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ABSTRACT

Understanding complex genotype-by-environment interactions (GEIs) is crucial for understanding
phenotypic variation. An important factor often overlooked in GEI studies is time. We measured the
contribution of GEIs to expression variation in four nonlaboratory Saccharomyces cerevisiae strains re-
sponding dynamically to a 25°-37° heat shock. GEI was a major force explaining expression variation,
affecting 55% of the genes analyzed. Importantly, almost half of these expression patterns showed GEI
influence only during the transition between environments, but not in acclimated cells. This class reveals
a genotype-by-environment-by-time interaction that affected expression of a large fraction of yeast genes.
Strikingly, although transcripts subject to persistent GEI effects were enriched for nonessential genes with
upstream TATA elements, those displaying transient GEIs were enriched for essential genes regardless of
TATA regulation. Genes subject to persistent GEI influences showed relaxed constraint on acclimated
gene expression compared to the average yeast gene, whereas genes restricted to transient GEIs did not.
We propose that transient GEI during the transition between environments provides a previously un-

appreciated source of expression variation, particularly for essential genes.

HENOTYPES are influenced by both genetic and
environmental factors, as well as by complex in-
teractions between the two. Predicting phenotypic
variation from underlying genotypes, including those
related to human disease, therefore requires an un-
derstanding of genotype-by-environment interaction
(GEI) (Mackay and ANHOLT 2007). GEI may also be
important for phenotypic evolution, as it is proposed to
unmask cryptic variation for traits otherwise buffered
from change through canalization (WADDINGTON 1942;
GiBsoN and DwoRrkIN 2004). In this regard, GEI could
support rapid evolution of phenotypes that are con-
strained from varying under standard conditions (RICE
1998; GiesoNn and WAGNER 2000). Despite these
important implications, elucidating the effects of GEI
is particularly challenging for organisms in uncontrol-
lable niches. Model organisms therefore provide a
perfect test bed for characterizing the relative contri-
bution of genotype, environment, and GEI to pheno-
typic variation.

Microarray data from this article have been deposited with the National
Institutes of Health GEO Database under accession no. GSE15147.
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Gene expression is an important phenotype through
which this can be addressed. Recent studies comparing
genomic expression within and between species reveal
distinct patterns of variation (FAy and WitTkorp 2008).
Genes with variable expression tend to be nonessential
genes, genes with paralogs, and genes with upstream
TATA elements (DENVER et al. 2005; LANDRY et al. 2006,
2007; TirosH et al. 2006; KVITEK et al. 2008). Many
of these are responsive to mutation accumulation
(DENVER et al. 2005; Ri¥kIN et al. 2005; LANDRY et al.
2007) and, in the case of TATA-containing genes, to
environmental perturbation (BASEHOAR el al. 2004;
RaAsER and O’SHEA 2004; BLAKE et al. 2006). It has been
proposed that nonessential genes and those regulated
by TATA elements may be under less stringent purifying
selection than the average gene, and thus their expres-
sion may be more “evolvable” (TIROSH et al. 2006;
LANDRY et al. 2007). However, these inferences raise
important questions about how expression of essential
genes might evolve, given the level of constraint that
maintains their expression within species and across
close relatives. A major unanswered question is how
essential genes can tolerate expression variation, which
is a prerequisite for the evolution of gene expression.

Similar constraints have been inferred for genes
whose expression is influenced by GEIs. Several studies
have compared condition-specific expression variation
across yeast strains responding to nutrient changes
(LANDRY et al. 2006), copper treatment (FAY et al.
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2004), or ethanol stress (SM1TH and KruGLyAak 2008).
LANDRY et al. (2006) reported nearly twice the genes
affected by GEI vs. genetic-only effects when studying
strains grown on different media; this group was en-
riched for dispensable genes buffered by paralogs.
Likewise, SMiTH and KruGLYAK (2008) characterized
GElIs in vineyard strain RM11-1a and a lab strain grown
on glucose or ethanol; although they observed fewer
genes affected by GEIs compared to genetic or environ-
mental effects, GEIs remained a significant contributor
to expression variation.

