAP1, GCN4, and YAP7 motifs. Predictably,
many of these genes are associated with oxidative stress and/or
redox regulation (e.g., AAD4, AAD6, AAD16, CCP1, CTAI,
CTTI1, GTT2, SNQ2, and TRRI) and, as discussed above, with
rapidly increasing the de novo synthesis of homocysteine for
both glutathione and ergosterol synthesis upon reoxygenation
(Table 2). Interestingly, members include a number of genes in
the latter portion of the ergosterol biosynthetic pathway (e.g.,
ERG2, ERGS, ERG7, ERGY, ERG26, and ERG27), which
were chronically up-regulated in galactose (C,18) but not in
glucose. These results suggest that they are differentially reg-
ulated in the two media, perhaps reflecting the different func-
tional states of mitochondria in these media (88). In support of
this, it has been reported that the de novo synthesis of sterols
may be required for the induction of respiratory genes during
the transition from anaerobic to aerobic conditions (91). Thus,
the chronic anaerobic up-regulation of genes for converting
squalene to ergosterol makes functional sense under non-ca-
tabolite-repressed conditions (i.e., in galactose), where the re-
establishment of respiration is critical for energy production.

Genes in C42 were chronically down-regulated under anaero-
biosis and rapidly induced upon reoxygenation. They are
widely dispersed among the galactose clusters, again indicating
some differences in their responses in the two media. Members
include genes for sterol homeostasis (e.g., ARE2, ERGS,
ERGI2, ERGI3, ERG20, HMGI1, MVDI, NSG2, PDRI6, and
OYE3), redox regulation and/or oxidative stress (e.g., FMOI,
GPX2, GRE2, GRX2, MXRI, PRX1, SOD2, SRXI1, TRX2,
YAPI, and ZWFI), detoxification, and lipid, fatty acid, and
isoprenoid metabolism, as indicated in Table 2. Despite sub-
stantive overlap in functional groups between C41 and C,2, it
is clear from promoter analyses this is not true of their regu-
lation. The expression profiles suggest positive regulation by
heme, but the factor(s) responsible is not apparent from pro-
moter analyses. The most significantly enriched motifs were,
surprisingly, those for SPT15 (TBP) and a putative regulatory
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FIG. 7. Heat maps and statistical comparisons of oxygen-responsive genes identified in glucose medium. The temporal profiles of genes that
responded significantly (P < 0.01) to the shift to either anaerobiosis or aerobiosis in SSD-TEA medium were clustered using an SOM algorithm
with 1D ring topology (K = 13). The left panel shows the temporal signatures, and the right panel shows the same temporal signatures but with
a statistical overlay that masks gene expression changes that were not significantly (P > 0.01) different from the controls (aerobic sample for
anaerobiosis and sixth-generation anaerobic sample for aerobiosis). Cluster 0 contains genes that exhibited unstable cluster membership. Green
indicates down-regulated expression, and red indicates up-regulated expression. Bars to the right of the heat map indicate genes that also
responded significantly (P < 0.01) to the shift in O, availability in galactose medium.

site associated with the cell cycle, namely, C49 (TAGAAA)
(17). AT-rich sites are particularly abundant in this cluster.
However, it is unclear whether these sites are functional and, if
so, what factor may bind to them.

C,43 contains a large fraction of mitochondrially targeted
genes for respiration and metal ion homeostasis that were
chronically down-regulated under anaerobiosis and rapidly in-
duced upon reoxygenation in both media (see C,9 above).
Both their temporal signatures and function suggest positive
regulation by heme, and HAP1 motifs, although not the most
prevalent, were the most significantly enriched (Table 2).

STE12 and RTGI1 motifs were marginally enriched and are
found in a large number of these genes but are unlikely to be
predominant regulators of this cluster based upon known
mechanisms of regulation.

Networks chronically down-regulated during anaerobiosis
in glucose. C 4 to C48 contain most of the remainder of the
genes that were chronically down-regulated during anaerobio-
sis. Predictably, many of these genes are involved in mitochon-
drial functions including respiration and metal ion homeostasis
(C44), mitochondrial ribosome biogenesis and protein synthe-
sis (C45), nucleotide metabolism and energetics (C46), and the
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TABLE 2. Selected list of enriched consensus sequence motifs (TFMs), MDscan sequence logos, and MIPS functional categories in clusters
of genes differentially expressed in response to O, availability in glucose medium®

