
Extensive divergence of yeast stress responses
through transitions between induced and
constitutive activation
Itay Tirosha,1, Koon Ho Wongb,1, Naama Barkaia, and Kevin Struhlb,2

aDepartment of Molecular Genetics, Weizmann Institute of Science, Rehovot 76100, Israel; and bDepartment of Biological Chemistry and Molecular
Pharmacology, Harvard Medical School, Boston, MA 02115

Contributed by Kevin Struhl, August 23, 2011 (sent for review April 1, 2011)

Closely related species show a high degree of differences in gene
expression, but the functional significance of these differences
remains unclear. Similarly, stress responses in yeast typically involve
differential expression of numerous genes, and it is unclear how
many of these are functionally significant. To address these issues,
we compared the expression programs of four yeast species under
different growth conditions, and found that the response of these
species to stress has diverged extensively. On an individual gene
basis, most transcriptional responses are not conserved in any pair of
species, and there are very limited common responses among all four
species. We present evidence that many evolutionary changes in
stress responses are compensated either (i) by the response of re-
lated genes or (ii) by changes in the basal expression levels of the
geneswhose responses have diverged. Thus, stress-relatedgenes are
often induced upon stress in some species but maintain high levels
even in the absence of stress at other species, indicating a transition
between induced and constitutive activation. In addition, ∼15% of
the stress responses are specific to only one of the four species, with
no evidence for compensating effects or stress-related annotations,
and these may reflect fortuitous regulation that is unimportant for
the stress response (i.e., biological noise). Frequent compensatory
changes and biological noise may explain how diverged expression
responses support similar physiological responses.
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Evolution of gene expression is a central driving force of phe-
notypic diversity, and has been extensively studied in recent

years (1–11). Although, in some particular cases, interspecies
differences in gene expression could be linked to phenotypic dif-
ferences (3, 7, 8), a puzzling observation from the recent flood of
genome-wide comparative transcriptome studies, is that many, if
not most, genes diverge in expression even among closely related
species with very similar physiologies. Although this has led some
to conclude that gene expression diverges primarily by neutral drift
and that most expression patterns may not be under strong se-
lection pressures (9, 10), this seems to contrast with a rich body of
literature that demonstrates the importance of gene regulation.
Work on the yeast stress response has presented a similar co-
nundrum (12–14): Induction of some genes is essential for coping
with stress, yet most genes induced in a given stress typically do not
contribute to fitness in that stress, as their (individual) deletion
does not hinder growth in that stress more than in optimal (rich
media) conditions.
How can we reconcile the importance of precise gene regulation

with the extensive variability of gene expression among related
species or growth conditions for which a large proportion is un-
likely to have a fitness contribution? One possibility is that,
whereas some genes require precise regulation, others could tol-
erate a large degree of variability in expression without incurring
any phenotypic effect, and that these are the primary source of
nonadaptive expression differences between species or conditions.
Indeed, expression divergence is typically higher for genes that
appear to be less important, such as dispensable genes, duplicated

genes, and genes with few interactions (4, 15). According to this
possibility, functionally important expression patterns could be
detected by conservation across species (11, 16). Alternatively,
extensive variability could also influence functionally important
expression patterns, if these evolve through compensatory changes
that alter specific features of gene expression while maintaining
the final outcome.
A related issue concerns the distinction between biological

function and “biological noise,” which is defined by reproducible
events that occur in living cells due to imperfection (i.e., lack of
fidelity) of a biological process (17). Transcriptional noise can
arise from nonspecific initiation from sites that yield products of no
biological significance and/or from chance occurrences of short
DNA sequence motifs that bind transcriptional regulatory pro-
teins. When Saccharomyces cerevisiae is subjected to environ-
mental stress, hundreds (and sometimes more than 1,000) genes
are differentially expressed, but it is unclear howmany of these are
important for coping with that stress. Biological noise is likely to
evolve faster than biological function and thus evolutionary con-
servation should provide important information on this issue.
Here, we compared the stress responses of four yeast species

(S. cerevisiae, Kluyveromyces lactis, Candida albicans, and Yarrowia
lipolytica) that diverged ∼50–300 million years ago and occupy
different niches (Fig. S1). We found that the stress response of
these species has diverged extensively. However, we also found
that this divergence is compensated by two general mechanisms.
First, differences in the response of individual genes are often
compensated by the response of other functionally related genes,
such that the overall response of functional gene sets is highly
conserved. Second, a large proportion of the differences in stress
responses reflect transitions between a stress-inducible activity and
constitutive activity, which does not compromise the final tran-
scriptional output of these genes during stress. We thus propose
that flexibility of the regulatory network enables extensive di-
vergence while maintaining the same phenotypic outcome, and
consequently that these four species use similar strategies (i.e., sets
of genes) to cope with stresses but that these are accomplished by
induction of different subsets of genes.

