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Yeast cells respond to stress by mediating condition-specific gene expression changes and by mounting a common
response to many stresses, called the environmental stress response (ESR). Giaever et al. previously revealed poor
correlation between genes whose expression changes in response to acute stress and genes required to survive that stress,
raising question about the role of stress-activated gene expression. Here we show that gene expression changes triggered
by a single dose of stress are not required to survive that stimulus but rather serve a protective role against future stress.
We characterized the increased resistance to severe stress in yeast preexposed to mild stress. This acquired stress
resistance is dependent on protein synthesis during mild-stress treatment and requires the “general-stress” transcription
factors Msn2p and/or Msn4p that regulate induction of many ESR genes. However, neither protein synthesis nor Msn2/4p
is required for basal tolerance of a single dose of stress, despite the substantial expression changes triggered by each
condition. Using microarrays, we show that Msn2p and Msn4p play nonredundant and condition-specific roles in
gene-expression regulation, arguing against a generic general-stress function. This work highlights the importance of
condition-specific responses in acquired stress resistance and provides new insights into the role of the ESR.

INTRODUCTION

Cells living in variable environments must adapt to sudden
environmental changes that can stress the cellular system.
Most natural environments are inherently variable over
space and time, and as such environmental stresses can
occur across gradients, in combinations, and in rapid suc-
cession. The ability to survive successive stress treatments
and to prepare for severe stress after early signs of a problem
presents a significant selective advantage for creatures living
in natural environments.

Acquired stress resistance (sometimes called the “adap-
tive response”) is a phenomenon in which cells exposed to a
mild dose of one stress can subsequently survive an other-
wise lethal dose of the same or a second stress. The phe-
nomenon has been documented in diverse organisms, in-
cluding bacteria, plants, fungi, and humans, and in many
cases requires a transcriptional response to the mild stress
treatment (for example, Hahn et al., 1989; Talalay and Fahey,
2001; Chinnusamy et al., 2004; Durrant and Dong, 2004;
Charng et al., 2006; Hecker et al., 2007; Jeong et al., 2006; Zhao
et al., 2006; Kensler et al., 2007; Matsumoto et al., 2007).

Acquired stress resistance is also well documented in
budding yeast, Saccharomyces cerevisiae (Mitchel and Morri-
son, 1982, 1983; Blomberg et al., 1988; Barnes et al., 1990;
Jamieson, 1992; Flattery-O’Brien et al., 1993; Davies et al.,
1995; Lewis et al., 1995; Swan and Watson, 1999; Chi and
Arneborg, 2000; Pereira et al., 2001; Kandror et al., 2004;

Palhano et al., 2004). Cross-stress protection between pairs of
different stresses was proposed to depend on a large gene
expression response triggered by stress, called the environ-
mental stress response (ESR; Martinez-Pastor et al., 1996;
Schmitt and McEntee, 1996; Gasch et al., 2000; Causton et al.,
2001). This response consists of �300 induced genes and 600
repressed genes whose functions are related to stress de-
fense and protein synthesis, respectively. Many of the genes
induced in the ESR are regulated in part by two paralogous
transcription factors, Msn2p and Msn4p (Gasch et al., 2000;
Causton et al., 2001). These proteins are assumed to play
largely redundant roles in “general” stress protection, be-
cause single deletion of either gene provides little to no
phenotype in stress sensitivity (Estruch and Carlson, 1993;
Martinez-Pastor et al., 1996; Schmitt and McEntee, 1996).
Nuclear localization of the factors, and hence induction of
their target genes, is activated by a wide range of stressors
and is thought to protect cells against the offending stress
and provide cross-stress protection against other stresses
(Martinez-Pastor et al., 1996; Schmitt and McEntee, 1996;
Gorner et al., 1998, 2002). However, numerous lines of evi-
dence indicate that, although Msn2p and Msn4p targets are
induced by a panel of different conditions, many of the
individual genes are not required to survive the original
stress (Gasch, 2002a). More broadly, global studies show a
poor correlation between stress-activated gene expression
changes and the importance of the genes’ function in sur-
viving that stress (Giaever et al., 2002). These observations
suggest that gene expression changes triggered by stress
play another role besides survival of the original stress
stimulus.

