
299

Changes in Gene Expression Following High-Temperature Adaptation

in Experimentally Evolved Populations of E. coli

Michelle M. Riehle*
Albert F. Bennett
Anthony D. Long
Department of Ecology and Evolutionary Biology, University
of California, Irvine, California 92697-2525

Accepted 7/30/2004; Electronically Published 5/3/2005

ABSTRACT

Transcription profiling (quantitative analysis of RNA abun-
dance) can provide a genome-wide picture of gene expression
changes that accompany organismal adaptation to a new en-
vironment. Here, we used DNA microarrays to characterize
genome-wide changes in transcript abundance in three replicate
lines of the bacterium E. coli grown for 2,000 generations at a
stressful high temperature (41.5�C). Across these lines, 12% of
genes significantly changed expression during high-temperature
adaptation; the majority of these changes (55%) were less than
twofold increments or decrements. Thirty-nine genes, four
times the number expected by chance alone, exhibited mod-
erately or highly replicated expression changes across lines. Ex-
pression changes within a priori defined functional categories
showed an even greater level of replication than did individual
genes. Expression changes in the phenotypically defined stress
genes and adaptation functional categories were important in
evolutionary adaptation to high temperature.

Introduction

Comparative physiologists are especially interested in under-
standing how organisms function in stressful, extreme envi-
ronments. Evolutionary physiologists are likewise interested in
knowing how populations of organisms would adapt or did
adapt evolutionarily to those environments. Of particular in-
terest to both is the genetic basis of both phenotypic and ge-
notypic adaptation to stress, namely, the resolution of the mo-
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lecular nuts and bolts that underlie fitness increments in
stressful environments. Pursuant to such investigations, a par-
ticularly powerful approach is the combination of experimental
evolution and genomic analysis. In the former, replicated pop-
ulations are placed in novel stressful environments, and evo-
lutionary changes are observed subsequently over a number of
generations (Rose et al. 1996; Bennett and Lenski 1999; Bennett
2003). In combination with genome-wide measurements of
gene expression, this approach can generate a comprehensive
picture of the molecular genetic basis of adaptation and can
demonstrate whether similar genetic changes occur repeatedly
during evolution in the same stressful environment.

In this study, we examine genome-wide expression changes
during evolutionary adaptation to high-temperature (41.5�C)
stress in replicated lines of the bacterium E. coli. Earlier work
(Lenski and Bennett 1993; Bennett and Lenski 1997) demon-
strated that this temperature is stressful because it depresses
several measures of reproductive fitness in their common an-
cestor. Selection produced pronounced increments in fitness at
high temperature in all of the replicated lines (Bennett et al.
1992; Bennett and Lenski 1996), but the genetic basis of this
adaptation and its underlying diversity among the lines are just
now being explored. Intriguingly, previous studies on high-
temperature adaptation in this and simpler systems have un-
covered some structural similarity among genetic changes
among replicate lineages. In bacteriophage viruses adapted to
high temperature, more than 50% of the nucleotide substitu-
tions were identical to substitutions in other lineages (Bull et
al. 1997). In these high-temperature-adapted bacteria, dupli-
cation of a chromosomal segment containing a common group
of genes occurred independently in three of six lines (Riehle
et al. 2001). This study examines and compares the genome-
wide expression changes among these high-temperature-
adapted lines.

Until recently, genome-wide characterizations of adaptation
have been possible only in small bacteriophage viruses, where
the small genome size (∼5 kB) permitted the identification of
every genetic change (Bull et al. 1997; Wichman et al. 1999).
Although the ∼1,000-fold greater genome size of bacteria (e.g.,
E. coli, 4.6 MB) makes complete genome sequencing of ex-
perimental lineages impractical, one can nevertheless charac-
terize changes in gene expression using DNA microarrays. Al-
though estimates of mRNA transcript abundance do not reveal
the number or nature of genetic changes involved in adaptation,
they at least represent phenotypes closely related to the genes
encoding transcript levels. Changes in transcript levels may
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result from replicable changes in key regulatory genes, as has
been seen in viral systems (Bull et al. 1997; Wichman et al.
1999), or conversely, from independent mutations occurring
across multiple genes. To date, microarrays have predominantly
been used either to characterize acute/acclimation responses of
an organism to a series of stressors (e.g., DeRisi et al. 1997;
Richmond et al. 1999; Arnold et al. 2001; Gracey et al. 2001)
or to quantify the effect of single-gene mutants on global tran-
scription patterns (e.g., Arfin et al. 2000; Hung et al. 2002).
They have become integral in the study of bacterial gene ex-
pression (Rhodius et al. 2002) and are increasingly exploited
to study acclimation responses in nonmodel organisms (Gracey
et al. 2001; Gracey and Cossins 2003). However, only if pop-
ulations are exposed to stressors over many generations can an
evolved response be characterized and studied (this study; Ferea
et al. 1999; Cooper et al. 2003). An important issue in this
regard is whether the same genes implicated in acute phenotypic
responses are also involved in the evolved response (cf. Riehle
et al. 2003).

Here, we use measurements of gene expression from three
independently evolved lines to address three issues: (1) the
proportion of the transcriptome affected by high-temperature
adaptation and the prevalence of expression changes of small
magnitude, (2) the degree to which evolutionary change in
transcript abundance at the level of the individual genes and
genes belonging to the same functional category is consistent
across replicate lineages, and (3) the identification of new can-
didate genes associated with high-temperature adaptation. In
light of our findings, we discuss the need for adequate levels
of experimental replication, careful experimental design, and
statistical analyses to reliably identify genes showing changes
in expression.

Material and Methods

Derivation of Bacterial Lines and Culturing Conditions

A complete description of the bacterial strains (E. coli B) and
culture conditions used in this study is presented elsewhere
(Bennett et al. 1992; Bennett and Lenski 1996; Riehle et al.
2003). The four lines used in this study include an ancestral
strain (A-) and three derived thermally adapted lines, 42-1, 42-
2, and 42-3, maintained in serial dilution culture for 2,000
generations at 41.5�C. Each independently derived line is more
closely related to its ancestor than it is to the other thermally
derived lines.

Total RNA Extraction, cDNA Synthesis and Labeling, and
High-Density Array Hybridization

Bacterial cultures were inoculated from frozen stocks into 10-
mL Luria broth and incubated at 37�C for 24 h, then diluted
100-fold into 10-mL DM500 (a minimal medium containing
500 glucose) and incubated for 24 h at 37�C, and�1mg # mL

finally diluted 100-fold into the same growth medium and
incubated for 24 h at C in a shaking water bath at41.5� � 0.5�

120 rpm. On the day of RNA isolation, cultures were again
diluted 100-fold into 10 mL of DM500 and incubated at 41.5�C
in a shaking water bath. Total RNA was isolated (RNAqueous
Kit, Ambion) from bacterial cells in midlog phase growth. Col-
lection of culture for RNA extraction used a modification of a
published protocol (Chuang et al. 1993), and all RNA was
treated with DNAase (Promega) to ensure it was free from
DNA contamination. cDNA synthesis was performed at 42�C
for 3 h in a 60-mL reaction containing denatured, DNase-treated
total RNA; random hexamers; reverse transcriptase buffer (Stra-
tagene); 1 mM each of dATP, dTTP, and dGTP (New England
Biolabs); 50 mC [a-33P]dCTP (New England Nuclear); 20 U
RNasin (Promega); and 100 U SuperScript reverse transcriptase
(GIBCO-BRL). More detailed methods can be found elsewhere
(Riehle et al. 2003).