a : ; b
Cluster Gene TEM Reference(s) Share P value MDscan motif logo (corr.) MIPS fungtlonal category P Value.
no. (%)  (set/genome) (freq. and score) enrichment (genomic)
Cq4l 90 YAP1 33, 36, 38, 56, 64, 76 4.5/4.7 Amino acid metabolism (for 7.6
97, 107, 109 MDscan motif genes, P = 9.2)
GCN4 33 58 2.4/2.5 Detoxification 6.8
YAP7 38 52 4.3/52 c ac o 1 e mu wow |Nitrogen and sulfur metabolism/ =6.1
50 ; utilization (for MDscan motif
CBF1 38,50,107,109 29 8.1/10.3 | CBEI™(1.0), PHOA™(L0) | oo 'p = 78) =52
(29/90 genes, 3.9)
Lipid, FA, and isoprenoid
metabolism/biosynthesis
Cq2 123 | TBP (SPT15) 107 93 3.2/5.5 - Lipid, FA, and isoprenoid =3.8
A%&C@c metabolism/biosynthesis
C49? (TAGAAA) 17 75 2.7/2.5 - Tzc: e o o . = | Detoxification (for MDscan 3.8
motif genes, P = 5.0)
u UMEG ™ (0.9) .
F35¢ (AGAGAG) 17 46 2.0/2.0 (47/123 genes, 3.6) Metabolism 3.8
YAP1 38 8 3.2/5.2 Cell rescue, defense, and 2.6
virulence
Ca3 95 STE12 36, 38, 64, 109 91 2.3/NS Respiration (for MDscan motif 9.3
genes, P = 2.1)
RTG1 33, 38, 64, 107 72 2.1/NS Energy (for MDscan motif 53
genes, P = 2.2)
HAP1 33, 38, 52, 97, 42 8.0/10.7 Pyrimidine nucleotide 42
104, 107, 109 (< 0.8 correlation coefficient) metabolism
(30/95 genes, 3.7) Homestasis of metal ions (Na, 35
K, Ca, etc.)
Cyqé 108 | SKO1 38, 107, 109 34 2.5/3.0 Mitochondrion (for MDscan 10.3
L motif genes, P = 5.4)
010 50 21 2.4/3.3 E= A»‘chIégé z: | Respiration (for MDscan motif 7.6
(CGGN3KCGV) s ¢ ¢ ¢ R T C o6 T oK genes, P = 7.1)
HAP1 38 10 2.7/4.3 (< 0.8 correlation coefficient) Energy 53
(58/108 genes, 3.5) Heavy metal ion transport (Cu, 32
Fe, etc.)
C45 222 | GCR1 107 97 2.2/22 Ribosome biogenesis (for 14
MDscan motif genes, P = 8.9)
3’ PUF3 33,35 70 =32/=32 Protein synthesis (for MDscan 14
motif genes, P = 8.4)
3" Motif6 50 32 12/=32 Mitochondrial transport (for 14
REB1%* (0.83) MDscan motif genes, P = 3.9)
HAP2/3/4/5 97 24 3.1/4.4 (61/222 genes, 4.0) Respiration (for MDscan motif 11
genes, P = 4.7)
C46 126 | ASH1 38 57 2.0/NS Mitochondrion (for MDscan 13.7
motif genes, P = 13.2)
BASI 36, 38, 50, 64, 97 48 4.5/4.7
Metabolism 10.7
GCN4 81 14 2.5/2.7 (< 0.8 correlation coefficient) Nucleotide metabolism (for 9.2
(52/126 genes, 3.8) MDscan motif genes,
FKH1 38 11 2.1/NS genes, = P =124)
Energy 7.7
Cq7 87 ADRI1 38 99 2.7/3.1 C-compound and carbohydrate =33
utilization/metabolism (for
STRE® 47, 50, 107, 109 76 4.2/1.0 = G MDscan motif genes, P = 2.7)
& 3 Energy (for MDscan motif 32
RTG1 33, 38, 64, 107 72 2.2/2.0 ¢ s 8 c o6 cos s8¢ genes, P = 2.8)
(< 0.8 correlation coefficient) TCA vath (for MD 23
pathway (for scan .
MIG1 107, 109 23 3.7/4.5 (33/87 genes, 4.0) motif genes, P = 2.1)
Cell rescue, defense, and 2.3