Here we show that stress-activated gene expression
changes, including those regulated by Msn2p and Msn4p,
are not required to survive a single stress treatment but
rather play a critical role in acquired stress resistance. Al-
though cells lacking MSN2 and/or MSN4 (MSN2/4) dis-
played normal basal levels of stress tolerance, both the single
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and double mutants showed significant defects in acquired
resistance to most stresses examined. Interestingly, the de-
fect in acquired resistance varied for each mutant and de-
pending on the mild stress treatment. We therefore charac-
terized genomic expression in cells lacking either MSN2 or
MSN4 or both factors. We show that the two proteins play
nonredundant roles in gene-expression regulation that vary
by gene and by condition. Together, these results highlight
the importance of condition-specific gene expression re-
sponses in acquired stress resistance.

MATERIALS AND METHODS

Acquired Stress Resistance Experiments
All data shown are for strains in the BY4741 background (Mat a his3�1 leu2�0
met15�0 ura3�0), described in Supplemental Table S1. Strains lacking MSN2
or MSN4 were generated in the W303 (Mat a leu2�3112 trp1�1 can1�100
ura3�1 ade2�1 his3�11,15) and RM11-1a (Mat a leu2�0 ura3�0) backgrounds
as described in Supplemental Table S1, and a W303 double deletion strain was
obtained from the lab of M. Carlson. Cultures were grown in YPD (1% yeast
extract, 2% peptone, 2% glucose) for at least 12 h to an optical density (OD600)
of 0.3. Each culture was split into two cultures: one received a single dose of
mild (“primary”) stress, and the other served as a mock control to which no
stress was added. Primary stresses included 0.2 mM H2O2, 0.7 M NaCl, 5% or
10% ethanol, growth to different phases, or a shift from 30 to 37°C (for which
cells were collected by centrifugation and resuspended in YPD prewarmed
to 37°C). Mock-treated cells were handled identically except that carrier
solution without drug (or medium preheated to 30°C in the case of heat
shock) was added.

Resistance to a panel of severe (“secondary”) stresses was scored at various
times after primary-stress addition. An aliquot of unstressed cells was col-
lected immediately before primary-stress addition. At 15, 30, 60, and 120 min
later, an aliquot of cells was collected by brief centrifugation and resuspended
in YPD at OD600 0.6. Cells were then diluted 3� in 96-well plates containing
YPD alone or YPD plus one of 11 doses of each secondary stress ranging from
0 to 5 mM H2O2, 0 to 15% ethanol, and 0 to 3 M NaCl; cells were also exposed
to elevated temperatures ranging from 37 to 57°C using the gradient function
of a thermocycler (Eppendorf, Fremont, CA). Cells were exposed to H2O2,
ethanol, and NaCl secondary stresses for 2 h at 30°C with shaking in 96-well
plates or for 10 min at high temperatures. For postdiauxic phase experiments,
cells were grown to OD600 2.7, diluted to OD600 0.6, and immediately added
to the secondary stresses. For stationary phase experiments, cells were grown
for 6 d at 30°C with shaking and then diluted to an OD600 of 0.6 in spent
medium and added to the secondary stresses. A 200-fold dilution of each
culture was spotted on YPD agar plates and grown for 48 h, after which
viability at each dose of stress was scored by visual inspection using a
four-point scale to score 100%, 50–100%, 10–50%, or 0% survival compared
with the no-secondary-stress control. An overall survival score was calculated
as the sum of scores over 11 doses of stress; each score was normalized to the
maximum dose of secondary stress survived relative to the mock-treated
cultures. Cycloheximide and thiolutin experiments were done as above, ex-
cept that 10 �g/ml cycloheximide or thiolutin was added to the culture 20 or
5 min, respectively, before primary-stress addition and/or concurrent with
secondary stress. A mock-treated culture received inhibitor treatment but no
primary stress.

Microarray and Quantitative PCR Experiments
Cell collection, lysis, and total RNA isolation were performed as previously
described (Gasch, 2002b). Sample labeling was done according to described
protocols (Gasch, 2002b) using cyanine dyes (Flownamics, Madison WI),
Superscript III (Invitrogen, Carlsbad, CA), and amino-allyl-dUTP (Ambion,
Austin, TX). Microarrays were spotted in house using 70mer oligonucleotides
representing each of the yeast ORFs (Qiagen, Chatsworth, CA). Arrays were
scanned using a scanning laser (GenePix 4000B) from Molecular Devices
(Sunnyvale, CA). Microarray data were normalized using the method of Lyne
et al. (2003). All microarray data are available in the GEO database under
accession number GSE8335.