Results
Experimental Strategy. We measured genome-wide mRNA ex-
pression profiles of the four yeasts at standard rich media (YPD)
and upon three environmental stresses, including hyper-osmotic
shock (Osmo), heat shock (HS), and carbon starvation (Cstarv)

Author contributions: I.T., K.H.W., and K.S. designed research; I.T. and K.H.W. performed
research; I.T. and K.H.W. contributed new reagents/analytic tools; I.T., K.H.W., N.B., and
K.S. analyzed data; and I.T., K.H.W., and K.S. wrote the paper.

The authors declare no conflict of interest.

Data deposition: The data reported in this paper have been deposited in the RNA-seq
database (NCBI accession nos. SRA029166.1 and SRP005689).
1I.T. and K.H.W. contributed equally to this work.
2To whom correspondence should be addressed: E-mail: kevin@hms.harvard.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1113718108/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1113718108 PNAS | October 4, 2011 | vol. 108 | no. 40 | 16693–16698

EV
O
LU

TI
O
N

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1113718108/-/DCSupplemental/pnas.201113718SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/external-ref?link_type=GEN&access_num=SRA029166.1
http://www.pnas.org/external-ref?link_type=GEN&access_num=SRP005689
mailto:kevin@hms.harvard.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1113718108/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1113718108/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1113718108


(see Materials and Methods). At each of the four conditions, Poly
(A)+ mRNA samples of the four species were mixed, and the
mixed samples were subjected to Helicos Single Molecule Se-
quencing (18) with two biological repeats (Fig. S2). The low se-
quence similarity among these species enabled us to unambi-
guously assign most reads (∼60%) from the mixed-RNA sample
into a particular genomic position without generating a bias
against highly conserved genes (Fig. S2), thereby providing a mean
for multiplex sequencing that has not yet been available for the
Helicos platform.

Extensive Divergence of Stress Responses Across Four Yeast Species.
Each of the four species responded to each of the three stresses,
compared with YPD, by preferentially up-regulating stress genes
and down-regulating growth genes (Fig. S3). To examine the
conservation of stress responses we compared these genome-wide
expression changes (i.e., stress/YPD; Fig. 1 A and B). The highest
correlations (r = 0.47 on average) were observed between the
responses of the same species to different stresses, consistent with
the notion of a general component of the stress response (termed
ESR for environmental stress response; refs. 13 and 19–21).
Weaker correlations (although still significant, P < 0.05) were
observed between the responses of orthologs from different spe-
cies to the same stresses (r= 0.31 on average), indicating extensive
divergence of stress responses. As expected, the lowest correla-
tions were observed between different species responding to dif-
ferent stresses (r = 0.24 on average), but surprisingly, these were
only slightly less correlated than the responses of different species
to the same stresses, suggesting that the condition-specificity of
stress responses has also diverged extensively.

To further examine the divergence of stress responses, we de-
fined, for each stress and each species, a set of up-regulated and
down-regulated genes and asked what fraction of these expression
changes are conserved among the species. On average, a gene that
is up-regulated (or down-regulated) in one species by at least
twofold at a given stress has only ∼30% chance to have a similar
response to that stress (>1.75-fold) in another species, and these
values vary between ∼10% to ∼50% depending on the exact
combination of species and stress condition (Fig. 1C). Notably,
approximately half of this apparent conservation is expected sim-
ply by chance, as analysis of shuffled gene pairs (i.e., non-
orthologous) identifies ∼16% conserved stress responses
compared with ∼30% observed for orthologs (gray dashed line,
Fig. 1C). The degree of conservation increased for stronger
responses, but remained low even for the most highly responsive
genes. For example, genes withmore than fivefold up-regulation in
one species had, on average, less than 50% chance to be up-reg-
ulated (>1.75-fold) in another species (Fig. 1C).
The extensive divergence of stress responses is further evident in