virulence

Continued on following page



VoL. 5, 2006 RESPONSE OF YEAST TO ANAEROBIOSIS AND AEROBIC RECOVERY 1483
TABLE 2—Continued
a : : e
Cluster Gene TFM Reference(s) Share P value MDscan motif logo (corr.) MIPS func_tlonal category P valuej
no. (%)  (set/genome) (freq. and score) enrichment (genomic)
C48 108 | MSN2/4 36, 38, 47, 50, 64, 90 3.1/4.4 C-compound and carbohydrate 13.6
76, 107, 109 metabolism (for MDscan
motif genes, P = 6.3)
STRE*® 47, 50, 107, 109 81 8.2/12.0
_ Metabolism of energy reserves 10.9
.\ (¢ < (glycogen, trehalose) (for
s 6 6 6 6 o 6 6 o R MDscan motif genes, P = 8.2)
STRE® (0.9) Energy (for MDscan motif 8.9
(26/108 genes, 4.4) genes, P = 7.6)
Regulation of carbohydrate 8.7
metabolism
Cy9 99 STRE*® 47, 50, 107, 109 70 2.5/5.0 C-compound and carbohydrate =5.6
W all o B v = utilization/metabolism (for
ROX1 2 31 3.0/2.7 ! S f ! C '__r‘ :! ! MDscan motif genes, P = 3.5)
A Metabolism 39
()
32/1;9{9 ! (0.?8 C-compound and carbohydrate =3.1
( genes, 3.8) transport/transporters
Extracellular/secretion proteins 2.4
Cq4l0 138 | ROX1 22, 36, 38, 58, 64, 94 2.2/2.0 Metabolism (for MDscan motif 5.0
97, 107, 109 genes, P = 4.0)
NRG1 36 71 2.7/3.0 C-cmpd. & carbohydrate =3.7
utilization/metabolism (for
014 50 25 =32/=32 G c ot R YT 6 ¥ T s MDscan motif genes, P = 3.3)
(YCTATTGTT) ROX1% (0.6%) Vacuole or lysosome (for 3.6
(81/138 genes, 3.7) MDscan motif genes, P = 3.1)
Ion transporters/cation 35
transporters (for MDscan
motif genes, P = 4.2)
Cyll 100 | UPC2 18, 103 60 9.1/11.0 Stress response (for MDscan 9.7
'|" g '|" -— motif genes, P = 11)
AFT1 (RCS1 50, 69, 95 46 2.5/3.5
( ) TT Cell rescue, defense, and 7.3
MoToCoe T T v oA R R virulence (for MDscan motif
HSF1 107 46 3.0/3.1 UPC2 (0.6%) genes, P = 8.4)
(38/100 genes, 4.3) . ;
AFT2 38 43 2533 Cell wall (fo_r MDscan motif 4.6
genes, P = 7.1)
C4l2 235 | MCB 36, 38, 50, 64, 70, 69 2.4/2.5 Amino acid metabolism/ =9.6
74, 96, 97, 107, biosynthesis
109 - 3
= T _-. | TRNA transcription/synthesis =25
SCB 36, 38, 45, 50, 64, 68 3.5/4.3 o (for MDscan motif genes,
96, 97, 107, A K C T c AT C oK C P =32)
1 PAC ™ (0.9) ABC transporters 2.5
NRGI 36 68 2730 (65235 genes, 4.4) porten :
Metabolism 2.4
ABF1 26, 36, 38, 50, 64, 60 4225
97, 107, 109
C413 66 YAP1 33, 36, 38, 56, 64, 76 3.5/3.7 Amino acid =50
97, 107, 109 biosynthesis/metabolism (for
MDscan motif genes, P = 2.2)
AROS0 33, 64 71 4.4/5.3 - o . . .
C m e o o o o o a w | Lipid, fatty acid, and isoprenoid =5.0
biosynthesi tabolis
GCN4 3 61 2425 | (<08 comelation coefficient) | 0\ 0SYniesis/metabolism
(24/66 genes, 3.3) Metabolism 6.6
UPC2 38 40 1.4/NS
Fermentation 2.3
C40 6 LEU3 107 50 2.0/2.4

@ P value [—log,o(P)] for TFM enrichment relative to clustered genes (1,603)/P value [—log,,(P)] for TFM enrichment relative to the genome. NS, not significant.
b P value [—log,o(P)] for MIPS functional category enrichment.
¢ STRE (AGGGG) has been listed as the binding site for Msn2, Msn4, Gisl, and/or Rphl by different authors (see citations above).
@ See Table S3 in the supplemental material for an explanation of the numbered motifs: F, functional motif; C, coherent motif (17); O, see reference 50.
¢ SOM clustering with 1D ring topology (K = 13).
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TCA cycle (C47). In contrast, members of C,8 are involved
primarily in the dissimilation of C5 and C4 compounds and
reserve energy metabolism. The temporal responses of genes
in Cy4 and C,5 are similar in the two media, with many found
in C,9 and C,7, respectively. As was the case for similar clus-
ters of mitochondrially associated genes from the galactose
response, the factors responsible for controlling their expres-
sion are not readily apparent from promoter analyses. Al-
though motifs for both Hapl (C44) and Hap2/3/4/5 (C45) are
enriched, few genes contain such motifs. In C,5, a remarkable
97% of the genes contain Gerl binding sites, yet it is an un-
likely candidate for down-regulating these mitochondrially as-
sociated genes during anoxia. Rather, as was seen in C,7, there
is remarkable enrichment for 3’ PUF3 and 3’ Motif6 sites,
suggesting that these genes may be regulated predominantly at
the posttranscriptional level.