The response of BY4741, msn2�, msn4�, and the double-deletion strain to
heat shock or NaCl was characterized by microarray analysis. Cells were
grown for two or three doublings in YPD at 30°C to early-log phase, and a
sample of each culture was collected as the unstressed reference. Cells were
collected at 45 min after addition of 0.7 M NaCl or 15 min after cells were
briefly centrifuged and resuspended in 37°C medium. RNA collected from
each stressed culture was compared with RNA from the unstressed culture of
the same strain. Five biological replicates were performed. Real-time quanti-
tative PCR (qPCR) reactions were performed using Sybr green Jumpstart Taq
(Sigma Aldrich, St. Louis, MO) and an Applied Biosystems 7500 detector
(Foster City, CA). The average of technical replicates was normalized to the

internal control transcript, ERV25, which does not show stress-dependent
changes in expression.

For Figure 5, three microarray time courses were conducted in duplicate for
wild-type cells. Cells were grown as above, exposed to 0.7 M NaCl and
collected for microarray analysis before stress and at 15, 30, 45, and 60 min
after application of NaCl. After the 60-min time point, cells were collected by
centrifugation, resuspended in fresh YPD medium, and either allowed to
grow for 30 min (YPD control) or exposed to 0.5 mM H2O2 stress for the
second microarray time course. The third time course followed cells that were
grown in YPD and then exposed directly to 0.5 mM H2O2 without pretreat-
ment with NaCl; cells were collected at 10, 20, 30, and 40 min after the
addition of H2O2. For all microarray experiments, the sample collected after
stress addition was compared with the unstressed control. A third series of
time courses was performed on cells lacking MSN2, as described above.

Statistics and Microarray Data Analysis
Genes dependent on Msn2p or Msn4p or both were identified as those with
a statistically significant defect in induction compared with wild-type cells
(q � 0.05; Storey and Tibshirani, 2003) or with an induction defect in at least
90% of the unpaired microarray comparisons across strains plus a �1.5�
weaker average induction compared with wild type. These genes were clas-
sified as described in Figure 4 based on an average expression change that
was �1.5� different between indicated strains.

For the acclimation experiments, H2O2-dependent gene expression changes
were defined as those with �1.5� change in expression in at least three time
points from the replicate H2O2-alone time courses, applied to data in which at
least 80% of the data were present. Acclimated expression changes in cells
treated with H2O2 after NaCl exposure were defined as those with a �1.5-fold
weaker expression response to H2O2 in at least three time points out of the
pooled wild-type time courses or two time points in the msn2� time course.
Gene clustering was done in Cluster 3.0 (http://bonsai.ims/u-tokyo.ac.jp/
�mdehoon/software) using hierarchical clustering and uncentered Pearson
correlation as the metric (Eisen et al., 1998). Enrichment of gene functional
categories was performed using the hypergeometric distribution in Excel
(Microsoft, Redmond, WA) or the program Funspec (Robinson et al., 2002)
with Bonferroni-corrected p values � 0.01 taken as significant.

RESULTS

Characterization of Acquired Stress Resistance in
Wild-Type Cells
We first set out to systematically characterize acquired stress
resistance in wild-type cells using our assay. We measured
the ability of cells pretreated with mild (primary) stress to
survive a panel of severe (secondary) doses of stress. Cells
were exposed to a single dose of primary stress for varying
times and then removed from primary stress and exposed to
11 doses of each of four secondary stresses (NaCl, H2O2,
ethanol, and extreme heat) and a no-stress control. A scoring
system measured the fraction of primary stress-treated cells
that survived the 11 doses of each secondary stress, com-
pared with a mock-treated culture. Each score was ad-
justed to reflect the fold-increase in maximum dose of
stress survived by the cells in each experiment (see Mate-
rials and Methods).