Panorama E. coli high-density gene arrays (Sigma Genosys)
have all 4,290 E. coli open reading frames arrayed in duplicate
on a -cm nylon membrane. High-density array meth-12 # 24
ods were modified from Sigma Genosys recommendations and
are presented in detail elsewhere (Riehle et al. 2001, 2003). For
all experiments, all lines were started from freezer stocks and
cultured in parallel, and therefore any phenotypic differences
must be due to the underlying genetic changes that occurred
during experimental evolution. The use of the K-12 strain ge-
nomic sequence in the SigmaGenesis microarrays excludes the
examination of regions of these E. coli B lines missing from K-
12. However, because we are directly comparing the ancestor
to its descendant lines, events occurring before the isolation of
the ancestor are controlled for because both the ancestral and
derived lines are identical in these respects.

Experimental Design and Data Acquisition

The experimental design entailed three independent cDNA la-
belings and array hybridizations for each of the four lines. Three
membrane arrays were used, and a single replicate from each
of the lines was hybridized to the same membrane array (Riehle
et al. 2003). DNA Arrayvision 4.0 (Imaging Research, London,
Ontario, Canada) was used to acquire data from the membrane
arrays. Background-subtracted measurements of pixel intensity
for a given open reading frame were used in statistical analysis.
Differences in gene expression between ancestral and derived
lines were tested statistically using the paired-data option from
Cyber-T (http://www.igb.uci.edu/servers/cybert; Long et al.
2001). We utilized this paired t-test approach in order to elim-
inate any block effects due to day of RNA isolation. The paired
approach directly compares only those samples that were iso-
lated on the same day from cultures growing side by side in
the same water bath. The test statistic obtained from a paired
t-test of effect a over subjects or blocks (b) is equivalent to
that obtained for the a term from a two-way ANOVA including



Gene Expression in High-Temperature-Adapted Bacteria 301

the additional terms b and (Sokal and Rohlf 1995), botha # b

methods having the effect of removing the experimental noise
associated with blocks from the residual error term. Paired t-
tests may be particularly necessary at high temperatures where
small differences in temperature have been demonstrated to
have large effects on organismal performance and fitness in
these lines, and as a result, it is difficult to precisely stage
growing cells on different days (Bennett and Lenski 1993).

Fold change, the ratio of derived to ancestral expression lev-
els, was calculated separately for each of the paired selected/
ancestral line comparisons, natural log transformed, averaged,
and back-transformed. The same procedure was used to cal-
culate a fold change across all selected lines. This transformation
makes estimates of fold change resistant to single extreme values
(Sokal and Rohlf 1995) and is generally not equivalent to the
average of the ratios.

Statistical Significance and the Identification of Genes
Showing Replicable Change

Only results from genes that exhibited expression levels above
background in all three replicates for each of the four lines
(three high temperature selected plus ancestral, 12 total) are
presented. In total, 1,964 genes or 46% of the entire E. coli
genome met this strict criterion. Although expression above
background in all 12 experiments is a stringent criterion, it
permits accurate measurement of expression levels and asso-
ciated measurement errors. This fraction of total genes ex-
pressed above background is consistent with other E. coli array
experiments that have used global background subtraction (e.g.,
Arfin et al. 2000; Hung et al. 2002), and the set of genes ex-
pressed above background overlaps 70% with the set of genes
deemed to be expressed above background in another expres-
sion profiling study (Arfin et al. 2000) that employed different
bacterial strains, culture conditions, and growth temperatures.
We conclude that there is a “core” set of genes that are expressed
at relatively high levels irrespective of the details of genotype
and environment. This overlap in no way relates to the set of
genes showing significant expression changes resulting from the
experimental manipulations employed in either study. We have
previously published a study examining expression changes in
a set of heat-inducible genes in these experimental lines (Riehle
et al. 2003). These 35 a priori candidate genes are included in
the 1,964 genes analyzed in this study but are discussed in detail
elsewhere (Riehle et al. 2003). In addition to these 1,964 genes,
we also examined an additional 18 genes that were constitu-
tively expressed or repressed in the ancestor in comparison with
one of the selected lines. We consider genes in this category
when they are expressed above background in all three ancestral
replicates and in zero replicates for at least one selected line or
when they are expressed in all three replicates for at least one
selected line and in zero replicates for the ancestor.

In discussing statistically significant changes in gene expres-

sion and their functional consequences, we concentrate our
discussion on genes that show significant changes in expression
in at least two evolved lines, with statistical significance assessed
using a “regularized t-test” (Baldi and Long 2001; Long et al.
2001). This regularized t-test uses a Bayesian estimate of the
standard deviation that lowers the false positive rate to about
3.9% (cf. Baldi and Long 2001) and results in a greater pro-
portion of true positives among genes deemed significant. The
probability of all three independently derived lines showing
significant expression changes by chance alone is 0.0393

(≈ ), that is, much less than one false positive out of�56 # 10
the 1,964 genes expressed above background. Similarly, only
nine genes ( ) are expected to show23 # 0.039 # 0.961 # 1,964
significant expression changes in two of the three independently
derived lines because of chance alone. These false positive rates
reflect the chance of obtaining coincident significant expression
changes in two or more lines; however, the chance of these
changes all being increased or decreased across multiple lines
is half in the case of two and one-quarter in the case of three
replicate lines. Genes with highly replicable expression changes
(HREC) are defined as those changed significantly ( )P ! 0.05
in all three derived lines. Genes with moderately replicable
expression changes (MREC) are defined as those changed sig-
nificantly ( ) in two of three lines. More specifics onP ! 0.05
statistical analyses and the generation of expression diagrams
are available elsewhere (Eisen et al. 1998; Riehle et al. 2003).

Analysis of Evolved Changes in Genes Belonging to
Functional Categories

In addition to analyzing changes in particular genes, we also
examined patterns of expression change within functional
groupings of genes. Genes were assigned to functional cate-
gories using EcoCyc (http://biocyc.org/ecoli/; Rudd 2000),
KEGG (http://www.genome.ad.jp/kegg/; Kanehisa and Goto
2000), and relevant literature (e.g., Dartigalongue et al. 2001).
Using these databases yielded the most up-to-date and unbiased
assessment of gene function. This approach represents a pow-
erful tool for the dissection of complex changes in gene ex-
pression and is complementary to analyses at the level of in-
dividual genes. However, given the large proportion of E. coli
genes that remain unclassified and our limited understanding
of metabolic and physiological complexities, analyses at the
functional level will be improved by greater dissection of met-
abolic networks. Functional categories are organized in the fol-
lowing hierarchical order: class 1 subclass 1 group 1 subgroup
(see Table 6). For example, “amino acid biosynthesis and me-
tabolism” is a functional class, while “methionine metabolism”
and “histidine metabolism” are two of the 19 functional groups
belonging to this functional class. Not all genes are assigned to
subclasses or subgroups, but all have group and class
designations.

Using these sources, 736 of the 1,964 genes expressed above
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Figure 1. Relationship between fold change and statistically significant changes in gene expression. Magnitude of gene expression change is
plotted as a function of statistical significance for all 5,892 measures of changes in gene expression (p1,964 genes with above-background
expression derived line/ancestor comparisons). Significance is plotted as the negative log10 of the P value (the secondary abscissalevels # three
axis shows P value), and the magnitude represents the log-base twofold change in gene expression (the secondary ordinate axis shows fold
change). Dark blue points represent genes that are changed in expression less than twofold and are not statistically significant ( ; D,P 1 0.05
5,420 genes). Light blue points (C, 188 genes) represent genes with expression fold changes that are greater than twofold but are not statistically
significant (although these expression changes would be deemed “significant” using an arbitrary cutoff of twofold). Red points (A, 162 genes)
represent genes whose expression is altered less than twofold yet are statistically significant; changes in these genes would be ignored by an
arbitrary cutoff criterion of twofold. Green points (B, 122 genes) represent genes with expression changes that are both statistically significant
and altered by more than twofold.

background (i.e., expressed above-background noise in all ex-
perimental replicates) are unclassified. Of the remaining 1,228
genes, we examined the 1,036 genes belonging to a functional
subclass/group/subgroup represented by at least four members.
We compared the observed number of genes with significant
expression changes in a particular functional class or group
with the number expected based on the probability of signif-
icance being independent of functional group inclusion. A sim-
ilar approach has been used in a study of gene expression during
aging and caloric restriction in Drosophila melanogaster
(Pletcher et al. 2002). We used the binomial distribution to test
whether genes with significant changes in expression were over-
or underrepresented in a particular functional class or group,
with the probability of a significant change in expression in
each of the three derived lines, 42-1, 42-2, and 42-3, being 0.06,
0.04, and 0.04, respectively (Sokal and Rohlf 1995, p. 687).