An important aspect often overlooked in GEI stud-
ies is the transition between environments or states.
Dynamic environmental responses are extremely impor-
tant for microbes living in variable niches. In multicel-
lular organisms, transitions between environments or
through developmental stages can also have a dramatic
impact on future phenotypes. A classic example is the
onset of psychiatric disease, which is heavily influenced
by adolescent experiences years before (Tsuanc 2000).
While understanding the effect of time on GEIs is
hopelessly complicated in humans, budding yeast pro-
vides an opportunity to study the temporal effects of
GElIs on gene expression differences. Here we measured
GElIs in gene-expression variation by following Saccharo-
myces cerevisiae strains responding to a 25°-37° shock.
Our results raise important insights into expression
variation in response to fluctuating environments and
point to the critical importance of timing in uncovering
GEI effects on phenotypic variation.

MATERIALS AND METHODS

Strains are described in supporting information, Table S1.
All microarray measurements were done in biological dupli-
cate, with replicate cell collections done on separate days. Cells
were grown in rich YPD medium at 25° for more than three
generations in shaker flasks, and an aliquot was removed for
the 25° sample. One volume of 55° medium was added to each
culture for a final temperature of 37° upon mixing. Samples
were removed for microarray analysis at 5, 15, 30, 45, 60, and
120 min after shock, and RNA was collected by a standard hot-
phenol lysis method (Gascu 2002). For heatshock time
courses, RNA collected at each time point was compared to
RNA from the 25° sample collected for that strain, using two-
color fluorescence hybridizations to 70-mer oligonucleotide
(QIAGEN, Valencia, CA) arrays designed against S288c,
constructed in house. Expression relative to S288c was also
measured in each strain by directly comparing transcripts
collected at 25° to that reference. We showed previously that
<5% of measured expression differences could be affected by
hybridization defects due to polymorphism (KVITEK et al.
2008). Microarray data collection and normalization were
done as previously described (KvITEK el al. 2008), using
Superscript III reverse transcriptase (Invitrogen, Carlsbad,
CA), amino-allyl dUTP (Ambion, Austin, TX), and cyanine
dyes (Flownamics, Madison, WI). Microarray data are available
in the National Institutes of Health GEO database under
accession no. GSE15147.

Data were normalized by regional median centering (LyNE
et al. 2003) and missing data were imputed using knearest

neighbors for genes with <50% missing values in any single
strain data set, resulting in 4269 genes analyzed and 4.4% data
points imputed. We constructed a two-way ANOVA model for
each gene, using strains and time points post-heat shock as
factors. Considering logs Yy, as the logs absolute expression
of a single gene in strain s at time ¢ in array replicate 1 we
modeled the data as

logy Yoy = o+ B + 7+ vy + &4rs

where p is the mean expression across strains before heat
shock, fixed effect B, is the strain-specific (genetic) difference
from the average strain, fixed effect 7, is the time (environ-
ment) effect in the average strain over (=0, 5, ..., 120 min,
and interaction v, models the difference in expression
between strain s and the average strain at time ¢ (GEI). This
absolute expression model facilitates the joint analysis of heat-
shock time course data (which measures changes in expres-
sion relative to the 25° expression levels in each strain) and the
relative expression of each strain at 25° compared to the S288¢
reference, by incorporating the S288c time course data
without estimating parameters for this strain. Genes that failed
Levene’s test for constant variance were omitted. Genes with
significant main effect (ANOVA [tests) and no significant
interactions were defined as additively affected by genotype
and environment, while genes with a single significant main
effect in strain or time were defined as affected by genotype or
environment, respectively. Strains with a significant interac-
tion [“test in the main terms were defined as influenced by
GEL Significance of each factor was defined at FDR < 0.05
unless otherwise noted, using the Benjamini and Hochberg
correction (BENJAMINI and HOCHBERG 1995). Strain-specific
conclusions for each gene (Table 1) were based on post hoc tests
for each strain s.