Acquired stress resistance was common, although not
universal for all stresses (Figure 1), consistent with previous
reports (Jamieson, 1992; Flattery-O’Brien et al., 1993; Lewis et
al., 1995; Palhano et al., 2004). With the exception of ethanol
(data not shown), all of the primary stresses provoked re-
sistance to a more severe dose of the same stressor (referred
to as “same-stress” resistance). Mild treatment with these
stresses also provided “cross-stress” protection to at least
one other stress: heat shock and growth to stationary phase
provoked resistance to all four of the secondary stresses
tested, in agreement with previous results (Hall, 1983;
Werner-Washburne et al., 1993; Lewis et al., 1995), whereas
primary NaCl or H2O2 treatment provided protection
against severe doses of both of these conditions. The only
exception to these trends was mild ethanol treatment, which
provided no protection against any stress (data not shown).
This peculiarity is apparently specific to the S288c lab strain,
because wild yeast strains can readily acquire stress resis-
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tance after mild ethanol treatment (J. C. Painter, J. A. Lewis,
and A. P. Gasch, unpublished data).

Comparing the levels and dynamics of acquired stress
resistance revealed important differences in the response to
each stress combination. In particular, numerous lines of
evidence suggest that same-stress resistance occurs via dis-
tinct mechanism(s) compared with cross-stress protection.
First, cells exposed to a mild heat shock acquired resistance
to a higher dose of the same stress faster (i.e., within a
shorter exposure time to mild stress) than they acquired
cross-stress resistance (Figure 1C). Second, the dose of pri-
mary stress had different effects on same- versus cross-stress
resistance (Supplemental Figure S1). For example, cells ex-
posed to one of three different primary doses of NaCl stress
(0.5, 0.7, or 0.9 M) acquired roughly equivalent levels of
resistance to secondary NaCl stress but showed a dose-
dependent response in cross-stress protection against H2O2
stress (Supplemental Figure S1). Finally, acquired resistance
to severe NaCl or H2O2 stress after a mild heat shock (cross-
stress protection) was dependent on Msn2/4p, whereas re-
sistance to severe heat after a mild heat shock (same-stress
protection) was not (see below). These results are consistent
with the model that cross-stress protection occurs via a
distinct response to the original stressor.

Nascent Protein Synthesis Is Necessary for Acquired
Stress Resistance But Not Basal Stress Tolerance
The dynamics of acquired stress protection roughly corre-
lated with that of gene expression changes triggered by each
primary stress (data not shown), suggesting that nascent
transcription and/or protein synthesis is required. Indeed,
we found that resistance to severe H2O2 or NaCl after mild
treatment with either stress was abolished or diminished if

cycloheximide was given concurrent with the primary
stress, but not if given in combination with the secondary
stress (Figure 2). Treatment of cells with a high dose of
thiolutin, at which both transcription and protein synthesis
are halted (Jimenez et al., 1973), also abolished acquired
resistance after primary NaCl treatment (data not shown).
Therefore, normal acquisition of secondary-stress resistance
requires protein synthesis during exposure to primary stress
but not secondary stress treatment.

Surprisingly, however, neither protein synthesis nor gene
expression was required for basal tolerance of a single stress
treatment. Cells pretreated with cycloheximide or thiolutin
showed no significant difference in basal tolerance of NaCl,
H2O2, ethanol, or extreme heat in our assay, over a range of
stress doses, compared with untreated cells (Supplemental
Figure S2). This result confirms a long-standing observation
that basal thermotolerance is not diminished in the presence
of cycloheximide (Hall, 1983). Thus, the extensive remodel-
ing of genomic expression triggered by acute stress treat-
ment is not required to survive that treatment, but is re-
quired to survive subsequent stress exposure.

Acquired Stress Resistance, But Not Basal Stress
Tolerance, Requires the Transcription Factors Msn2p
and Msn4p
We next characterized acquired stress resistance in cells
lacking either one or both of the “general-stress” transcrip-
tion factors Msn2p and Msn4p, previously proposed to par-
ticipate in the adaptive response (Estruch and Carlson, 1993;
Martinez-Pastor et al., 1996; Schmitt and McEntee, 1996).
Consistent with prior studies (Estruch and Carlson, 1993;
Martinez-Pastor et al., 1996), we found that cells lacking
either factor displayed wild-type levels of basal stress toler-