Some of the genes in C, 6 were acutely yet transiently up-
regulated during anoxia and then chronically down-regulated.
Notably, these genes include a coherent group for purine bio-
synthesis and import (e.g., ADEI, ADE2, ADE4, ADES/7,
ADEG6, ADE12, ADE13, ADE17, ADK2, FCY2, FCY22, HPTI,
IMD3, MTDI, and TPN1I). Given this finding, it is not surpris-
ing to find enrichment for BASI sites, which might account for
the transient up-regulation of this subgroup. However, the
factor(s) responsible for the chronic anaerobic down-regula-
tion of most of these genes is not readily apparent. Nearly 40%
of these genes are unique to glucose medium, although they
are involved in functional processes similar to those of the rest
of the genes in this cluster that also responded to the O, shifts
in galactose.

A large fraction of genes in C,7 and C,8 appear to be
differentially regulated in the two media (Fig. 7), given that
many of these genes exhibit opposite patterns of up- and down-
regulation during anaerobiosis. For example, nearly half of the
genes in C,7 and C,8, which were transiently or chronically
down-regulated in glucose, are found in C,13 and C,14, clus-
ters that exhibit transient up-regulation in galactose. Members
include genes for carbohydrate import and dissimilation and
for mitochondrial functions as well as a number of RTG-
responsive genes involved in anaplerotic functions for gluta-
mate synthesis, nitrogen homeostasis, and amino acid synthe-
sis. Many of these genes have been shown to be Msn2/4
regulated (15, 34, 61), and both clusters are significantly en-
riched for consensus binding sites. Whereas their transient
up-regulation in response to anoxia in galactose has been
shown to be due to Msn2/4 activation (61), what factor(s)
accounts for their down-regulation in glucose is unclear. In
addition to MSN2/4 motifs, 99% of genes in C,7 contain
ADRU1 sites, and 72% have RTGl1 sites, which fits well with the
functional regulons found in these clusters but, based on
known regulatory mechanisms (108), cannot explain their
down-regulation here.

Networks up-regulated during anaerobiosis in glucose. C 9
to C411 contain the majority of genes that were up-regulated
during anaerobiosis. Genes in Cy9 and C410 are primarily
found in galactose clusters C,14 to C,16, and they exhibit
similar behaviors in the two media. C,9 is enriched for both
MSN2/4 (STRE) and ROX1 motifs, which fits with their tem-
poral response observed in galactose (C,14). However, in glu-
cose, these genes exhibit only delayed, chronic up-regulation, a
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signature indicative of derepression by Rox1 and the absence
of Msn2/4 activation (61). In C410, a remarkable 94% of the
genes have ROX1 sites, and both C;9 and C,410 are enriched
for functional categories associated with this regulator, partic-
ularly carbohydrate import and utilization. Finally, genes in
C4qll exhibit a substantive delay (=3 generations) in their
anaerobic up-regulation, a signature indicative of regulation by
Upc2, whose binding sites were the most significantly enriched.
Most of these genes are members of galactose cluster C,11,
and they include much of the seripauperin gene family as well
as other genes involved in cell wall function and sterol and lipid
metabolism as discussed above.