For example, consider the case of the jE regulon functional
group that has 25 genes expressed above background across all
three derived lines. In the 42-1 line, four of these 25 genes
exhibit statistically significant changes. The P value associated
with the null hypothesis of no association between significant

expression change and gene function is the probability of ob-
serving ≥4 successes under a binomial distribution with 25 trials
and a probability of success of 0.06 ( ).P p 0.045

Significant overrepresentation of genes with expression
changes suggests selection has favored a change in a given func-
tional category, while significant underrepresentation of genes
(i.e., fewer genes with significant expression changes than ex-
pected based on the overall level of expression change) suggests
that selection has favored stasis or maintenance of the ancestral
state in a given function. Functional categories are referred to
as showing significant evolutionary change if there is an excess
of genes showing significant expression change in that func-
tional group and as showing evolutionary stasis if there is a
dearth of genes showing expression changes. Both evolutionary
change and evolutionary stasis suggest that changes in gene
expression are not distributed randomly with respect to func-
tion but are either concentrated in or absent from a particular
functional category. We focus our discussion on functional cat-
egories with an over- or underrepresentation of significant
genes in at least two of the derived lines and/or functional
categories with a highly significant change ( ) in anP ! 0.005
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Figure 2. Number of genes exhibiting significant increments or decrements at a nominal significance level of . The inset shows theP ! 0.05
total number of genes with significant expression changes for each high-temperature-selected line, and the large graph distributes these changes
into fold change classes. Open bars indicate genes with increased expression relative to the ancestor, and filled bars indicate those with decreased
expression.

individual derived line and no significant change in the other
two lines.

Analysis at the functional class level was performed in part
because of the low statistical power to detect significant evo-
lutionary stasis in functional categories with small numbers of
genes. Given the overall level of expression change across the
genome in the 42-2 and 42-3 lines, a functional category would
have to contain 74 genes and zero significant expression changes
to show evolutionary stasis. For 42-1 to show evolutionary stasis
with zero significant expression changes, a functional group
would have to contain 49 genes. The median number of genes
in the 119 functional groups examined is only 13, making
detection of evolutionary stasis very difficult. In contrast, the
median number of genes in the 18 functional classes is 102,
allowing greater statistical power in the detection of significant
evolutionary stasis at this level.

Results

Experimental Replication and Statistical Testing Allow the
Identification of Genes Showing Evolutionary Change

It has been customary in analyzing data from expression pro-
filing experiments to use an arbitrary twofold cutoff to deter-
mine genes of biological importance (Arnold et al. 2001). How-
ever, adequate levels of experimental replication demonstrate
that many statistically significant changes in expression level

occur in the range of 1.0- to 2.0-fold, below this twofold cutoff
criterion (Fig. 1, A). In contrast to fold change, which is based
solely on the magnitude of expression change, statistical sig-
nificance considers the magnitude of expression change relative
to the experimental error in measuring gene expression. In this
study, 55% of the changes in gene expression statistically sig-
nificant at are of small magnitude (less than twofold),P ! 0.05
while 59% of gene expression changes altered by at least twofold
are not statistically significant (Fig. 1).

The Number, Magnitude, and Direction of Evolutionary
Changes in Gene Expression

Following 2,000 generations of culture at high temperature,
significant changes in gene expression are evident for approx-
imately 100 genes (about 5% of those expressed above back-
ground level). These changes in gene expression are correlated
with increased fitness at high temperature, are of relatively small
magnitude, and exhibit no consistent bias for increments or
decrements relative to the ancestor. A nearly equal number of
genes exhibit significant expression changes in 42-2 and 42-3
(78 and 81 genes, respectively). These lines also experience
increases in relative fitness of nearly the same magnitude, ∼30%
(28.8% and 32.9%, respectively; Bennett and Lenski 1996). The
42-1 line experienced a greater number of expression changes
(125 genes) and is also 65% more fit than the ancestor at high
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Table 1: Nine genes expressed in one or more selected lines
but not in the ancestor

42-1 42-2 42-3

b1072/flgA (35%) b3343/yheL (18%) b3989/htrC (11%)
b1075/flgD (51%) b0163/yaeH (12%)
b1081/flgJ (41%) b3343/yheL (8%)
b1082/flgK (20%)
b1646/sodC (24%)
b2495/yfgD (16%)
b3343/yheL (14%)

Note. Genes changed in more than one comparison are shown in bold. Values

in parentheses indicate the proportion of genes expressed at lower levels than

the constitutively expressed gene.

Table 2: Nine genes expressed in the ancestor but not in at
least one of the selected lines

42-1 42-2 42-3

b2472/dapE (22%) b0980/appA (12%) b0109/nadC (12%)
b0891/lolA (11%) b0758/galT (22%) b0287/yagU (20%)

b0973/hyaB (25%) b4317/yjiW (12%)
b2138/yohH (13%)

Note. Values in parentheses indicate the proportion of genes expressed at

lower levels than the constitutively expressed gene.

temperature. The difference in the number of expression
changes in 42-1 versus 42-2 or 42-3 lies in the greater number
of genes with decrements in expression in 42-1 (Fig. 2); the
number of genes with increased expression is consistent across
all three lines. In any of the high-temperature lines, very few
genes have fold changes greater than fourfold in either direction
(17/240, 7%; Fig. 2).

Genes Expressed Only in Ancestral or Selected Lines

Genes that are expressed only in the high-temperature lines or
only in the ancestor are also good candidate genes for the
analysis of adaptation to high temperature (Tables 1, 2). The
average expression level of these genes ranks in the twenty-
third percentile of all expression changes. Expression is there-
fore present at appreciable levels and not just fluctuating around
the limit of detection. Nine genes are expressed in at least one
high-temperature line but not in the ancestor, while another
nine genes are expressed in the ancestor but not in at least one
selected line. Only one of these 18 genes, htrC, has been pre-
viously implicated in high-temperature viability (Raina and
Georgopoulos 1990).

Unique and Replicable Gene Expression Changes Associated
with High-Temperature Adaptation

Two hundred thirty-six of the 1,964 genes showed significant
expression changes in at least one of the high-temperature-
adapted lines, suggesting that as many as 12% of the expressed
genes could potentially be involved in the selection response
to high temperature. We will focus our analysis on genes that
exhibit HREC or MREC because these two classes are over-
represented compared with chance expectation alone. Nine
genes, or less than 0.5% of the total genes expressed, exhibit
HREC (Table 3; Figs. 3, 4A). Not even one gene is expected to
be identified by chance alone as having HREC. Random ex-
pectation predicts that half these changes would be increments
and half decrements, but all nine were increments. (The Bayes-

ian P values we employ to assess statistical significance may be
somewhat conservative because a simulation study suggests a
false positive rate of only 3.9% instead of 5.0% at P ! 0.05
[Baldi and Long 2001].)