the very low percentages of stress responding genes whose re-
sponse is conserved among more than two species. Among the
1,819 genes with one-to-one orthologs among all four species,
there are ∼400 genes that are up-regulated in a given condition
only in one species, ∼100 genes that respond at two species, and
only ∼40 and ∼10 genes whose up-regulation is conserved among
three or four species, respectively (Fig. 1D). A list of genes that
responds to each stress in at least three of the four yeast species is
given in Table S1. As expected, these genes are highly enriched
with stress-related functional annotations (e.g., protein folding,
autophagy, and carbohydrate metabolism) supporting evolution-
ary conservation as a method to identify functionally important
regulation. However, due to the extensive divergence, these con-
served responses reflect only a small minority of the genes with
such functional annotations (Fig. 1D), suggesting that a major
caveat of the conservation method is that, while it enriches for
functionally important responses, it would often exclude many, if
not most, of these responses.

Divergence of the General Stress Response. We next examined the
conservation of the common response to different environmental
changes. The general S. cerevisiae ESR has been studied exten-
sively (13, 19–21) and is evident in our data by the high correlations
between the genome-wide responses of S. cerevisiae to the three
stresses and by the large number of genes that are either down-
regulated or up-regulated in all three stresses. However, both
of these measures are significantly (P < 0.01) lower in the other
three species (Fig. 2A), suggesting that the general component of
the stress response (i.e., ESR) is less dominant in these species
compared with S. cerevisiae, consistent with a previous report on
C. albicans (22).
ESR genes respond to multiple stresses and therefore might be

expected to be most relevant to cope with stress and to have
maximal conservation among species. The analysis above dem-
onstrates that the number of ESR genes varies greatly among the
species. In addition, we find that the identity of ESR genes is also
surprisingly different. For each pair of species (A and B), the
number of common ESR genes is significantly smaller than the
number of species-specific ESR genes that have one-to-one
orthology (P < 0.01, Fig. 2B). Similar results are obtained when we
separately analyze up-regulated and down-regulated ESR genes,
or when we examine S. cerevisiae ESR genes as previously defined
from a larger compendium of stress conditions (13), indicating that
the apparent divergence of ESR genes is not due to the use of only
three stress conditions in this work (Fig. S4).
We next asked for each pair of species (A and B) whether ESR

genes from species A maintain a partial stress response (i.e., re-
spond to a subset of the conditions) in species B. Strikingly, up-
regulated ESR genes from one species were most frequently (on
average, 45%) responding to zero conditions in another species and
least frequently (on average, 9%) responding to three conditions in
another species (Fig. 2C). Thus, ESR genes from one species are
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Fig. 1. Divergence of the yeast stress response. (A) Correlation matrix for
the log2-transformed expression responses (YPD/stress) of genes with one-
to-one orthologs in each comparison. (B) Distribution of genome-wide cor-
relations for all comparisons of samples from the same species at different
conditions (blue), different species at the same stress (green), and different
species at different stresses). Each set of correlations is significantly different
from zero, and pair of sets is significantly different (P < 0.05). (C) For each
threshold (log2 of fold changes), we calculated the percentage of up-regu-
lated genes, by that threshold, in species A that have a similar response
(>1.75-fold and P < 0.05) in species B. This analysis was performed for 36
comparisons (12 pairs of species times three stresses) and the plots show the
average and SD of the percentages of conserved responses. Black and gray
dashed lines reflect a similar analysis of biological repeats (instead of dif-
ferent species) and of a shuffled dataset (such that the comparison is per-
formed between nonorthologs from the same species comparisons),
respectively. (D) For the indicated number of species, the percentage of all
orthologs (black bars) or orthologs with the most enriched annotations (gray
bars) showing up-regulation as averaged over the three stresses.
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still more likely (P < 0.01) to respond to stresses in another species
than random genes (for which, on average, 82% do not respond to
any stress and only 2.5% respond to three stresses), yet they usually
lose their responsiveness to most stress conditions. The observed
divergence in up-regulated ESR genes therefore does not reflect
a threshold effect or the loss/gain of response to individual stresses
but rather mostly “all or none” evolutionary transitions. The pat-
terns of down-regulated ESR genes were less uniform among the
different pairwise species comparisons (see Fig. S5).