The response of genes in C412 is markedly dissimilar in the
two media. One-third of the genes are unique to the glucose
shift, and the remaining members are widely distributed across
nearly all of the galactose clusters. These genes are chronically
induced after a substantive delay (=3 generations), a temporal
signature suggesting negative regulation by heme. However,
few of these genes contain binding sites for heme-regulated
transcription factors (e.g., only 11% contain ROX1 sites) (P =
0.005). Rather, the most prevalent and significantly enriched
TFMs are associated with cell cycle control and ribosomal
biogenesis (e.g., MCM1, MCB, SCB, ABF1, PAC, and RRPE)
(see Table S3 in the supplemental material). Accordingly,
many of these genes are found in C,3 and C,4, clusters that
were significantly enriched for such motifs yet transiently
down-regulated in response to anoxia in galactose. Many of
these genes are involved in amino acid biosynthesis and me-
tabolism (4471, ALT2, ARGS, ARG80, ARO2, AROS, ASP1,
BAT2, CHAI, CPAIl, DIP5, DYSI, GCN20, GLTI, HMTI,
HPA3, ILV1, ILV3, LEUI, LEU3, LEU4, LYS2, LYS4, PRO2,
PRS3, SSH4, THR4, TRPI, TRP3, TRP5, TYRI, and WRSI).
These genes were either transiently down-regulated or failed
to respond in the galactose shift. Other members of this cluster
are involved in rRNA transcription/synthesis and processes
associated with the G,/S transition (Table 2). Given the pre-
ponderance of genes involved in the synthesis of amino acids,
proteins, and nucleotides (e.g., A4H1, DCDI1, SDTI, PRS3,
and URAI), these results suggest the depletion of nitrogen-
containing and possibly phosphate-containing (e.g., PHOI!
and PHOI2) cellular components after three generations of
glucose-supported anaerobic growth, requiring the up-regula-
tion of these pathways before committing to another round of
the cell cycle. In support of this, members include a number of
genes induced by nitrogen or amino acid starvation (e.g.,
DFG16, GCN20,YVHI1, ZPRI, and YJL200C) and other genes
for controlling the G,/S transition (e.g., CKSI1, CLN2, CTRY,
SDAI, TAF10, and YTM1). What may account for their differ-
ential regulation and response in the two media is currently
unclear.

Finally, the responses of genes in C413 are similar in the two
media (see C,17 and C,18 above), consisting of delayed an-
aerobic induction and further induction upon reoxygenation.
Many of these genes are involved in amino acid biosynthesis
(ARG1, ARG4, ARGS5/6, CAN1, HIS5, HOM3, LYSI, MET?2,
METI0, METI3, ODC2, and TRP2), with predictable enrich-
ment for TFMs (e.g., ARO80 and GCN4) that regulate such
genes. In addition, a large number of these genes are involved
in sterol homeostasis (e.g., CYB5, ERG1, ERG3, ERG4, ERGO,
ERGI11, ERG24, ERG25, ERG28, and NCPI). In terms of
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overall regulation, YAP1 motifs are the most prevalent, which
is consistent with their induction during aerobic recovery.
Moreover, 40% of these genes contain Upc2 consensus binding
sites, consistent with their delayed anaerobic up-regulation,
although the hypergeometric enrichment P value for these sites
is only 0.037. Regardless, a number of these genes have been
shown to be Upc2 regulated in genomic studies (106), and
many of these genes are involved in functions consistent with
regulation by this factor (specifically, sterol homeostasis).
Thus, many genes in this cluster are apparently subject to dual
regulation over the time course, namely, Upc2-dependent an-
aerobic induction followed by Yap1 activation upon reoxygen-
ation. Comparisons of additional gene networks that show
differences in catabolite-repressed (glucose) and nonrepressed
(galactose) cells are discussed below.

DISCUSSION

Gene network identification. Given that the quality of our
report is dependent on the analytical methods used for the
evaluation of data, we begin our discussion by describing the
rationale and some of the advantages of our clustering ap-
proach for gene network identification. Although unsupervised
learning or clustering has emerged as a ubiquitous tool for
analyzing genome-wide expression profiles (see, e.g., refer-
ences 30, 32, and 96), the quality of the clustering results is
often difficult to evaluate, and each clustering algorithm has
tunable parameters with no obvious way to choose appropriate
values (reviewed in reference 37). Moreover, most algorithms
require the number of clusters to be predetermined, yet this
value is rarely known and, thus, is often arrived at by subjective
criteria. Our clustering approach uses statistical evaluation to
systematically address these challenges in order to choose ap-
propriate parameter settings, including the algorithm, distance
or similarity metric, and number of clusters for recovering gene
network structure.