Genes with significant GEI in the joint analysis were
subsequently classified as persistently affected by GEI if the
final, acclimated time point (120 min post-heat shock) was
significant using a liberal cutoff of P < 0.05 in the single
degree of freedom test: 90% of these genes showed significant
GEI (FDR < 0.05) over the intervening time points. The subset
of genes that failed this test, but that had significant GEI
influence over all time points, was identified as transiently
affected by GEI This classification was not driven by genes with
poorly measured data, since genes in the two classes had
replicates at the final time point that were of similar correla-
tion (data not shown). To further ensure that our results were
not specific to this threshold, we also conducted a sensitivity
analysis (Figure S2) showing that enrichment results are
robust to different cutoffs for defining genes subject to
persistent vs. transient GEI effects.

Tests of functional enrichment were performed using
Fisher’s exact test for essential genes (WINZELER et al. 1999),
genes with paralogs (defined as genes with a BLAST hit of I£ <
107'%), genes with upstream TATA elements (BASEHOAR et al.
2004), and other functional groups defined by the Saccharomyces
Genome Database (HonG et al. 2008). To ensure that en-
richment of essential genes and those with upstream TATA
elements was not driven by enrichment of some other func-
tional group, we repeated the test by systematically removing
all genes in each of the nonredundant functional categories
from the analysis. In all cases, reported enrichments remained
significant at Bonferroni-corrected P < 0.05. V,/V;, ratios were
calculated for the 1174 genes in our data set that varied in
LANDRY et al. (2007) and for which V, could be estimated. V,
was estimated as the between-strain variance in a random-
effects model (BATES el al. 2008) among the 25° array data and
compared to V,, reported by LANDRY et al. (2007). Relative
differences in V,/V,, ratios between groups were assessed
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TABLE 1
Genes affected by G, E, and GEI

Strains
Joint analysis (%) K9 (%) M22 (%) RM11-1a (%) YPS163 (%)
Genetic 975 (6.4) 87 (2) 77 (1.8) 83 (1.9) 77 (1.8)
Environmental 3301 (77) 2953 (69) 3125 (73) 3003 (70) 3301 (77)
Additive 982 (6.6) 166 (3.9) 131 (3.1) 992 (5.2) 157 (3.7)
GEI 2367 (55) 1215 (28) 1744 (41) 1184 (28) 1539 (36)
Persistent GEI 1129 (26) 522 (12) 713 (17) 533 (12) 720 (17)
Transient GEI 1238 (29) 693 (16) 1031 (24) 651 (15) 819 (19)

The numbers of genes (of 4269 analyzed) with genetic (G) only, environmental (E), additive genetic plus
environmental, and GEI (including persistent and transient GEI) effects on expression variation are shown
(FDR < 0.05). Results from the joint analysis are shown, as well as post hoc calls for each strain. Genes listed
with environmental effects included those with additive and GEI effects.

using a Wilcoxon rank-sum test. Although we caution against
interpreting precise values for individual genes, that we
recapitulate results of other studies for key gene groups
(DENVER et al. 2005; TirosH et al. 2006; LANDRY et al. 2007)
(Figure 3) validates comparing relative ratios across different
gene groups.

RESULTS

To study the contribution of GEIs to expression
variation, we characterized the dynamic gene expres-
sion response of four nonlaboratory strains to a 25°-37°
heat shock. We examined the sake-producing strain K9,
vineyard isolates M22 and RM11-1a, and a Pennsylvania
oak-soil strain (YPS163), in addition to an S288c-derived
lab strain (Table S1). Expression was compared across
strains acclimated to 25° and to 37° for 2 hr (approxi-
mately two generations). We also followed the dynamic
response to sudden heat shock, measuring expression at
5, 15, 30, 45, and 60 min after the temperature shift.