An additional 30 genes exhibited MREC (Table 4; Figs. 3,
4B), four times as many as the nine expected because of chance
alone. Of these, 18 were significantly increased, 10 were sig-
nificantly decreased, and the remaining two exhibited a sig-
nificant increase in one line and a significant decrease in the
other line. In 24 of the 28 cases where the two significant
expression changes were in the same direction, the third line
had nonsignificant expression changes in the same direction
(Table 4). In addition to the 30 genes showing MREC, there
were four genes expressed at significantly altered levels in two
derived lines, with the expression level in the third line being
below background. One (ftsB) of these four genes decreased
significantly in two lines and was below background in the
third, effectively showing HREC with repression in all three
selected lines (Table 5).

The remaining 197 (83%) genes showed significant expres-
sion change in only one line. This is slightly less than the 212
expected because of chance alone. Therefore, these expression
changes will not be discussed further.

Replicable Change across Functional Categories

Analysis at a functional level can distinguish evolutionary
change, an excess of expression changes, from evolutionary
stasis, a dearth of expression change. This distinction is im-
possible at the individual gene level because separation of genes
exhibiting evolutionary stasis from those that are simply non-
significant because of experimental noise is impossible. In 100
out of 128 (78%) functional subclasses, groups, and subgroups
examined, neither significant evolutionary change nor evolu-
tionary stasis occurred, meaning that the number of expression
changes in these functional groups randomly reflected the over-
all number of changes across the genome (Table 6). Of the 28
functional groups with change in at least one derived line, 18
exhibited significant evolutionary change or evolutionary stasis
unique to a single line. Four of these 18 changes are highly
significant ( ) and will be discussed below (Table 6).P ! 0.005
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Table 3: Genes with highly replicable expression changes across independently derived lines

b Number

Gene

Name Functional Classification

Fold Change

Average

P Value

Cumulativea

Direction of

Significant

Change42-1 42-2 42-3 42-1 42-2 42-3

b1823b cspC Other known genes 1.99 2.50 4.10 2.73 .006 .003 !.001 !.001 �

b0623 cspE Other known genes 3.76 2.67 6.38 4.00 !.001 .006 .002 !.001 �

b1779 gapA Energy metabolism 1.85 1.79 1.63 1.76 .003 .018 .032 !.001 �

b0951 pqiB Other known genes 1.60 1.599 2.51 1.85 .023 .036 .004 !.001 �

b2571 rseB Regulatory function 1.79 2.18 1.83 1.92 .034 .004 .035 !.001 �

b3781 trxA Biosynthesis of cofactors,

prosthetic groups, and

carriers

1.90 2.35 1.84 2.02 .007 .001 .032 !.001 �

b2498 upp Nucleotide biosynthesis

metabolism

1.43 1.51 1.58 1.51 .015 .044 .026 .001 �

b1655 ydhO Hypothetical, unclassi-

fied, unknown

2.28 2.44 2.19 2.30 .001 .007 .004 !.001 �

b1824b yobF Hypothetical, unclassi-

fied, unknown

2.94 1.79 5.01 2.98 !.001 .031 !.001 !.001 �

Note. expression; expression; expression change.� p increased � p decreased �� p heterogenous
a Cumulative P ln P across the three lines, signifance assayed with x2, ( ).value p S df p 6 3 # 2
b Members of the same operon.

Figure 3. A, Venn diagram of the number of genes with significant
changes in expression ( ) in three lines selected at 41.5�C forP ! 0.05
2,000 generations. B, Venn diagram of the observed number of genes
with altered expression minus the number expected by chance alone
at . Positive values indicate more genes than expected becauseP ! 0.05
of chance alone, and negative numbers indicate fewer than expected.

The 10 remaining functional subclasses, groups, or subgroups
exhibited MREC or HREC (Table 6).

The 42-1 line had 15 significant alterations in functional
categories (13 evolutionary change, two evolutionary stasis),
the 42-2 line had 14 (13 change, one stasis), and the 42-3 line
had 13 (all change). The apparent dearth of evolutionary stasis
will be addressed below. More than one-third (36%) of all
functional categories that had a significant change in one line
also had a change in one or two other lines. In contrast, only
16% of individual genes with significant expression changes
showed MREC or HREC. Therefore, there was significantly
higher replicability at the functional level than at the level of
the individual gene ( , x2 test).P ! 0.05

Replicable evolutionary change at the functional category
level can be the result of either (1) replicable changes in the
expression of individual genes or (2) expression changes in
different genes belonging to the same functional group (Fig.
5). Changes in different genes in the same functional category
suggest natural selection may act to modify flux/performance
of a functional unit as opposed to specific genes, while changes
in the same genes across lines suggest selection at the level of
individual genes. In the jE regulon, some genes show replicable
changes over all lines (e.g., rseB; see Table 3; Fig. 5) while other
genes show significant expression changes in only one line (e.g.,
imp in 42-1, rpoE in 42-2, ecfD in 42-3). In the case of “cell
structure, ribosomes,” there are five significant changes in gene
expression in each of the 42-2 and 42-3 lines; however, only
one change is in common between lines. These are examples
of replicability at the functional level, despite heterogeneity at
the level of individual genes (Fig. 5), suggesting that natural

selection may be acting to modify stress gene regulation or
ribosomal structure/function rather than acting repeatedly on
the same gene. These examples show that change at the func-
tional level can be achieved through changes in different in-
dividual genes.

Discussion

Whole-genome expression profiling of experimentally evolved
populations is a powerful new exploratory tool for character-
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Figure 4. A, Expression patterns of genes with highly replicable ex-
pression changes (significant in all three lines). Gene names are on
the left, and line designations are at the top; the final column represents
the average t statistic across the three derived lines. The color is in-
dicative of expression level relative to the ancestor and is assigned
based on the Bayesian t statistic (see key). Blue indicates decreased
expression relative to the ancestor, and yellow indicates increased ex-
pression. The brighter the shade of yellow or blue, the more significant
the evolved change in expression (see key). B, Expression pattern of
genes with moderately replicable expression changes (significant in two
of three lines). Labeling as in A.

izing organismal and genetic adaptation. Using this approach,
we draw four major conclusions regarding changes in gene
expression during adaptation to high temperature in this ex-
perimental system. (1) A large proportion of genes showing
statistically significant changes have relatively small levels of
expression change, while many genes showing large fold change
are not statistically significant (Figs. 1, 2). (2) Evolutionary
changes in expression occur in 12% of the genes in one or
more high-temperature-adapted lines, and replicable changes
in gene expression in more than one line are observed four
times more often than expected because of chance alone (Figs.
3, 4). (3) The genes showing replicable changes in expression
are new candidate genes for high-temperature adaptation (Fig.
4; Tables 3, 4). (4) Analysis at the level of functional category
highlights whole categories of processes whose modification
may be important in evolutionary adaptation. In this study,
these include the role of stress-related functional groups, in-
cluding adaptation to temperature extremes and the jE regulon,
in high-temperature adaptation (Fig. 5; Table 6).

Fold Change and Statistical Significance

There are a growing number of articles describing statistical
methods for analyzing microarray data (e.g., Baldi and Long
2001; Jin et al. 2001; Long et al. 2001). By performing adequate
replication, we obtained an estimate of the magnitude of change
in expression level relative to the error inherent in measuring
transcript abundance. Our results demonstrate that fold change
with an arbitrary cutoff (e.g., twofold) is not a good proxy for
significance, a finding consistent with other studies that have
employed replication (Arfin et al. 2000; Jin et al. 2001; Pletcher
et al. 2002). The fact that the majority of genes showing sig-
nificant expression change are altered less than fourfold, and
in many cases less than twofold, is also in agreement with other
studies (Pletcher et al. 2002). Not only can genes altered less
than twofold show statistically significant change, but also they
can represent a large proportion of the genes showing signif-
icant changes in expression (Figs. 1, 2).