In brief, we use the CS metric to narrow the large list of
potential parameter settings to those combinations that con-
sistently recover the most fine-grained structure (highest K
values with, say, a CS of >0.95) from unbiased clustering of the
gene expression profiles alone. Among the promising candi-
dates, we then examined the configuration of TFMs among
gene clusters to determine which settings result in robust yet
highly improbable motif configurations based on chance alone
(low FCS P values). Our TFM list is comprehensive (2,603 in
total) and purposely includes both putative and experimentally
defined sites as well as all known sequence variants in order to
maximize the probability that it contains all regulatory sites to
which transcription factors that are active under the experi-
mental conditions bind. cis-regulatory sites that are “active”
will have a highly biased configuration among network-defined
gene clusters (low FCS P values), whereas those that are inac-
tive should have a more random configuration (high FCS P
values). We calculate an average FCS P value across all motifs
in our list, which serves two functions: first, it minimizes the
impact of any false positives that by chance have low FCS P
values for some clustering configurations, and second, it iden-
tifies a clustering configuration that is a compromise solution
for all motifs that are potentially “active” under the experi-
mental conditions examined. By examining both metrics in
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concert, we are able to choose clustering parameter settings
(including K) that consistently (high CS value) result in the
least probable configuration by chance of all TFMs among
gene clusters (lowest average FCS P value) and, thus, a con-
figuration that is most likely to capture the true gene network
structure.

In evaluating the clustering results, it should be obvious that
our approach cannot definitively identify the transcription fac-
tors responsible for the observed expression patterns but
should in most cases identify the most plausible candidate(s). It
is predicted that the most prevalent and significantly enriched
TFMs in each cluster are those most likely to be responsible.
However, interpretation must rely on a prudent examination of
additional knowledge of mechanisms of activation/deactiva-
tion, conditions in which the activity of the factor is known to
change, functional annotations, and previous experimental re-
sults that have defined such sites or target genes. Obviously, if
the binding sites for active regulators are not contained in our
TFM list, we cannot assess their distribution and will likely
underestimate the number of active networks. We also con-
ducted matrix-assisted searches using MDscan to identify ad-
ditional sites, but here the results primarily confirmed enrich-
ment for cis-regulatory sites that were contained in our list. In
several gene clusters defined here, we also saw predictable
enrichment for regulatory sites that are known to control spe-
cific subgroups of genes within a cluster even though they are
“inactive” under these conditions, making it more difficult, in
cases where they are numerous, to identify the most plausible
regulator(s) of the entire cluster. For several clusters, pro-
moter analyses either failed to reveal the factors responsible or
suggest novel regulatory roles for specific cis-regulatory sites
and/or trans-acting factors, suppositions that can be tested with
further study. Our analyses also implicate the importance of
posttranscriptional processing in regulating transcript levels of
some groups of genes, for example, those that are Puf3 regu-
lated and involved mitochondrial protein synthesis, and, thus,
emphasize the benefit of conducting 3" as well as 5’ searches.

Overall, one of the most striking features to come from these
analyses is the large number of genes subject to combinatorial
regulation under the experimental conditions examined. This
showcases a distinct advantage of our gene network approach
over other methods that, for example, regress the temporal
profiles of genes onto candidate cis-regulatory sites (19). An
excellent example is C,14. In response to anoxia, these genes
were transiently induced by Msn2/4 and then chronically de-
repressed by a loss of Rox1 activity; upon reoxygenation, they
rapidly returned to their preanoxic levels as a result of renewed
Rox1 repression. C,14 is flanked by clusters that are regulated
by Msn2/4 (C,13) or Rox1 (C,15) alone. For the majority of
these genes, we have independent verification that they are
indeed regulated by these factors, given that we previously
conducted transcriptomic analysis of roxI and msn2/4 null
strains in the same genetic background and under similar ex-
perimental conditions (58, 61). Most of the genes in C,14 were
also clustered together in the glucose set (C,9), and both
MSN2/4 and ROX1 motifs were again significantly enriched.
However, in glucose, their temporal signatures are indicative
of Rox1 regulation alone, a result consistent with our previous
analyses showing that Msn2/4 are not active under these con-
ditions (61). Although an examination of the temporal signa-
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tures in conjunction with the enriched motifs and knowledge of
their modes of regulation would lead to a similar conclusion,
there is an obvious advantage in comparing the response under
multiple experimental conditions, as was done here.

When nearly identical expression profiles are produced by
the activity of different transcription factors, the clustering
algorithm may not be able to differentiate between them, and
clusters could contain a mixture of genes controlled by multi-
ple factors. However, with our approach, even slight differ-
ences in the temporal responses of different networks should
yield distinct clustering divisions, given that their separation
will result in a lower FCS P value. An excellent example is the
transiently down-regulated networks in C,2 to C,5, which dif-
fer little in terms of their temporal signatures and yet are
clearly delineated networks based on the differential enrich-
ment of TFMs and MIPS functional categories in each. These
results further highlight advantages of our gene network dis-
covery approach over other clustering methods that use sub-
jective criteria for evaluation. In ongoing studies in our labo-
ratory, we seek further refinements, for example by filtering
out false positives for “active” cis-regulatory sites in genes
whose profiles do not fit the mean of all genes that contain
such sites. In addition, we will take into account profiles for
genes that contain different combinations of active cis-regula-
tory sites and use Bayesian priors for sites that are known to be
“active” under the experimental conditions examined. With
this brief introduction to our gene network discovery approach,
we now turn to the changes in gene network activity that are
observed when cells acclimatize to changes in the availability of
environmental oxygen.