We devised a linear model to quantify the genetic,
environmental, and GEI effects on expression differ-
ences, relative to the mean across all strains, to estimate
the contribution of each factor to expression variation
(see MATERIALS AND METHODS). Of 4269 genes ana-
lyzed, 3301 genes (77%) showed a significant environ-
mental response [false discovery rate (FDR) < 0.05].
This response was overall similar to that in our previous
studies of the lab strain (GascH et al. 2000) and includes
some genes whose expression change is unique to
conditions inflicted by heat shock (e.g., protein-folding
chaperones and mitochondrial genes) and many genes
whose expression is altered by diverse types of stress (.e.,
genes in the environmental stress response, ESR). The
response was initiated within 5 min after heat shock,
with most genes showing maximal expression differ-
ences at 15 min before relaxing to new steady-state
expression levels thereafter. Consistent with our pre-
vious results, expression differences for most genes were
acclimated by 45—-60 min after the shift: there were only

82 genes (2.5%) with significant expression differences
at 120 min vs. 60 min (P < 0.05) postshock. Furthermore,
most expression differences seen at 60 min postshift are
observed in cells growing long-term at 37° (GASCH et al.
2000).

Focusing on expression patterns that differed across
strains revealed that GEI provides a major source of
variation (Table 1). A total of 275 genes (6.4%) showed
expression variation due to genetic differences only,
independent of the environment, whereas an additional
282 genes showed an additive environmental response.
In contrast, >2000 genes (2367, or 55%) showed a
complex interaction between genotype and environ-
ment. The number of genes subject to GEI effects was
more than fourfold the number of genes affected by
genetic effects alone, revealing a much greater contri-
bution of GEIs than measured in other yeast studies
(FAY et al. 2004; LANDRY et al. 2006; SmiTH and
KrucLyak 2008). Thus, heat shock uncovers a sub-
stantial amount of variation in gene expression across
strains.

However, considering the timing of GEI effects re-
vealed that a striking proportion of GEI was manifest
only during the transition between environments. To
further investigate this, we partitioned genes with GEI
influences across all time points into two groups. Those
for which GEI was also measured at the final, acclimated
time point (using a liberal cutoff of P < 0.05, see
MATERIALS AND METHODS) were defined as showing
“persistent” GEI even after cells had acclimated to the
new temperature (Figure 1, A and B). In contrast, the
subset of GEI-affected genes with no significant GEI at
the final, acclimated time point was defined as having
“transient” GEI effects only during the transition
between environments (Figure 1, C and D). These
transient GEI effects essentially represent a genotype-
by-environment-by-time interaction, for which expres-
sion differences are revealed only during the appropriate
temporal window. Of the 2367 genes with GEIs, over half
(1238 genes) did not show observable variation across
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representative genes subject to per-
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-1

-2 *

o

20 40 0 100 120

Time (min) 3

Average log2 expression change ()  Average log2 expression change I»

Average log2 expression change

clarity. Average expressions are
shown of (A) 30 genes enriched
for mitochondrial ribosomal protein
genes and displaying persistent GEI,
(B) 49 genes enriched for rRNA pro-
cessing factors and displaying persis-
tent GEI, (C) 34 genes enriched for
proteasome subunits and showing
transient GEI effects, and (D) 74

f’f_ai&‘g genes enriched for ribosomal pro-
—— M22 tein genes and displaying transient
Iﬁyé}é%a GEI influence. In all cases, func-
— average tional enrichment was significant

at a Bonferroni-corrected P < 0.05

(see Table 2). Time points with statistically significant variation (P < 0.01, ANOVA) are indicated with an asterisk; two time points

of marginal significance (P = 0.055) are indicated with a +.

strains once cells had acclimated to 37°. Thus, fully half
of the genes subject to GEI effects would have been
missed by examining acclimated cells only.

To explore the temporal contribution of GEI to
expression variation, relative to genetic- and environ-
ment-only effects, we quantified the proportion of each
gene’s variation explained by the three factors at each
time point. Not surprisingly, the relative contributions
were different depending on timing. Variation explained
by environment was maximal (median of ~85%) at 15
min before relaxing to ~60% upon acclimation. GEI
explained ~14% of the variation 45 min postshock for
both persistent and transient GEI gene groups. How-
ever, the interaction of GEI with time was significantly
different for the two classes. The GEI contribution
increased continuously for genes in the persistent-GEI
group, peaking at a median of 20% variation explained
by 120 min after shock. In contrast, the maximum
contribution of GEI to genes in the transient-GEI group
was similar from 30 to 60 min and decreased to a median
level of 9% variation explained at the final time point.
This trend was also evident on a gene-by-gene basis,
most clearly seen in individual strains such as M22
(Figure 2B and Figure S1). Although by definition genes
in the transient-GEI class have minimal GEI effects at
the last time point, the different temporal patterns
across other time points confirm the distinction be-
tween groups. Thus, there is a fundamental difference
in the interaction of genotype, environment, and time
for genes in the two classes.