Higher Conservation of the Response of Functional Gene Sets. The
extensive divergence between the stress responses of the four
species may indicate that they use different physiological mecha-
nisms to cope with the same stresses, and some specific in-
terspecies may support this possibility. For example, consistent
with previous work (8), oxidative phosphorylation genes were up-
regulated during stress in S. cerevisiae but were primarily un-
changed or down-regulated during stress in the other species (Fig.
3A). Similarly, proteosome subunits were largely unaffected by
stress in most species but were specifically up-regulated upon heat
shock in C. albicans (Fig. 3A), which may reflect a unique physi-
ology of C. albicans. However, these coherent changes among the
stress responses of functionally related genes were extremely rare.
In contrast, the average responses of most functional gene sets
(based on GO annotations) were highly conserved among the four
species. For example, Fig. 3B shows a low correlation between the
heat-shock responses of S. cerevisiae and C. albicans across all one-
to-one orthologs (Fig. 3B Left), but a much higher correlation for
the average response of functional gene sets (Fig. 3B Center). On
average, interspecies correlations increased almost twofold, from
0.33 over individual orthologs to 0.62 for functional gene-sets (Fig.
S6). These results suggest that the different species have a similar
overall response in terms of activating and repressing the same
pathways and complexes, yet the finer details of these responses
have diverged extensively. We note, however, that the increased
correlations of functional gene sets, compared with individual
orthologs, may partially also reflect the reduction of experimental
noise when averaging over the responses of related genes, as a
similar effect, albeit weaker, is observed in comparison of bi-
ological repeats (Fig. S6).

These results may indicate that genes within a functional set
often evolve by compensatory changes in gene expression. This
finding is consistent with previous work which suggested that ac-
tivation of many complexes along the cell cycle is orchestrated by
regulation of specific subunits (whereas others maintain a stable
expression level) and that the identity of the regulated subunit
changes during evolution, whereas the patterns of complex activity
is highly conserved (23). Thus, although genes within a functional
set (e.g., complex or pathway) tend to be coregulated, there is also
ample variability in the responses of individual genes within a
functional set that may be subject to extensive divergence. To
further test this possibility, we asked whether the variability in
stress responses among genes within a functional set is more or less
conserved than the variability in stress responses among genes
from different functional sets.
We examined the proportion of gene pairs that “switch signs”

(the gene with higher response in one species has a lower response
in the other species by at least 1.75-fold), for gene pairs from the
same or from different functional sets.When examining genes with
similar stress responses, we found, as expected, that gene pairs
from the same functional set tend to coevolve and thus are less
likely to switch signs compared with genes from different func-
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Fig. 2. Divergence of the general stress response. (A) For each species, the y
axis shows the number of predicted ESR genes (up-regulated at all three
stresses or down-regulated at all three stresses by at least 1.75-fold), and the
x axis shows the average correlation among the expression responses of that
species to the three stresses. (B) For each pair of species (A and B), bars show
the number of ESR genes specific to A, specific to B, common to A and B, and
the expected number of common ESR genes (estimated by random sam-
pling). Each analysis was restricted to the genes with one-to-one orthologs
among the pair of species being compared. (C) Percentages of genes up-
regulated in zero through three of the stress conditions in the species in-
dicated at the bottom (bold), among the orthologs of the up-regulated
ESRgenes in the species indicated above.
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Fig. 3. Conservation and divergence of functional gene-sets. (A) Heat map
of the expression response of genes from two functional gene sets (pro-
teosome and oxidative phosphorylation) at the four species and three
stresses. Genes with one-to-one orthologs in at least three species were in-
cluded, and missing values were given an expression response of zero. (B)
Scatterplot of the heat shock expression response of S. cerevisiae and C.
albicans over all one-to-one orthologs (Left) and the average response of
functional gene-sets (Right). Functional gene sets correspond to GO terms
with at least 20 and at most 100 annotated genes in S. cerevisiae. Lines
display linear least-square fits. (C) Sliding window analysis of the percentage
of gene pairs from the same (blue) or from different (green) functional gene
sets, whose difference in response to a given stress switch signs between S.
cerevisiae and C. albicans (i.e., if gene 1 has a higher response in S. cerevisiae,
then gene 2 has a higher response to the same stress in C. albicans). The gene
pairs are ordered by their difference in stress response in S. cerevisiae, de-
fined as log2 ratio of their stress/YPD fold-changes, including each of the
individual stresses (i.e., each gene pair was considered three times). Yellow
and pink regions mark the gene pairs with a similar (fold-change < 1.4) and
different (fold-change > 3) stress responses in S. cerevisiae, respectively. (D)
The analysis in C was repeated for all pairwise comparisons. Bars show the
log2 ratios of the frequency of switching signs among gene pairs from the
same vs. from different functional sets. Yellow and pink bars reflect gene
pairs with a similar (fold-change < 1.4) and different (fold-change > 3) stress
responses in the first species of the pair (as written in the x axis label).
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tional sets (e.g., Fig. 3C, yellow region). Strikingly, however, an
opposite effect is observed for gene pairs with different stress
responses (e.g., Fig. 3C, pink region). For these gene pairs, the
probability to switch signs is in fact higher if they are from the same
functional gene set then if they are from different functional gene
sets. Preferential switching of genes within, compared with be-
tween, functional sets was significant (P < 0.05) in 10 of the 12
species comparisons (Fig. 3D). Thus, functionally related (but
differentially expressed) genes tend to evolve by compensatory
changes (i.e., switch signs) and the impact of this tendency is larger
than their tendency to coevolve as a result of common regulation.