Genomic remodeling in response to changes in O, availabil-
ity. A fairly complete picture of the genomic remodeling re-
quired for yeast to acclimatize to changes in oxygen availability
emerges from this study. Moreover, by comparing the re-
sponses under both catabolite-repressing (glucose) and non-
catabolite-repressing (galactose) conditions, we reveal com-
monalities as well as substantive differences in gene network
activity that result from differences in the metabolic state of the
cells. Under nonrepressing conditions, in which energy re-
quirements are met using mixed respirofermentative metabo-
lism, MCB and SCB networks (C,1 to C,3) are the first to be
negatively affected after about 0.04 generations (10 min) of
anaerobiosis. This results in the down-regulation of genes in-
volved in DNA replication/repair and other processes associ-
ated with the G,/S transition of the cell cycle. Concomitantly,
PAC/RRPE (C,3 and C,4)- and Fhil (C,4 and C,5)-associated
networks involved in cytoplasmic TRNA processing and pro-
tein synthesis are negatively affected, while Msn2/4-regulated
networks (C,13 and C,14) involved in the import and utiliza-
tion of primary and alternative carbon sources and reserve
energy metabolism are activated. In addition, genes involved in
mitochondrial functions including ribosomal biogenesis (C,7)
and early components of the respiratory chain (C,8 and C,9)
are also transiently induced, although for these networks it is
unclear what factors are directly responsible.

Overall, this remodeling activity suggests the simultaneous
exploration/utilization of available carbon sources while spar-
ing energetic demand by arresting the de novo synthesis of the
cytoplasmic translational machinery. The response is predict-
ably transitory, given that the cells quickly (=1 h) reach a new
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steady-state growth rate supported solely by galactose fermen-
tation. Although the response is similar to that observed during
nutrient limitation or a switch to lower-quality carbon sources
(79, 80), it affects a specific subset of genes associated with the
balancing of energetic supply and demand and the G,/S tran-
sition of the cell cycle. Of the 819 genes identified in the
environmental stress response (34), 501 genes (61%) were
differentially expressed with similar kinetics and expression
patterns during this metabolic transition. Those genes involved
in mitochondrial functions that were transiently induced in C,7
to C,9 are not part of the environmental stress response and
appear to respond directly to the inhibition of respiration.
Although the initial event that triggers these changes is the
abrupt decline in oxygen availability, the signal that is respon-
sible for eliciting changes in gene network activity appears to
be metabolic in origin and linked to the cessation of respira-
tion, given that a similar response is evoked under normoxic
conditions with treatment with either antimycin A (Lai et al,,
unpublished) or myxothiazol (10). Moreover, a similar re-
sponse is not invoked in catabolite-repressed cells in which the
respiratory capacity is repressed, and no change in growth rate
is observed during the transition from aerobic to anaerobic
conditions. Ongoing studies in our laboratory are aimed at
identifying the sensor(s) for the change in energetic status and
the signaling pathways responsible for changes in gene network
activity.

After ~0.25 generations of anaerobiosis in both media, we
began to see evidence of changes in heme-dependent tran-
scription factor activity. This includes the chronic down-regu-
lation of Hapl- and Hap2/3/4/5-regulated networks (C,9 to
C,11 and C,3 to C44) involved in mitochondrial functions and
the concomitant derepression of Roxl-regulated functions
(Cyl4 to C,16 and C,9 to C410) involved in carbohydrate
utilization and redox balance. After ~0.38 generations, nRNA
levels of a large group of genes (C,7 and C,5) involved in
mitochondrial protein synthesis and energetics decline for the
duration of anaerobiosis. These genes are part of a functional
regulon that have apparently lost their ancestral 5’ cis-regula-
tory sites (43) and appear to be posttranscriptionally regulated
by Puf3. Finally, after ~2 generations of anaerobiosis, the last
networks to respond are Upc2- and Mot3-regulated networks
involved in sterol, cell wall, and unsaturated fatty acid ho-
meostasis. Overall, changes in the activities of these heme-
dependent networks are predictably slow to occur in response
to anaerobiosis, given that heme is not thought to be degraded
in this species, and, thus, pools of heme in the nucleus are
slowly diluted with anaerobic growth (reviewed in reference
57). Changes in the activities of these gene networks are es-
sential for surviving anaerobiosis, and we discuss their func-
tional roles in detail in the supplemental material (see “func-
tional regulons™).