Figure 1. Wild-type cells acquire resistance to severe stress after exposure to mild stress. Cell survival of severe (secondary) stress was
scored at various times after exposure to a mild (primary) dose of stress. The fold-increase in maximum secondary-stress dose survived
compared with a mock-treated culture is shown at 15, 30, 60, and 120 min of primary stress exposure. Primary stresses included (A) 0.7M
NaCl, (B) 0.2 mM H2O2, (C) a 30°C to 37°C heat shock, or (D) growth to different phases. Increased thermotolerance is indicated as maximum
°C survived. Plots represent the average and SE of the mean (SEM) of at least triplicate experiments, except for growth-phase experiments,
which show the average and range of duplicates. Asterisks represent resistance that was significantly different from mock-treated cells in �2
time points (p � 0.01, t test).
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ance over a range of stress doses in both liquid and solid
media, with the exception of ethanol tolerance (Supplemen-
tal Figures S3 and S4). Martinez-Pastor et al. (1996) previ-
ously reported sensitivity of the msn2�msn4� double mu-
tant to very extreme doses of stress at which few wild-type
cells survive. We did not capture any sensitivity in our assay
after short-term stress exposure (Supplemental Figures S3
and S4). These phenotypes are not specific to the S288c
background, because mutants in the W303 background or
the vineyard isolate RM11-1a had the same phenotypes
(data not shown). Thus, Msn2p and Msn4p are not required
for acute stress tolerance over a range of heat, NaCl, and
H2O2 treatments.

In contrast, the mutant strains displayed a major defect in
acquired stress resistance triggered by these stresses (Figure
3). Interestingly, the defect was different depending on the
primary stress and the mutant. For example, msn2� and
msn4� cells treated with a mild heat shock showed reduced
tolerance of secondary NaCl or H2O2 stress but not severe
temperatures (Figure 3 and Supplemental Table S2). The
defect was exacerbated in a strain lacking both MSN2 and
MSN4, indicating that the proteins play partially overlap-
ping roles in response to heat shock. The single mutants
treated with mild NaCl treatment also displayed a defect in
acquired resistance to severe NaCl or H2O2, although the

defect was greater in the msn2� mutant compared with the
msn4� strain. Similar defects were observed in the W303
mutant strains investigated (data not shown). In contrast to
primary NaCl and heat stress, cells exposed to mild H2O2
treatment (Figure 3) or cells grown to stationary phase (Sup-
plemental Table 2) acquired significant resistance to severe
NaCl or H2O2 treatment largely independently of Msn2p or
Msn4p. Thus, the factors contribute to acquired stress resis-
tance triggered by some, but not all, primary stresses.

Msn2p and Msn4p Play Condition-specific and
Nonredundant Regulatory Roles
To identify the role of Msn2p and Msn4p in primary stress
response, we characterized gene expression in wild-type
cells and cells lacking MSN2, MSN4, or both factors as cells
responded to NaCl or heat shock (see Materials and Methods
for details). We identified 140 genes and 82 genes whose
induction was dependent on one or both factors in response
to NaCl or heat shock, respectively. Only 49 genes were
affected by MSN2 and/or MSN4 (MSN2/MSN4) deletion
under both conditions, revealing only partial overlap in the
Msn2/4p targets identified in the two experiments.

Genes fell into different classes according to their depen-
dence on Msn2p versus Msn4p (Figure 4), and this was
validated by qPCR (Supplemental Figure S5). Few, if any,

Figure 2. Protein synthesis is required for acquired stress resistance. Acquired stress resistance was measured as described in Figure 1 after
60 min treatment with (A) NaCl or (B) H2O2 primary stress, in the presence or absence of cycloheximide. Cycloheximide-treated cells were
exposed to 10 �g/ml inhibitor for 20 min before and throughout primary-stress and/or secondary-stress exposures. Each plot shows the
average and SEM of triplicate experiments. Conditions that provided acquired stress resistance compared with mock-treated cells are marked
with an asterisk (p � 0.01).