We next investigated if certain functional groups were
particularly affected by GEI. In fact, different gene
classes were subject to persistent wvs. transient GEI
effects. Consistent with numerous studies, we found
that the 1129 genes displaying a persistent GEI effect
were enriched for genes with upstream TATA elements
(P=3 X 10'°) and nonessential genes (P=3 X 1077),
as well as genes encoding mitochondrial proteins (P =
3 X 107" and genes induced in the ESR (P=2 X 10°°)
(Table 2). In contrast, the 1238 genes with transient GEI
effects were enriched for distinct functional groups,
including ribosomal protein genes (P = 2 X 1077),
protein-synthesis genes repressed as part of the yeast
ESR (P =2 X 107*), and genes encoding proteasome
subunits (P = 4 X 10°%) and purine biosynthetic
enzymes (P = 3 X 107?). In stark contrast with the
previous group, genes subject to transient GEI were
enriched for essential genes (P=4 X 107*) and showed
no preference for TATA-regulated genes. This could not
be fully explained by any other enriched functional
group, since enrichment of essential genes remained
significant (P < 0.002) when each of the other func-
tional groups was removed from the analysis (see
MATERIALS AND METHODS). These enrichments were
also robust to different cutoffs used to define genes in
the persistent-GEI vs. transient-GEI groups, as shown by
sensitivity analysis (Figure S2). Thus, essential genes are
prone to transient-GEI effects while nonessential and
TATA-containing genes tend to show persistent GEI on
expression variation.
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Ficure 2.—Contribution of ge-
netic, environmental, and GEI ef-
fects to expression variation. The
proportion of variance explained
by genetic (G), environmental (E),
and GEI factors was computed from
the ANOVA sums of squares. (A)
Box plots show the contribution of
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We wondered if “steady-state,” acclimated expression
of genes with persistent vs. transient GEI was subject to
different levels of constraint. One measure of this is the
level of variation seen in nature compared to the level of
variation induced by mutation in the absence of
selection. We compared expression variation in our
strains acclimated to 25° (V) to expression variation re-
sulting from mutation accumulation in the absence of
selection, measured by LANDRY et al. (2007) (V;,). Genes
whose expression is under the most stringent purifying
selection are expected to have the smallest V,/V;, ratios,
since deleterious expression variation induced by mu-
tation would be removed by natural selection. Consis-
tentwith previous studies (DENVER et al. 2005), we found
essential genes had smaller ratios compared to non-
essential genes (P = 0.036), whereas TATA-containing
genes had significantly larger ratios than TATA-less
genes (P = 2 X 107°) (Figure 3). This recapitulates
previous results suggesting steady-state expression
of essential genes is under strong purifying selection
while TATA-regulated genes display relaxed constraint
(DENVER et al. 2005; T1ROSH et al. 2006; LANDRY et al.
2007).

Genes whose heat-induced expression variation was
subject to persistent GEI also displayed higher-than-
expected Vg/Vm (P=2 X 107°, Figure 3). This was true
also for genes in the group lacking TATA elements (1 X
1077), revealing that other factors besides TATA regula-
tion contribute to high expression variation. Thus,
genes with persistent GEI are under relaxed constraint
in acclimated cells. In contrast, genes in the transient
GEI group did not show higher variation in acclimated
expression compared to the average gene, even though
they showed significant variation during the transition
between environments. Since the expression of most

Environmental GEI

G, E, and GEI to expression varia-
tion at each time point, for all genes
with persistent (left) and transient
(right) GEI effects. (B) Triangle
plots show the contribution of G,
E, and GEI to expression variation
of 1744 genes from M22 (scored
against the mean of all strains), for
genes in the persistent GEI class
(top) and the transient GEI class
(bottom) at 5, 30, 45, and 120 min
after heat shock. Each gene is repre-
sented as a single point whose coor-
dinates indicate the proportion of
variance explained by each factor.