Unlike the anaerobic shift, in which temporal changes in the
activities of a number of different networks were fairly well
separated, upon reoxygenation, both heme-dependent net-
works and those that are activated by changes in oxygen free-
radical concentrations respond simultaneously. Remarkably,
within 0.03 to 0.06 generations after the shift to normoxia,
Yapl (C,11 to C,12 and C,4l and C,413) and Msn2/4 (C,10)
networks involved in controlling oxidative defenses are acti-
vated concomitantly with Hap1 networks (C,10 to C,11 and
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C43) involved in oxygen-utilizing pathways. Note that several
of these gene clusters are enriched for combinations of these
regulatory factors, suggesting that there may be little difference
in the temporal signatures dictated by these different factors.
For example, genes in C,11 are rapidly up-regulated in re-
sponse to reoxygenation, and the majority of the genes have
either Hapl or Yapl sites but not both. At the same time, we
see evidence for the heme-dependent repression of genes that
were chronically up-regulated under anaerobiosis, especially
those that are regulated by Roxl (C,14 to C,16 and C9 to
C410). The rapid response of both heme-induced and heme-
repressed networks is predictable, given that the heme biosyn-
thetic pathway appears to remain intact under anaerobiosis,
and, thus, heme is rapidly synthesized upon reoxygenation
(60). Interestingly, transcript levels of many Upc2-regulated
genes remain elevated for some time after the aerobic shift or
are further induced by Yapl and/or Hap2/3/4/5 (C,17 and
C413). Overall, although many of the changes in the activities
of these gene networks were predicted based upon models of
regulation, this is the first time that their temporal response
has been captured following reoxygenation. A comparison of
this response to that elicited by treatment with oxidants such as
diamide or H,O, (15, 34) yields poor overlap save for genes
that are directly involved in reducing oxygen by-products and
regulating redox potential. These results suggest there is effec-
tive mitigation of any “stress” induced by reoxygenation, that is
before any damage has occurred to cellular components and
repair pathways must be activated.

In regard to the overall effects of carbon sources on the
O,-dependent responses, a comparison of the clustering results
in the two media reveals consistent enrichment for binding
sites of transcription factors that are known to regulate the
majority of oxygen-responsive genes. These include factors
that control genes involved in respiration (Hapl and Hap2/3/
4/5), carbohydrate usage and anaerobic redox balance (Rox1),
sterol and cell wall maintenance (Upc2 and Mot3), and the
oxidative stress response (Yapl, Skn7, Yap7, and Msn2/4). As
noted above, most of the gene networks that were differentially
expressed in the two media are unique to galactose and in-
volved in the switch from mixed respirofermentative to strictly
fermentative metabolism. These include Msn2/4-regulated
ones involved in bolstering energy production during the
switch and those for down-regulating the protein synthetic
capacity and controlling the G,/S transition (e.g., MCB, SCB,
Fhll, PAC, and RRPE). A number of other differences were
noted, which can be attributed to the different functional states
of these cells. These include the chronic anaerobic up-regula-
tion of much of the ergosterol biosynthetic pathway under
non-catabolite-repressed conditions, highlighting the impor-
tance of neosynthesized ergosterol in reestablishing respiration
during the transition from anaerobic to aerobic conditions
(91). Others include the up-regulation of genes involved in
amino acid biosynthesis and the G,/S transition of the cell cycle
after three generations of anaerobic growth in glucose alone by
as-yet-uncharacterized mechanisms. For additional compari-
sons of these oxygen-responsive networks and the functional
responses, refer to the supplemental material.

Finally, the present study identifies target gene networks for
many different effectors as well as some of their interactions.
However, the sensory and signaling pathways that converge
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and control these effectors are only partially known. Accumu-
lating evidence suggests that they exert multiplex control on
the effectors. Such multiplex signal regulation is apparently
more prevalent than once thought and is no longer the pre-
rogative of the cell cycle alone (49). For example, Msn2/4 is
regulated by TOR, PKA, and Snfl (25, 72), whereas Rim15 is
regulated by TOR, PKA, Sch9, and Pho85 (105). We see evi-
dence of such signals in coordinating the response of the gene
clusters discussed above. However, it is clear that future stud-
ies must integrate these data with proteomic (see, e.g., refer-
ence 29) and metabolomic analyses of the response to effec-
tively uncover the sensing and signaling networks involved.
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