These results suggest that careful experimental design and
replication are necessary to distinguish between subtle changes
in gene expression and stochastic “noise” implicit in the
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Table 4: Genes with moderately replicable expression changes across independently derived lines

b Number
Gene
Name Functional Classification

Fold Change

Average

P Value

Cumulativea

Direction of
Significant
Change42-1 42-2 42-3 42-1 42-2 42-3

b0605 achP Cell processes (adaptation, protection) 1.21 1.73 1.90 1.59 .211 .006 .007 .001 �

b3237 argR Amino acid biosynthesis and
metabolism

�1.46 2.48 2.58 1.64 .522 .048 .050 .037 �

b0557 borD Hypothetical, unclassified, unknown 2.32 2.65 1.49 2.09 .008 .002 .207 !.001 �

b0240 crl Cell structure �1.90 �2.49 �1.26 �1.81 .009 .028 .266 .004 �

b1191 cvrA Hypothetical, unclassified, unknown 2.31 3.19 1.83 2.38 .016 .002 .153 !.001 �

b0431 cyoB Energy metabolism �1.42 1.06 �1.68 �1.31 .027 .738 .017 .014 �

b2422 cysA Transport and binding proteins �1.65 �1.44 �2.02 �1.68 .016 .115 .028 .003 �

b3701 dnaN DNA replication, recombination,
modification, and repair

1.88 1.93 1.62 1.80 .007 .004 .111 !.001 �

b3095 ecfL Hypothetical, unclassified, unknown 3.38 2.51 5.09 3.51 .026 .124 .015 .003 �

b3347 fkpA Translation, posttranslational
modification

1.30 1.52 2.08 1.60 .095 .018 .012 .001 �

b2802 fucI Carbon compound catabolism �1.91 1.29 �1.86 �1.40 .001 .125 .009 !.001 �

b0912 himD DNA replication, recombination,
modification, and repair

�2.20 1.12 1.50 �1.09 .001 .624 .029 .001 ��

b3687 hslT Cell processes (adaptation, protection) �1.70 �1.19 �1.82 �1.54 .044 .476 .042 .029 �

b3768 ilvG_2 Amino acid biosynthesis and
metabolism

�3.47 �1.21 �1.92 �2.00 .008 .367 .022 .004 �

b0073 leuB Amino acid biosynthesis and
metabolism

�1.41 �1.46 �1.31 �1.39 .022 .050 .301 .013 �

b0179 lpxD Cell structure �1.70 1.53 1.03 �1.02 .022 .045 .869 .029 ��

b2518 ndk Nucleotide biosynthesis and
metabolism

1.34 1.60 1.49 1.47 .093 .028 .039 .005 �

b0957 ompA Cell structure �1.82 �1.28 �1.78 �1.61 .001 .124 .013 !.001 �

b0525 ppiB Translation, posttranslational
modification

1.52 1.34 2.50 1.72 .035 .365 .002 .001 �

b0242 proB Amino acid biosynthesis and
metabolism

�1.42 �1.66 �1.39 �1.49 .040 .017 .190 .006 �

b3822 recQ DNA replication, recombination,
modification, and repair

�1.26 �2.27 �3.20 �2.09 .362 .047 .037 .022 �

b2741 rpoS Transcription, RNA processing and
degradation

2.04 3.25 �1.49 1.64 .020 .003 .412 .002 �

b3165 rpsO Translation, posttranslational
modification

1.51 3.79 2.78 2.51 .201 .002 .022 .001 �

b1642 slyA Hypothetical, unclassified, unknown 1.84 1.48 1.57 1.62 .015 .120 .049 .005 �

b1641 slyB Hypothetical, unclassified, unknown 1.39 1.67 1.15 1.39 .041 .009 .396 .007 �

b0406 tgt Translation, posttranslational
modification

�1.98 �1.74 �1.06 �1.54 .002 .045 .789 .004 �

b1253 yciA Hypothetical, unclassified, unknown 1.47 2.26 2.55 2.04 .068 .009 .008 !.001 �

b1825 yebO Hypothetical, unclassified, unknown 10.99 5.82 9.58 8.50 .034 .108 .019 .004 �

b2357 yfdN Hypothetical, unclassified, unknown 1.66 1.94 3.63 2.27 .105 .045 .004 .001 �

b1809 yoaB Hypothetical, unclassified, unknown 5.72 5.75 3.28 4.76 .025 .021 .177 .005 �

Note. expression; expression; expression change. Bold numbers indicate gene expression changes that are� p increased � p decreased �� p heterogenous

statistically significant ( ).P ! 0.05
a Cumulative P ln P across the three lines, signifance assayed with x2, ( ).value p S df p 6 3 # 2

method. Further, replication must occur at the level of culture
growth and RNA isolation (biological replication) to account
for variance due to differences in day-to-day growth and RNA
isolation. These have been previously shown to be the main
sources of experimental error when using nylon membrane

arrays with radiolabeled probes (Arfin et al. 2000). Replication
only at the level of cDNA synthesis or hybridization (technical
replication) does not account for these larger sources of error
and will tend to inflate the false positive rate. Statistical theory
predicts, and empirical studies have shown, that greater levels
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Table 5: Genes expressed only in two derived lines

b Number

Gene

Name

Functional

Classification

Fold Change

Average

P Value

Cumulativea

Direction of

Significant

Change42-1 42-2 42-3 42-1 42-2 42-3

b4014 aceB Central intermediary

metabolism

5.38 7.22 NA NA !.001 !.001 NA NA �

b2748 ftsB Hypothetical, unclassi-

fied, unknown

NA �6.55 �1.99 NA NA .007 .030 NA �

b1800 yeaU Amino acid biosynthesis

and metabolism

2.92 NA 4.13 NA !.001 NA .001 NA �

b0353 mhpT Putative transport

protein

4.64 4.96 NA NA .007 .030 NA NA �

Note. expression; expression; expression change. Bold indicates gene expression changes that are not� p increased � p decreased �� p heterogenous

significant ( ). applicable.P 1 0.05 NA p not
a Cumulative P ln P across the three lines, signifance assayed with x2, ( ).value p S df p 6 3 # 2

of biological replication at the level of bacterial culture growth
and RNA isolation results in greater statistical power to detect
differences in gene expression while minimizing false positive
rates (Sokal and Rohlf 1995; Baldi and Long 2001; Long et al.
2001).

Evolved Changes in Gene Expression: Replicability and the
Extent of the Genome Affected

Across the three high-temperature-adapted lines, nearly 12%
of the expressed genes show an evolutionary change in ex-
pression relative to the ancestor in at least one line. The exact
nature and number of the genetic mutations causing these
changes in gene expression are unknown, but other studies
suggest that a small number of genetic changes can have pro-
found effects on the transcriptome. For example, another highly
replicated expression profiling experiment that compared two
bacterial strains differing by a null mutation in integration host
factor found statistically significant changes in 15% of expressed
genes (Arfin et al. 2000). As a whole, it seems likely that a small
number of genetic changes occurring during experimental evo-
lution can result in widespread changes in the transcriptome.