Evolutionary Transitions Between Regulated and Constitutive Ex-
pression. Interspecies differences in the stress response of some
genes may be adaptive and reflect the different physiologies of
these species, as appears to be the case for oxidative phosphory-
lation genes. The stress responses of other genes that differ be-
tween species may also be important, but their absence in some
species could be compensated. One level of compensation is the
response of functionally related genes, as described above. An
additional level of compensation may be acting at individual
genes if, for example, these genes are regulated by post-
transcriptional processes (24, 25). To examine this possibility, we
first asked whether genes which are up-regulated upon stress
in some species, but not in S. cerevisiae, will be enriched with
S. cerevisiae translational up-regulation upon the same stress.
Using data on changes in S. cerevisiae ribosome association upon
stress (26, 27), we indeed found evidence for such effects in
hyperosmotic shock but not in heat shock (Fig. S7).
To further examine the interplay between transcriptional and

posttranscriptional regulation, we next correlated translational
efficiency, as estimated by patterns of codon use (28), with mRNA
stress response for different pairs of species. Interestingly, we
found that genes that respond to stress only in species B tend to
have higher translational efficiency in species A than in B, al-
though this effect is weak (Fig. S8). Because codon use presumably
reflects translational efficiency at basal conditions (before stress),
this result suggests that absence of a stress response may be
compensated to some extent by increased basal activity. Therefore,
this prompted us to investigate whether there are also compen-
sating mechanism(s) at the level of mRNA. For example, if a gene
is required at high mRNA level during some stress, then that level
can be achieved either by induction from a low basal mRNA level
or by having high basal mRNA level with no induction upon stress.
We compared the interspecies differences in stress responses to

those in basal mRNA expression levels (as measured in YPD). To
avoid a potential technical artifact whereby errors in the estima-
tion of YPD levels generate a complementary error in the esti-
mation of stress responses [which are computed as log2(stress/
YPD)], we used different datasets (biological repeats) to calculate
the YPD levels and the stress responses. Indeed, we found that
interspecies differences in stress response are strongly associated
with differences in basal mRNA levels. For example, among the
183 genes that respond to heat shock in S. cerevisiae but not in K.
lactis, 67 genes (37%) have higher basal mRNA levels in K. lactis
than in S. cerevisiae (by at least 1.75-fold), whereas only 20 genes
(11%) display the opposite pattern (i.e., higher basal levels in S.
cerevisiae than in K. lactis; Fig. 4A). Similarly, among the 166 genes
that respond to heat shock in K. lactis but not in S. cerevisiae, 56
genes (34%) have higher basal mRNA levels in S. cerevisiae than in
K. lactis, whereas only 20 genes (13%) display the opposite pattern.
Thus, differences between the response of S. cerevisiae andK. lactis
to heat shock are significantly associated with changes in basal
mRNA levels (P < 10−4 in both cases) such that genes that are not
induced in one species have elevated expression level in that
species even without heat shock, thereby compensating for the lack
of stress-specific induction. A similar, yet considerably stronger,
effect is observed for the carbon starvation response in S. cerevisiae
vs. Y. lipolytica, where ∼60% of the genes that respond only in one
of the species have higher basal level in the other species, whereas
only ∼10% display the opposite pattern (Fig. 4B).