120 min

genes is thought to be under strong purifying selection
(DENVER et al. 2005; R1FKIN et al. 2005), this suggests that
expression of genes affected by transient GEI is also
constrained in acclimated cells.

DISCUSSION

Understanding how and when expression varies across
individuals is of major importance, in terms of under-
standing both phenotypic variation and evolution. In
particular, the role of GEIs in human disease susceptibil-
ity and prognosis has attracted renewed attention, yet
proves to be extremely challenging to elucidate. Our

TABLE 2

Functional enrichments

Enrichment
Functional category Prvalue
Persistent GEI
TATA Containing 3.32E-16
Mitochondrial ribosomal proteins 2.84F-14
Nonessential 2.68E-07
Induced with the ESR 1.56£-06
Transient GEI
Ribosomal proteins 1.58 -09
Protein synthesis genes repressed in the ESR  1.88F-04
Essential 3.501-04
Genes with paralogs 6.121-04
Purine biosynthesis 3.051-03
Proteasome subunits 3.381-03

Nonredundant functional groups enriched with statistical
significance in the 1129 genes with persistent GEI or the
1238 genes with transient GEI are shown. ESR, environmental
stress response. All Pvalues were significant (P < 0.05) after
stringent Bonferroni correction.



592 K. H. Eng et al.

w
c
&
e
[0}
=
=
[O]
(5]
=
4 o S =
o > @ = o
o -0.21 = 3 =
= . > @, > =
=) 3 @ = 2
0.4 1 Q g @ 3
[e)] B m [= — w
2 @ ) o o o
-0.6 1 @ T m o] m
=4 o o,
o a
-0.8 g
2
]
m

FIGURE 3.—Genes affected by GEI show different levels of
purifying selection. The logs difference in the median V,/V;,
was measured for each indicated group wvs. all remaining
genes analyzed. Negative values indicate smaller ratios and
positive values represent larger ratios than the comparison
group. TATA-less persistent-GEI genes were scored against
all remaining TATA-less genes. Statistically significant differ-
ences (P < 0.05, Wilcoxon’s rank-sum test) are indicated with
an asterisk. See text for Pvalues.

results demonstrate that a large fraction of genes are
influenced by genotype-by-environment-by-time interac-
tions, such that over half the GEI effects we see are not
observed in cells growing continuously in distinct envi-
ronments. For these genes, and even many for which GEI
effects persist in acclimated cells, most of the variation
occurs during the transition between environments. The
phenomenon may have masked a significant amount of
GEI in prior studies. For example, SAMBANDAN el al.
(2008) observed surprisingly few expression differences
in adult flies reared in distinct environments, despite
wide variation in adult olfactory behavior; the authors
proposed that their results may represent a general
trend, in which few genes contribute to GEIs. However,
we suggest that significant expression variation may have
been missed by characterizing only acclimated adults.
Our results demonstrate the challenges in identifying
GElIs that could significantly affect subsequent variation
and underscore the importance of considering the
timing of analysis.

Despite their transience, expression differences dur-
ing the acclimation to new conditions could have pro-
found impacts on fitness. Subtle differences in transcript
levels could significantly affect corresponding protein
abundance and function, leading to dramatic pheno-
typic differences. Furthermore, differences in the dy-
namics of gene expression change are known to have
important phenotypic consequences. We showed pre-
viously that a primary role of stress-activated gene
expression changes in yeast is in preparation for impend-
ing environmental stress (BERRY and Gasch 2008). The
response provoked by a mild stress pretreatment renders
cells tolerant to subsequent severe stress; this acquisition

of stress tolerance is heavily dependent on the initial
expression response to the mild stressor. A faster gene
expression response during the initial acclimation results
in faster acquisition of subsequent stress tolerance
(BErRrY and GascH 2008). Given that environmental
changes occur frequently in nature and often in tandem,
the differences in expression dynamics seen here could
have profound impacts on stress survival in the wild
(BERRY and GascH 2008; MiTcHELL et al. 2009). Thus,
although much of the variation we see is likely neutral, a
fraction of these phenotypic differences may be physio-
logically relevant.