In this study, 39 genes, 2% of the 1,964 examined, show
MREC or HREC. This is four times the number expected by
chance alone. Further, in determining false positive rates for
MREC or HREC, we did not specify that the direction of change
be parallel among evolved lines, only that both lines show sig-
nificant ( ) expression change. Therefore, false positivesP ! 0.05
should be equally balanced between changes in parallel and
changes in the opposite directions, and an excess of parallel
changes may be biologically informative. Of the 39 genes show-
ing MREC or HREC, 37 show parallel changes across inde-
pendently derived lines, many more than the ∼20 expected
( ).P ! 0.0005

Functional Roles of the Genes with Highly Replicable
Expression Changes

All nine genes with highly replicable expression changes were
increased in expression in all three high-temperature lines.
These nine genes include two members of the cspA protein
family, cspC and cspE; both are RNA chaperones, not cold
inducible, and constitutively expressed at 37�C (Yamanaka et
al. 1998). A cspE expression does not change in response to
stationary phase nor cold shock, but it has been shown to
increase 50% during lag phase at 30�, 37�, and 42�C (Bae et al.
1999), possibly allowing nutritionally starved cells to acclimate
to fresh medium. A cspE deletion strain exhibited a 2.5-fold
longer lag phase than wild type, although a cspC deletion does
not (Bae et al. 1999). It is possible that superior lag phase
growth contributes to the overall fitness increment between
ancestral and evolved lines by permitting the latter to enter
growth phase more rapidly. Neither cspC nor cspE expression
appears sensitive to salt, ethanol, pH, or acute temperature
stress, although long-term temperature stress has not been ex-
amined (Phadtare and Inouye 2001). It has been proposed that
both cspC and cspE act as regulatory elements for the expression
of stress proteins in the complex stress response of the bacterial
cell (Bae et al. 2000; Phadtare and Inouye 2001). Other csp
family genes, including the cold (cspA, cspB, cspG, cspI) and
starvation/stationary phase-inducible genes (cspD), were not
expressed at above-background levels in our experiment, in
which RNA was isolated from cells in midlog growth phase.

Of the remaining seven genes, yobF, a gene of unknown
function, is cotranscribed from the same operon as cspC. The
gapA gene encodes GAPDH, an important enzyme in glycolysis.
It is known that GAPDH production in a GAPDH� strain
enhances cell growth at 43�C (Charpentier and Branlant 1994)
and that one of the four promoter regions of gapA is recognized
by the heat shock RNA polymerase, jH. The pqiB gene is reg-
ulated by the SoxRS locus and responds to superoxide radicals



Table 6: Expression changes at the functional level

Number of Genes
Expressed above
Background

Number of Genes
Changed
Significantly
(P ! 0.05)

P Value from
Binomial Test

Replicable
or Highly
Significant
Change42-1 42-2 42-3 42-1 42-2 42-3

KEGG functional classes/groups:
A. Amino acid biosynthesis and metabolism 172 25 9 8 !.001 .099 .131 OneSig

1. Alanine and apartate metabolism 17 1 2 0 .379 .118 .500
2. Arginine and proline metabolism 16 2 1 1 .182 .347 .347
3. Aspartate biosynthesis 6 0 0 0 .690 .783 .783
4. Cysteine metabolism 8 0 0 0 .610 .721 .721
5. Chlorismate 10 1 0 0 .344 .665 .665
6. Glutamate metabolism 21 0 1 2 .273 .371 .155
7. Glutamine metabolism 6 0 0 0 .690 .783 .783
8. Glycine/serine/threonine metabolism 25 3 1 0 .127 .375 .360
9. Histidine metabolism 31 9 3 2 !.001 .092 .228 OneSig
10. Lysine biosynthesis 15 0 0 1 .395 .542 .339
11. Lysine degradation 18 1 0 1 .377 .480 .360
12. Methionine metabolism 9 0 0 1 .573 .693 .260
13. Phenylalanine metabolism 13 1 0 0 .371 .588 .588
14. Proline biosynthesis 7 2 1 0 .055 .219 .751
15. Serine biosynthesis 4 0 0 0 .781 .849 .849
16. Trytophan metabolism 12 1 0 0 .365 .613 .613
17. Tyrosine metabolism 15 2 0 0 .169 .542 .542
18. Valine degradation 9 1 1 1 .329 .260 .260
19. Valine/leucine/isoleucine biosynthesis 16 6 1 2 !.001 .347 .108 OneSig

B. Energy metabolism 60 6 3 5 .083 .214 .059
20. Nitrogen metabolism 9 0 0 1 .573 .693 .260
21. Oxidative phosphorylation 29 4 0 2 .066 .306 .216
22. Pyrimidine metabolism 22 2 3 2 .241 .045 .163

C. Carbohydrate metabolism 111 10 6 8 .060 .128 .043
23. Fructose/mannose metabolism 25 4 1 3 .045 .375 .060
24. Galactose metabolism 7 0 0 1 .648 .751 .219
25. Glycolysis 13 2 2 1 .142 .080 .319
26. TCA cycle 12 0 0 0 .476 .613 .613
27. Starch and sucrose metabolism 26 0 1 2 .200 .375 .195
28. Lipopolysaccharide biosynthesis 11 1 1 0 .355 .293 .638
29. Pyruvate metabolism 27 4 1 2 .055 .374 .202

D. Lipid metabolism 41 3 0 3 .219 .188 .145
30. Fatty acid biosynthesis 18 2 0 2 .205 .480 .127
31. Glycerolipid metabolism 25 1 0 1 .340 .360 .375

E. Replication/transcription/translation/cell structure 95 5 4 6 .172 .199 .094
32. Ribosome 48 0 4 4 .051 .083 .083
33. Protein export 12 1 0 0 .365 .613 .613
34. Replication complex 9 0 0 0 .573 .693 .693
35. Cell division 12 1 0 1 .365 .613 .306
36. Flagella 7 2 0 0 .055 .751 .751
37. Cryptic genes 7 2 0 1 .055 .751 .219

EcoCyc functional classes/groups:
F. Regulation 109 8 8 7 .123 .040 .076

i. Regulation type 99 8 8 7 .103 .027 .057
38. Posttranscriptional 33 2 0 0 .279 .260 .260
39. Activators 39 4 3 2 .122 .135 .262
40. Repressors 43 1 1 2 .192 .310 .271
41. Sigma factors and antisigma factors 7 2 4 1 .055 !.001 .219 OneSig
42. Complex regulation: two-component 19 0 0 0 .309 .460 .460
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Table 6 (Continued)

Number of Genes
Expressed above
Background

Number of Genes
Changed
Significantly
(P ! 0.05)

P Value from
Binomial Test

Replicable
or Highly
Significant
Change42-1 42-2 42-3 42-1 42-2 42-3

ii. Regulation unit 63 4 4 2 .201 .137 .259
43. Operon 44 3 2 2 .226 .273 .273
44. Regulon 9 0 0 0 .573 .693 .693
45. Stimulon 6 1 2 0 .264 .020 .783

G. Metabolism of other compounds 23 3 0 2 .111 .391 .172
46. Nitrogen 7 0 0 0 .648 .751 .751
47. Phophorus 8 0 0 0 .610 .721 .721
48. Sulfur 10 3 0 2 .017 .665 .052

H. Energy production 33 1 0 2 .273 .260 .238
49. Electron acceptor 9 1 0 2 .329 .693 .043
50. Electron donors 19 0 0 0 .309 .460 .460
51. Electron carriers 5 0 0 0 .734 .815 .815

I. Energy metabolism: carbon 84 8 2 7 .066 .196 .032
52. Glycolysis 13 1 2 2 .371 .080 .080
53. TCA 15 0 0 0 .395 .542 .542
54. ATP proton motive force 9 3 0 0 .013 .693 .693
55. Aerobic metabolism 25 2 0 3 .260 .360 .060
56. Anaerobic metabolism 42 1 0 3 .199 .180 .150
57. Fermentation 15 2 0 2 .169 .542 .099

J. Degradation of macromolecules 45 0 3 1 .062 .164 .299
58. DNA 8 0 1 0 .610 .240 .721
59. Polysaccharides 5 0 0 0 .734 .815 .815
60. Proteins 27 0 1 1 .188 .374 .374
61. Ribosome 5 0 1 0 .734 .170 .815