We repeated the above analysis for each of the 12 pairs of
species (A and B) and each of the three stresses, and examined the
genes that respond to the respective stress in species B but not in
species A, and have higher basal level either in A (A > B) or in B
(A < B) by at least 1.75-fold. Strikingly, in all comparisons with at
least 30 genes ,we found a higher percentage of (A > B) genes,
consistent with a compensating effect, and these enrichments were
significant (P < 0.05) for 25 of the 27 comparisons. On average
(over all comparisons), 43% of the differentially up-regulated
genes had higher expression in the species without a response,
whereas only 13% had a lower expression in that species, in-
dicating that compensation by basal mRNA levels may account for
a large proportion of the interspecies differences in up-regulation.
These results could not be accounted by the low basal levels of
stress-responsive genes, as control genes with the same basal levels
(but no stress response) did not have a similar increase in basal
levels at other species (Fig. S9). Similar analysis for the genes that
are down-regulated in species B but not in species A showed the
same effect, although quantitatively weaker (Fig. S9).
To further test the generality of these results, we sought to

analyze interspecies expression differences with other inde-
pendent datasets. First, we repeated the above analysis when basal
mRNA levels of S. cerevisiae,C. albicans, and Y. lipolytica are taken

A B E

C D

Fig. 4. Interplay between divergence of stress response and basal levels. (A)
Genes up-regulated (>2-fold) during heat shock at K. lactis but not up-reg-
ulated (<1.4-fold) at S. cerevisiae (blue bars), and genes up-regulated at
S. cerevisiae but not at K. lactis (red bars), were classified according to the
difference in basal (YPD) mRNA levels between S. cerevisiae and K. lactis
(K.lac∼S.cer refers to a difference smaller than 1.75-fold). (B) Same as A for
comparison of S. cerevisiae with Y. lipolytica in response to carbon starva-
tion. (C) For each pair of species (A and B) and at each of the three stresses,
we identified genes that respond to that stress in species B (>twofold) but
do not respond in species A (<1.4-fold) and calculated the percentage of
these genes in which the basal (YPD) expression level is higher in A than in B
(y axis) or higher in B than in A (x axis) by at least 1.75-fold. For all 36
comparisons (12 species pairs times 3 stresses), the percentage of A > B was
larger than that of A < B (i.e., above the diagonal). The four circles that
represent the examples given in (A) and (B) are highlighted. (D) We identi-
fied genes that respond to one of four environmental stresses or a chemical
stress (Benomyl) either in S. cerevisiae but not in Candida glabrata (circles),
or in C. glabrata but not in S. cerevisiae (squares). The percentages of genes
in which basal mRNA level is higher in the species without a response (A > B)
or in the species with a response (A < B) are shown at the y axis and x axis,
respectively. In all 10 cases, the percentage of A > B is higher than that of
A < B, and in 7 of the cases this enrichment is statistically significant (P <
0.05). (E) Examples of genes that respond to heat-shock only in a subset of
the species but have similar expression levels during heat-shock. The log2

expression levels of each gene are shown for S. cerevisiae, K. lactis, and
C. albicans in YPD and heat shock, after normalizing to mean zero. Gene
names are shown for genes annotated as respiration (r), cell cycle (c), or
vesicle-mediated transport (v). This analysis did not include Y. lipolytica for
simplicity, as this species had the most diverged expression patterns.
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from a previous work (29) and obtained similar results (Fig. S9).
Second, we compared the expression programs of S. cerevisiae and
C. glabrata using microarray datasets from multiple previous
studies, including basal expression levels (29) and response to
environmental (13, 30) and chemical (31) stresses. Remarkably,
combining these diverse datasets and repeating the above analysis,
we again found that interspecies differences in the response to
each of these five different stresses are preferentially associated
with compensation by basal mRNA levels (Fig. 4D). Taken to-
gether, our findings indicate that expression of many yeast stress
genes diverge during evolution by altering the degree by which
their activation is induced versus constitutive.