Itis particularly striking that essential genes are more
likely to display transient GEI effects while nonessential
and TATA-containing genes are prone to persistent
GEls. The latter genes display relaxed constraint on
steady-state expression, while expression of essential
genes is subject to strong constraint in acclimated cells
(Figure 3). We propose that the period of transition to a
new environment may provide a temporary window of
reduced constraint, allowing expression of essential
genes and others under strong constraint to vary.
Environmental stress and GEIs in particular are pro-
posed to uncover hidden variation that could influence
phenotypes under canalizing selection (WADDINGTON
1942; GisoN and WAGNER 2000; GiBsoN and DWORKIN
2004; GissoN 2009). However, we find that neither
persistent GEI nor heat stress alone is sufficient to
uncover this variation; rather, it is transient GEI during
the shift between environments that uncovers this
variation.

Even if largely neutral, the variation revealed by
transient GEI effects may provide a route through which
expression of essential genes can evolve. We and others
previously showed that regulation of proteasomal and
ribosomal protein genes has evolved significantly across
fungi, despite the apparent constraint to maintain their
coregulation (GascH et al. 2004; TANAY et al. 2005;
HoGUES et al. 2008; TucH et al. 2008). A major un-
resolved question is the process that allowed this reg-
ulatory change. Indeed, these gene groups show little
expression variation in acclimated cells; however, they
are significantly enriched in the set of genes displaying
transient GEI effects (Figure 2 and Table 2). It is
intriguing to speculate that the higher rate of expres-
sion variation for these genes—specifically during
environmental transitions—contributed to their regu-
latory evolution. Given the frequency of environmental
fluctuations experienced by free-living microbes in
nature, transient expression variation may indeed be a
common occurrence. Identifying the underlying ge-
netic determinants of such variation is an exciting next
step in understanding how expression of essential genes
evolves.
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FIGURE S1.—Contribution of Genetic, Environmental, and GEI effects to expression variation for each strain. Box plots show
the percent variance explained by Genetic, Environmental, and GEI for each strain and across all strains, as described in Figure

2A.
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FIGURE S2.—Sensitivity analysis of functional enrichments in Persistent-GEI versus Transient-GEI classes. To ensure that the
differential enrichment of TATA-containing and non/essential genes shown in Table 2 was not due to the specific parameters
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used to call Persistent-GEI versus Transient-GEI genes, a sensitivity analysis was performed in which enrichments were calculated
over a range of cutoff values to define groups. Genes with significant GEI from the ANOVA model (FDR < 0.05) were
subsequently classified as affected by Persistent GEI if the p-value at the 120 min time point met the designated threshold (x-axis),
or subject to Transient GEI if the p-value was greater than that threshold The significance of enrichment of (A) non-essential
genes, (B) genes with upstream TATA elements, and (C) essential genes was scored by Fisher’s Exact test for genes identified as
affected by Transient GEI (blue) or Persistent GEI (green) at different selection levels ranging from p = 0.01 to 0.5. The
threshold of enrichment significance is indicated by a solid horizontal line in each plot. The GEI selection cutoff of p = 0.05
described in the text is indicated with a dashed vertical line. This analysis shows that the observed enrichments are robust to
different cutoffs used to classify genes.
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TABLE S1

Strains used in this study

Strain

Genotype (if known)

Obtained From

DBY8268 (5288c derivative)
K9: Kyokai no. 9 (sake
production)

M22 (vineyard isolate)
RM11-1a (derived vineyard
isolate)

YPS163 (oak soil)

ura3-52/ura3A\ ho/ho GAL2 /GALZ2

unknown, diploid

unknown, diploid

MATa leu2 A0 ura3A0 ho:KANMX

unknown, diploid

David Botstein
Cletus Kurtzman, ARS
Culture Collection

Robert Mortimer

Leonid Kruglyak

Paul Sniegowski
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