K. Central intermediary metabolism 90 8 9 6 .081 .007 .083
62. Amino sugars conversion 6 1 2 0 .264 .020 .783
63. Formyl THF biosynthesis 10 1 0 0 .344 .665 .665
64. Gluconeogenesis 11 1 2 1 .355 .061 .293
65. Miscellaneous glycerol 9 1 0 2 .329 .693 .043
66. Nonoxidative pentose phosphate 6 0 1 0 .690 .196 .783
67. Polyamine 13 1 0 0 .371 .588 .588
68. Nucleotide and nucleoside interconversions 38 2 3 3 .273 .129 .129

L. Cell processes 151 17 9 11 .005 .070 .022 MREC
69. Cell division 33 4 0 2 .088 .260 .238
70. Motility/chemotaxis 14 3 0 0 .040 .565 .565
71. Protection 40 4 2 5 .128 .265 .016
72. Detoxification 11 2 2 1 .113 .061 .293
73. Drug sensitivity 30 2 1 4 .277 .367 .024
74. SOS response 11 0 0 0 .506 .638 .638
75. Adaptation 57 7 7 5 .034 .006 .051 MREC

a. Temperature extremes 12 3 5 4 .027 !.001 .001 HREC
b. Other stresses (mechanical/nutritional/oxidative) 10 4 4 2 .002 !.001 .052 MREC
c. Osmotic pressure 12 2 1 0 .128 .306 .613
d. Iron acquisition 16 0 0 0 .372 .520 .520

M. Carbon compounds 144 11 3 6 .090 .099 .163
76. Amine 10 0 1 0 .539 .277 .665
77. Fatty acid 5 0 1 0 .734 .170 .815
78. Amino acids 25 2 0 1 .260 .360 .375
79. Carbon compounds 106 9 2 4 .082 .128 .198

N. Biosynthesis of building blocks 84 4 2 6 .177 .196 .069
80. Fatty acid 23 3 0 2 .111 .391 .172
81. Purine biosynthesis 13 0 0 0 .447 .588 .588
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Table 6 (Continued)

Number of Genes
Expressed above
Background

Number of Genes
Changed
Significantly
(P ! 0.05)

P Value from
Binomial Test

Replicable
or Highly
Significant
Change42-1 42-2 42-3 42-1 42-2 42-3

82. Purine ribonucleotide 6 0 1 2 .690 .196 .020
83. Pyrimidine biosynthesis 6 0 0 1 .690 .783 .196
84. Biotin 4 0 0 0 .781 .849 .849
85. Coenzyme A 4 0 0 0 .781 .849 .849
86. Folic acid 4 0 0 0 .781 .849 .849
87. Ubiquinone 6 0 0 0 .690 .783 .783
88. Molybdenum 7 0 0 0 .648 .751 .751
89. NAD 5 0 0 0 .734 .815 .815
90. Pyridoxal 5′ phosphate 4 1 1 1 .199 .142 .142
91. Riboflavin 4 0 0 0 .781 .849 .849

O. Cell structure 382 24 12 17 .082 .078 .089
92. Capsule 5 0 0 0 .734 .815 .815
93. Flagella 10 2 0 0 .099 .665 .665
94. Membrane 291 18 6 10 .096 .029 .112
95. Murein 21 1 2 2 .366 .155 .155
96. Ribosomes 53 1 5 5 .127 .041 .041 MREC
97. Surface antigens 16 2 2 0 .182 .108 .520
98. Phospholipid 9 0 0 2 .573 .693 .043

P. Information transfer 321 25 24 21 .036 .001 .009 HREC
i. DNA related 50 4 5 2 .173 .035 .276

99. DNA degradation 8 1 0 0 .311 .721 .721
100. DNA recombination 10 2 2 2 .099 .052 .052
101. DNA repair 15 1 2 1 .378 .099 .339
102. DNA replication 30 1 3 1 .299 .086 .367

ii. Protein related 153 11 8 12 .103 .109 .012
103. Amino acid activation 23 3 3 0 .111 .050 .391
104. Nucleoprotein 11 2 0 1 .113 .638 .293
105. Ribosomal proteins 49 0 4 5 .048 .086 .032 MREC
106. Translation 61 0 4 8 .023 .130 .002 MREC
107. Turnover, degradation 6 0 0 0 .690 .783 .783
108. Posttranslation modification 25 2 0 1 .260 .360 .375
109. Chaperoning, repair (refolding) 30 4 2 2 .071 .222 .222

iii. RNA related 118 10 11 7 .074 .005 .093 OneSig
110. RNA modification 16 2 2 0 .182 .108 .520
111. Transcription related 102 8 8 7 .110 .031 .063

Q. Location of protein products 761 63 58 36 .002 !.001 .041 HREC
112. Cytoplasm 407 38 26 24 .002 .006 .016 HREC
113. Outer membrane 43 4 1 1 .143 .310 .310
114. Inner membrane 250 15 7 6 .106 .090 .062
115. Periplasm 61 6 4 5 .086 .130 .062

R. Stress genes 131 18 11 11 .001 .010 .010 HREC
116. Richmond heat shock reponse genes (Richmond

et al. 1999) 74 7 5 4 .080 .099 .169
117. jE (Dartigalongue et al. 2001) 25 4 4 4 .045 .014 .014 HREC
118. jS regulon 30 4 2 1 .071 .222 .367
119. PPIases 6 2 2 2 .042 .020 .020 HREC

A priori candidate genes (Riehle et al. 2003)
Heat-inducible candidate genes (Riehle et al. 2003) 35 3 5 4 .195 .010 .038 MREC

Note. Capital letters indicate functional classes, Roman numerals indicate subclasses, numbers indicate functional groups, and italicized lowercase letters indicate

subgroups. Bold numbers indicate data for functional classes and subclasses. Italicized numbers indicate . replicable expressionP ! 0.05 MREC p moderately

change (two ); significant change in one line ( ); replicable expression change (all three ).P ! 0.05 OneSig p highly P ! 0.005 HREC p highly P ! 0.05
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and the stress exerted by reactive O2 species (Koe and Roe
1995). The trxA gene encodes a thioredoxin, a natural hydrogen
donor involved in reductions of sulfate, methionine sulfoxide,
and protein disulfide bonds, and shows general chaperone ac-
tivity. Mutants in thioredoxin do not exhibit inhibited growth,
which suggests that thioredoxin is not unique in hydrogen ion
donation (Russel et al. 1990). The upp gene encodes an enzyme
in the pyrimidine salvage pathway, catalyzing the formation of
UMP from uracil and phosphoribosylpyrophosphate (Andersen
et al. 1992). The ydhF gene is a putative lipoprotein. In addition
to these nine genes, yheL, a gene of unknown function, shows
constitutive expression across all three high-temperature lines,
but it is not expressed in the ancestor (Table 1). In a study on
the acute response to temperature stress (37�–50�C for 7 min)
in E. coli, yheL exhibited a 12-fold increase in expression (Rich-
mond et al. 1999).

In summary, several of the genes showing HREC during
adaptation to high temperature have previously been implicated
in different aspects of the phenotypic stress response in E. coli.
For example, both cspC and cspE have been shown to be in-
volved in regulation of the general E. coli stress response (Bae
et al. 1999; Phadtare and Inouye 2001), pqiB is a stress-inducible
gene (Koe and Roe 1995), and rseB controls expression of the
sigma factor that regulates the extracytoplasmic stress response
(De Las Penas et al. 1997; Collinet et al. 2000). The replicated
and parallel nature of their increments in expression in this
experiment suggests that they are candidates for high-temper-
ature adaptation as well. All expression data presented here are
derived from bacterial cells at midlog phase growth at 41.5�C
in minimal media, and therefore the changes we see are strictly
applicable only to the particular metabolic and physiological
requirements of E. coli under this set of experimental condi-
tions. Future complementary analyses of expression changes
during lag or stationary phase, and/or under different envi-
ronmental conditions, would allow the extent and replicability
of evolutionary changes in gene expression to be assessed more
generally.