Nonconserved Stress Responses May Reflect Biological Noise. In ad-
dition to interspecies differences that are either adaptive or com-
pensated, other nonconserved responses may reflect biological
noise, e.g., due to chance occurrences of regulatory sequence
motifs that evolved by neutral drift (17). On average, 30% of the
genes that are up-regulated in a given species and condition are up-
regulated only in that species and not in the three other species
(species-specific response, defined as >twofold in one species and
<1.4-fold in all others). Of these, approximately half show evidence
of compensation, whereas the rest (i.e., ∼15% of all responding
genes) are not associated either with compensation or with stress-
related functional annotations. Notably, promoters of these spe-
cies-specific response genes are enriched with transcription factor
binding sites that are not conserved even among the closely related
Saccharomyces sensu-stricto species, consistent with the possibility
that stress responses of many of these genes may reflect biological
noise through chance occurrences of sequence motifs (Fig. S10).
Taken together, our results suggest that yeast stress responses di-
verged extensively through compensatory changes and biological
noise and thus that the response (or lack thereof) of genes to
a given stress should be interpreted with caution.

Discussion
Our comparison of the responses of four yeast species to three
stresses revealed extensive divergence. A potential caveat of this
and other interspecies studies is that the same conditions might not
induce the same responses of different species, as some species are
more or less adapted to these conditions. Accordingly, it could be
argued that, for some species, YPD is already stressful or one of the
stress conditions is not stressful, and thus that we are not capturing
their stress responses and interpret this as constitutive activation.
However, several evidences argue against this interpretation. First,
all species mount a large-scale response to each of the stresses that
involves preferential up-regulation of stress genes and down-reg-
ulation of growth genes (Fig. S3). Second, we observed an in-
creased conservation when examining the average response of
functional gene sets, suggesting that the species do have a similar
functional response to these stresses. Third, our results are con-
sistent among many different pairwise species comparisons and
among three different stresses. It is difficult to imagine that this
differential stress sensitivity affects each pairwise comparison and
at each of the conditions. Fourth, in some analyses, we considered
the direction of expression divergence and obtained the same
results when switching the identity of the species (e.g., in Fig. 4
every species was defined once as A and once as B in each pairwise
comparison and for each stress; in every case, we found an en-
richment of genes that are induced in B but have constitutively high
levels in A). Thus, although there likely is some variability between
the species’ sensitivity to the tested conditions, the global patterns
that we observe are unlikely to reflect such effects.
At face value, the observed divergence may indicate that yeasts

deal with stresses differently. However, our results suggest that
theymay in fact be using a similar set of genes to cope with stresses,
but the expression patterns of these genes has diverged extensively
through compensatory changes. Such compensation could occur
by activation of different genes in the same pathway or complex
(23) (Fig. 3), by interplay between transcriptional and posttran-
scriptional regulation, which we only partially address here (see

Figs. S7 and S8), or through a mechanism in which induced genes
in some species are constitutively active in other species (Fig. 4).
This last compensatory mechanism is consistent with the pos-

sibility that, for many stress-related genes, mRNA levels during
stress are constrained whereas their (presumably less functional)
basal levels evolve faster, thereby enabling rapid divergence of the
expression response to stress without compromising the activity of
these genes during stress. For example, Fig. 4E shows the relative
expression levels of 95 genes in S. cerevisiae, K. lactis, and
C. albicans, at YPD and heat shock. Each of these genes responds
to heat shock only in a subset of the species yet has similar ex-
pression levels upon heat shock among the three species (and
thus differs among the species mostly in basal YPD levels). These
genes are enriched with aerobic respiration (“r,” up-regulated
primarily in S. cerevisiae), cell cycle regulation (“c,” up-regulated
primarily in K. lactis), and vesicle-mediated transport (“v,” up-
regulated primarily in C. albicans).
Concomitant changes in a gene’s stress response and basal