Figure 3. Strains lacking Msn2p or Msn4p show defects in acquired stress resistance. Cells were exposed to primary and secondary stresses
as described in Figure 1. The fold-increase in maximum dose of secondary stress survived 60 min after exposure to 30–37°C heat shift, 0.7
M NaCl, or 0.2 mM H2O2 primary stress is shown for wild-type and mutant strains, as indicated by the key. Resistance to (A) NaCl or (B)
H2O2 secondary stress is shown after each primary-stress treatment indicated on the x-axis. Plots show the average and SEM of at least
triplicate experiments.
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genes showed a clear expression defect in the double-dele-
tion but not the single-deletion strains, a pattern expected if
the mutants were acting entirely redundantly. Furthermore,
only 20% of the Msn2/4p targets identified in each experi-
ment showed an additive induction defect in the double-
deletion strain. For example, DDR1 and STF2 showed
weaker induction in the msn2� and msn4� mutants com-
pared with wild type and an exacerbated defect in the
msn2�msn4� double mutant responding to both stresses
(Supplemental Figure S5). This observation reveals that
Msn2p and Msn4p are partially redundant for induction of
these genes. The remaining 80% of targets did not show an
additive phenotype in the double-deletion strain. In fact,
many of these genes required both Msn2p and Msn4p for
full induction (Figure 4B and Discussion). In general, Msn2p
played a larger role than Msn4p in regulating gene expres-
sion, evidenced by both the number of genes dependent
only on Msn2p (40–60% of targets, depending on the stress)
and the greater contribution of Msn2p to the induction of
genes dependent on both factors. Thus, the regulatory role
of Msn2p versus Msn4p is distinct for different genes, con-
firming previous reports at the single-gene level (Schmitt

and McEntee, 1996; Treger et al., 1998; Amoros and Estruch,
2001) and is nonredundant in the majority of cases.

Interestingly, the dependence on Msn2p versus Msn4p
varied by stress, revealing condition-specific differences in
Msn2/4p action. First, there were significantly more
Msn2/4p targets triggered by NaCl stress (140 genes) than
heat shock (82 genes). This was confirmed at several genes
by qPCR, such as ICY1, YDR379C-A, and YLR356W, whose
induction was Msn2/4p dependent in response to NaCl but
independent of Msn2/4p after heat shock (see Discussion).
Second, many of the genes regulated by Msn2/4p in re-
sponse to both stresses were classified differently depending
on the stress, revealing condition-specific regulation at indi-
vidual genes (Supplemental Table S3). For example, expres-
sion of HSP12 showed an additive dependence on Msn2p
and Msn4p in response to heat shock (consistent with pre-
vious studies [Treger et al., 1998]) but was dependent only
on Msn2p in response to NaCl stress. Third, Msn4p played
a larger role in response to NaCl than heat shock: more
genes were affected by MSN4 deletion alone in response to
NaCl (76/140, or 54% of targets) than heat shock (25/82,
only 30% of targets). qPCR results suggest there may be

Figure 4. Genes show different dependencies on Msn2p versus Msn4p, depending on the stress. Gene expression was characterized using
DNA microarrays in wild-type and mutant cells 45 min after treatment with 0.7M NaCl or 15 min after a 30–37°C heat shock. The average
log2 expression change is shown for genes dependent on Msn2p and/or Msn4p in response to NaCl (left) or heat shock (right): (A) 21 genes
and 16 genes that showed a greater expression defect in the msn2�msn4� strain than either single mutant responding to NaCl treatment or
heat shock, respectively; (B) 60 genes and 18 genes that showed an induction defect in both msn2� and msn4� strains responding to NaCl
treatment or heat shock, respectively, but for which no additive defect was observed in the double mutant; and (C) 59 genes and 48 genes
that showed a significant defect only in the msn2� and msn2�msn4� strains responding to NaCl treatment and heat shock, respectively.
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additional NaCl-affected genes with a subtle defect in the
msn4� strain that was below the original cutoff used in the
microarray analysis (Supplemental Figure S5). Furthermore,
Msn4p contributed more to the induction of genes with an
additive defect in response to NaCl treatment. Thus, the
precise roles of Msn2p and Msn4p clearly vary by condition.