Experimental Evolutionary Systems and Expression Profiling

Typical expression profiling studies compare control popula-
tions to experimental populations that are either null mutants
for a particular gene or have been subjected to acute environ-
mental change. In this study, all populations (ancestor and
selected lines) were exposed to the same environmental stress,
high temperature (41.5�C), and all were similarly conditioned
to this stress in the experiment. The only difference between
these populations is that the selected populations spent 2,000
generations adapting to 41.5�C before this experiment. The
ability to compare derived and ancestral genotypes directly re-
duces extraneous sources of error and increases the probability
that differences observed are related to adaptation.

Thus far, very few studies have combined the power of ex-

perimental evolution with expression profiling to determine
evolutionary replicability at the level of gene expression. One
study (Ferea et al. 1999) used yeast selected in a limited-nutrient
environment to test evolutionary hypotheses about competition
for resources and exploitation of reduced-carbon sources. It
found replicable expression changes in genes involved in effi-
cient glucose utilization. Another experiment characterized the
expression phenotypes in two lines of E. coli evolved for 20,000
generations at 37�C in minimal medium and observed five
times more genes with changed expression in both lines than
expected because of chance alone (Cooper et al. 2003). Given
the small number of studies, it is difficult to predict the extent
of evolutionary replicability expected at the level of gene ex-
pression. Linking evolutionary replicability at the functional/
fitness level with that seen at the gene expression level will
require extensive future work.

Despite the changes in gene expression observed during
growth at high temperature, it is of interest that these changes
do not significantly affect fitness at the ancestral temperature
of 37�C (Bennett and Lenski 1993). None of the high-temper-
ature lines exhibit a classic trade-off of a decrement in fitness
at 37�C. This maintenance of performance under ancestral con-
ditions following high-temperature selection has also been
shown in Pseudomonas pseudoalcaligenes (Shi and Xia 2003).
The only difference among the three derived lines is that the
42-1 line extended its upper thermal niche by 1�C and is less
fit than the ancestor at 20�C (Bennett and Lenski 1993). In the
future, it would be of value to profile the expression patterns
of the high-temperature and ancestral lines at their ancestral
temperature of 37�C and determine the level of gene expression
change under ancestral conditions.

Analysis at the Level of Functional Category

Overrepresentation of statistically significant genes in a partic-
ular functional class or group across multiple selected lines
could be the result of expression changes in the same genes
across lines or in different genes in different lines. Change in
the same gene suggests that natural selection is acting on a
particular gene and its function, whereas changes in the same
functional group that result from changes in different genes
suggest that selection is acting to alter overall function and
more than one combination of genes within a functional group
can result in an adaptive phenotype. Functional groups are not
necessarily mutually exclusive; thus, over- or underrepresen-
tation in two functionally similar groups may be due to over-
lapping group membership.

In addition to examining evolutionary replicability at the
level of individual genes, analysis at the level of the functional
category can examine whether evolution acts through different
individual genes of related function to achieve replicable
changes in biochemical/physiological function across indepen-
dently derived lines. Identification of evolutionary change or
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Figure 5. Examples of expression diagrams for two functional categories
with an overrepresentation of genes with significant changes in ex-
pression. Box color is indicative of expression change relative to the
ancestor as in Figure 4, and the columns left to right are 42-1, 42-2,
and 42-3. Asterisks indicate significant changes in gene expression
between the ancestor and the selected line. Both replicable and unique
changes at the level of individual gene expression result in overrepre-
sentation of genes with statistically significant changes in expression
in a particular functional category.

evolutionary stasis in a functional category implies selection
favoring a derived state or maintenance of the ancestral state,
respectively. Functional categories that show neither evolution-
ary change nor stasis reflect the overall proportion of expression
change across the entire genome.

Of the 28 functional subclasses, groups, or subgroups ex-
hibiting evolutionary change or evolutionary stasis in at least
one derived line, consistent evolutionary patterns were evident
across all three replicate lines for 14% of these functional cat-
egories. This level of replicability compares to only 3.8% of the
individual genes showing HREC, suggesting higher replicability
at the functional level. Further, this pattern suggests that in-
creases in fitness at high temperature may involve different
individual genes belonging to the same functional category.

Our analysis indicates that evolutionary change occurs far
more often than evolutionary stasis (26/28 groups show evo-
lutionary change). This difference could possibly be explained
by a low statistical power to detect evolutionary stasis in func-
tional categories containing small numbers of genes. In order
to test this possibility, we performed analysis for 18 large func-
tional classes. At the level of functional class (see Table 6), all
significant cases were an overrepresentation of genes with sig-
nificant expression changes. Therefore, even with larger sample
sizes within functional classes and greater statistical power to
detect evolutionary stasis, none was detected, suggesting that
evolutionary change is predominant.

Estimates of replicability at the functional level may be in-
flated because of the fact that the same gene may be a member
of multiple functional groups. However, of the four functional
subclasses/groups/subgroups exhibiting highly replicable ex-
pression changes, only temperature extremes and jE regulon
have overlap. Three genes belong to both of these functional
groups/subgroups, and two of the three show significant change
in the 42-2 line; however, none of the overlapping genes show
significant change in the other two lines, 42-1 and 42-3.

In some cases, there is an obvious biological explanation for
the functional classes/groups involved in high-temperature ad-
aptation (e.g., temperature extremes [75a, Table 6], jE regulon
[117, Table 6], and PPIases [119, Table 6]). It is important to
bear in mind that the temperature extremes subgroup is defined
by acute, not evolutionary, responses to temperature stress.
Acute responses may not necessarily be characteristic of or
predictive of the evolutionary responses. However, in this in-
stance, the same functional subgroup is involved in both, sug-
gesting a similarity of both short-term and long-term functional
responses to temperature stress. The evolutionary change in the
jE regulon in all high-temperature lines highlights the impor-
tance of the extracytoplasmic stress response, as opposed to the
commonly characterized cytoplasmic stress response, in the ad-
aptation of these bacteria to high temperature (Riehle et al.
2003). Several different factors are involved in establishing sig-
nificant evolutionary change in this group, including replicable
changes across all lines (e.g., rseB), heterogeneous changes
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across lines (e.g., lpxD), and changes in different lines (e.g.,
imp in 42-1, rpoE in 42-2, and ygiM in 42-3; Fig. 5). PPIases,
conserved from bacteria to humans, are enzymes that catalyze
the isomerization of proline residues. They are present in high
concentration in the periplasmic space and are proposed to
have molecular chaperone function (Dartigalongue et al. 2001).
Both cytoplasmic and periplasmic PPIases show significant ex-
pression changes among derived lines. In addition to these
functional categories, previous analysis of expression changes
in a group of heat-inducible genes (Riehle et al. 2003) also
showed a similar amount of evolutionary change equal to that
of the other functional groups described here. It is not nec-
essarily surprising to find that adaptation and stress response
functional categories are involved in high-temperature adap-
tation, but it is interesting that different sets of genes within
these groups respond to evolutionary change (Fig. 5).

Conclusions

Adaptation to high temperature in these lines of experimentally
evolved E. coli showed some unique and some common genetic
bases. At the level of individual genes, a small proportion of
genes shows moderately or highly replicable expression changes
in the same direction, four times the number expected because
of chance alone. Nonetheless, the bulk of evolutionary changes
observed were unique to a single line. At the level of individual
genes showing expression change, evolution can be replicable,
although such replicability may not be typical. At the level of
the functional category, greater replicability is apparent, sug-
gesting that adaptation to high temperature may often involve
the same functional categories, although not necessarily the
same genes.
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