level could most easily be realized by changing only its basal level
but without affecting its level upon stress. For example, if a gene
is repressed at rich media but this repression is relieved during
stress, then mutations that eliminate the repression mechanism
would both increase its basal level and decrease its stress re-
sponse but not affect the level during stress. Such loss of re-
pression mechanisms may account for the interplay that we
observe between stress response and basal levels. However, in-
duction of stress-response genes is often accomplished by acti-
vating signals, such as transport of stress-related TFs (e.g.,
MSN2/4) from the cytoplasm to the nucleus or their activation
through other means (32). Mutations that affect induction of
genes through these stress-specific signals are expected to affect
only the stress response of such genes but not their basal levels.
Therefore, we expect that many genes evolved by two comple-
mentary sets of mutations (those affecting their response to
stress and those affecting their basal levels) and that the com-
bined influence of these mutations generates transitions between
an inducible stress response and constitutive activation.
Transitions between induced and constitutive expression may

reflect physiological differences between these yeast species. For
example, although the three other species generate energy pri-
marily by respiration, S. cerevisiae preferentially ferments glucose
thus and maintains low levels of respiration genes during rapid
growth, which are induced upon stress (8). For other genes,
however, such transitions may not reflect physiological differ-
ences. For example, a gene that is required only during stress
might be stress-induced in one species but constitutively
expressed in another species. Widespread nonfunctional basal
expression is consistent with recent observations in mammalian
cells that numerous genes are expressed in tissues where they
have no function (i.e., ectopic expression; refs. 17 and 33–35).
Nonfunctional basal expression may reflect expression leakage as
a result of neighboring genes or regulatory mutations that ac-
cumulated through neutral drift; or it may be beneficial, partic-
ularly to microbes that face constantly changing environments, as
it relieves the need to “infer” when and to what extent genes
should be induced, which might be a complex and error-
prone process.
Approximately 15% of the stress-regulated genes behave in a

species-specific manner and show no evidence of functional an-
notations related to stress responses. Regulation of this class of
genes could be due to evolutionary adaptations or compensation
by as yet unknown mechanisms, but it is also possible that these
regulatory events represent biological noise. In this context, bi-
ological noise refers to regulatory events in living cells (i.e., are not
experimental error) that occur fortuitously and are functionally
irrelevant to the stress response. A simple mechanism for such
biological noise stems from the fact that DNA binding motifs for
transcriptional regulatory factors are short and occur frequently by
chance. For example, a typical motif has specificity equivalent to
six absolutely defined base pairs and can occur at either one of the
DNA strands, and this would occur at a frequency of ∼1/2,000 bp
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by chance. As binding sites for a given factor should function
within a∼250 bp region corresponding to the promoter, this means
that a random gene has a ∼12% chance to be affected by a given
transcription factor. Most stress responses are mediated by mul-
tiple transcription factors, so the observed value of 15% of species-
specific regulation is consistent with biological noise. Although
these considerations do not prove that such species-specific reg-
ulatory events are indeed due to biological noise, it is a plausible
explanation and we suspect that at least some of these regulatory
events are indeed functionally insignificant.

Materials and Methods
RNA Sequencing. Yeast strains (Table S1) were grown at 28 °C in YPD medium
until midlog phase (OD600 ∼ 0.6), and then separately subjected to osmotic
shock (0.4 M NaCl at 30 °C for 5 min), heat shock (39 °C for 10 min), or carbon
starvation (YP medium for 6 h). Equal amounts of poly(A)-containing RNA
from different yeasts from the same growth conditions were pooled to-
gether before reverse transcription and library preparation and subjected to
RNA sequencing with a HeliScope sequencer (Helicos). Raw sequencing data
(NCBI accession number SRA029166.1, SRP005689) were mapped against the

processed combined reference genome of the four yeasts using HeliSphere
software (DGE pipeline) and then assigned to the individual species.

Comparison of Expression Responses. Expression levels at each condition were
averaged over two biological repeats for S. cerevisiae and K. lactis. For C.
albicans and Y. lipolytica, where one replicate is of lower quality than the
other, we used only the apparent higher-quality dataset in most of analyses,
although averaging of the two replicates did not change our main results
(Fig. S11). Log2 ratios of expression in each stress with respect to YPD were
centered to a mean of zero. Response to a particular stress was defined as a
ratio > 1.75-fold (increase or decrease) and P value (binomial test) below
0.05, and ESR genes were defined as those responding to all three stresses in
a given species. Species-specific responses were defined as genes with >2-
fold (and P < 0.05) response in one species and <1.4-fold in others. Pairwise
species comparisons used one-to-one orthologs. Details on the experimental
and bioinformatic analyses are described in SI Materials and Methods.
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