Primary-Stress Treatment Alters the Gene Expression
Response to Secondary Stress
To characterize the effects of acquired stress resistance on
gene expression, we followed genomic expression in cells
exposed to severe H2O2 treatment, with and without mild
NaCl pretreatment. The response to H2O2 was significantly
altered if cells had been pretreated with NaCl (Figure 5).
Expression of nearly 777 genes was induced and 626 genes
was repressed in untreated cells exposed to H2O2 (see Ma-
terials and Methods). Of these, nearly 40% of induced genes
and 50% of repressed genes showed smaller expression
changes in response to H2O2 if cells had been preexposed to
NaCl (Figure 5). The smaller changes in expression indicate
that the H2O2 response of these genes was acclimated in cells
previously stressed by NaCl. Notably, more than 60% of
these genes were already altered in expression during the
NaCl pretreatment. The genes that displayed acclimated
expression changes after H2O2 treatment were strongly en-
riched for genes in the ESR (p � 10�12). In contrast, many
genes did not show acclimation in cells pretreated with
NaCl, including targets of the H2O2-activated transcription
factor Yap1 (Figure 5C).

Unlike wild-type cells, in which nearly half of the H2O2-
triggered expression changes were acclimated in NaCl-pre-
treated cells, there were significantly fewer acclimated ex-
pression changes in the msn2� strain responding to the same
conditions. Of the genes that showed acclimation, the ma-

jority was repressed by H2O2 treatment (Figure 5A, bottom).
The smaller number of acclimated expression changes in the
msn2� strain correlates with the observed defect in acquired
stress resistance under these conditions. Thus, the accli-
mated expression seen in wild-type cells is a response spe-
cific to cells with acquired stress resistance and not simply a
consequence of multiple stress treatments.

DISCUSSION

Cells respond to acute stress by dramatically altering
genomic expression; however, few (1–3%) of the genes
whose expression is affected are required to survive that
stress treatment (Giaever et al., 2002). Our results suggest
that the primary function of these gene expression changes
is to provide protection against impending stress. Strains
lacking the transcription factors Msn2p and/or Msn4p have
a major defect in acquired stress resistance but no observed
sensitivity to a single dose of acute stress. The defect in
acquired, but not basal, stress resistance correlates with a
defect in gene expression in the msn2/4 mutants responding
to primary stress (Figure 4), again suggesting that the stress-
activated expression changes contribute to acquired instead
of basal stress tolerance. Consistently, nascent protein syn-
thesis is not required to survive the acute stresses studied
here but is critical for acquisition of normal levels of subse-
quent stress resistance. Finally, cells that have already ac-
quired stress resistance show smaller differences in stress-
activated gene expression, at a specific subset of genes
heavily enriched for ESR genes (Figure 5). Thus, the ob-
served expression changes provide a preparative role for
impending stress rather than a protective role against the
original stimulus.

Figure 5. Cells with acquired stress resistance show an altered expression response to stress. Cells were exposed to 0.5 mM H2O2, alone or
after 60 min pretreatment with 0.7M NaCl. Microarrays were conducted at 10, 20, 30, and 40 min after H2O2 treatments or 15, 30, 45, and 60
min after NaCl addition. The average log2 expression is shown for (A) 316 genes with acclimated H2O2-responsive repression in wild-type
cells pretreated with NaCl; (B) 288 genes with acclimated H2O2-responsive induction in wild-type cells pretreated with NaCl; and (C) 64
Yap1p targets (Gasch et al., 2000) in wild-type (top panels) and msn2� cells (bottom panels).
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Given the time required for nascent transcription and
translation, it is understandable that cells would not rely on
time-consuming syntheses to survive sudden exposure to
fungicidal stress. Even for fungistatic stresses, such as shift
to a suboptimal carbon source (for which induction of key
metabolism genes is required for survival, e.g., galactose
utilization genes), the vast majority of expression changes
are not required for survival, at least in the short-term
(Giaever et al., 2002). Natural environments are highly vari-
able, and stressful environmental changes can occur in com-
bination and in close succession. Furthermore, many stresses
may accumulate incrementally over temporal gradients. The
ability to prepare for impending stress would provide an
important advantage for microbes competing in the wild.
The advantage of such a response has likely contributed to
the extensive conservation of stress-activated gene expres-
sion changes in fungi and other microbes (Gasch et al., 2000;
Chen et al., 2003; Gasch, 2007).

Cross-stress protection had been attributed to a general-
stress activation of Msn2/4p and initiation of the ESR (Mar-
tinez-Pastor et al., 1996; Schmitt and McEntee, 1996; Gorner
et al., 1998; Navarro-Avino et al., 1999; Gasch et al., 2000;
Causton et al., 2001). However, our results argue that ac-
quired stress resistance cannot be explained by simple acti-
vation of the ESR, but rather is determined by condition-
specific responses. First, although all conditions examined
here activate the ESR (including ethanol treatment, data not
shown), cross-stress protection is not universal. Second,
cross-stress protection shows different dependencies on
Msn2p versus Msn4p depending on the stress combination.
Finally, survival of the identical secondary stresses (severe
NaCl and H2O2) occurs via distinct regulatory systems de-
pending on the mild stress, indicating that the mechanism of
protection is established by the primary stress treatment.
Together, these results argue against the model that
Msn2/4p give rise to a general-stress response that univer-
sally underlies cross-stress protection (Martinez-Pastor et al.,
1996; Schmitt and McEntee, 1996).

Instead, our work supports the model that Msn2p and
Msn4p play largely nonredundant, condition-specific roles
in providing future stress protection. Both the acquired-
stress phenotypes (Figure 3) and the gene expression defects
(Figure 4) indicate that Msn2p and Msn4p play distinct roles
in response to different stresses. We found no genes where
Msn2p and Msn4p play entirely redundant roles, and few
(�20%) of Msn2/4p targets showed evidence of partial re-
dundancy in Msn2p versus Msn4p regulation. Instead,
many genes required both Msn2p and Msn4p, acting non-
redundantly, for full induction. There were clear differ-
ences in gene targets as well as the relative contributions
of Msn2p and Msn4p at those genes, depending on the
stress to which cells were exposed. Thus, Msn2p and
Msn4p have much more specific roles in stress defense
than previously appreciated.

A number of possible models could explain the condition-
specific involvement of Msn2/4p. First, it has been shown
previously that other transcription factors, including Hsf1p
in response to heat shock (Treger et al., 1998; Amoros and
Estruch, 2001; Grably et al., 2002), can activate Msn2/4p
targets in response to specific stresses, thus reducing the
requirement for Msn2/4p under those conditions. The in-
volvement of Hsf1p is not sufficient to explain our results, as
�75% of genes dependent on Msn2/4p in response to NaCl
but not heat shock (including those validated by qPCR) do
not contain an upstream Hsf1p-binding element, are not
bound by Hsf1p during heat shock, and are not known
Hsf1p targets (Hahn et al., 2004 and data not shown). Al-

though Hsf1p does not fully explain our observation, the
activity of additional transcription factors is almost certainly
an important factor in determining the stress-specific in-
volvement of Msn2/4p (Gasch, 2002a). An alternate hypoth-
esis is that Msn2/4p are activated differently in response to
different stresses. Both factors display different phosphory-
lation profiles in response to different conditions (Garreau et
al., 2000), although the effects of these differences are not
known. It is possible that differential phosphorylation affects
the regulatory activity, binding affinity, or cofactor interac-
tions of one or both factors.

There are clear differences in the contribution of Msn2p
versus Msn4p to gene induction at individual promoters;
however, the mechanism of this difference is unclear. The
factors bind the same recognition sequence (CCCCT)
through DNA binding domains that are 72% identical (Es-
truch and Carlson, 1993; Martinez-Pastor et al., 1996; Schmitt
and McEntee, 1996); the relative binding affinities of the
factors are not known. Promoter analysis of the gene classes
identified here showed significant enrichment of upstream
STREs for all classes, but no other differences in promoter
architecture that suggest possible mechanisms of differen-
tial Msn4p versus Msn2p involvement (data not shown).
Interestingly, MSN4 itself is induced in response to a
variety of stresses (whereas MSN2 is preferentially in-
duced during NaCl treatment; Gasch et al., 2000 and this
study), suggesting that Msn4p may act in the maintenance
or amplification of gene induction through positive feed-
back. Induction of a substantial number of targets re-
quires both Msn2p and Msn4p, raising the possibility that
the factors act cooperatively, either simultaneously or
sequentially, at these promoters.

This study shows that the mechanism of acquired stress
resistance, and cross-stress protection in particular, is clearly
more complex than previously appreciated. Future aims will
be directed at identifying the individual genes that contrib-
ute to acquired resistance of specific stresses, as well as the
finer features of their condition-specific regulation.
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