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Twelve populations of Escherichia coli, derived from a common
ancestor, evolved in a glucose-limited medium for 20,000 genera-
tions. Here we use DNA expression arrays to examine whether
gene-expression profiles in two populations evolved in parallel,
which would indicate adaptation, and to gain insight into the
mechanisms underlying their adaptation. We compared the
expression profile of the ancestor to that of clones sampled from
both populations after 20,000 generations. The expression of
59 genes had changed significantly in both populations. Remark-
ably, all 59 were changed in the same direction relative to the
ancestor. Many of these genes were members of the cAMP-cAMP
receptor protein (CRP) and guanosine tetraphosphate (ppGpp)
regulons. Sequencing of several genes controlling the effectors of
these regulons found a nonsynonymous mutation in spoT in one
population. Moving this mutation into the ancestral background
showed that it increased fitness and produced many of the ex-
pression changes manifest after 20,000 generations. The same
mutation had no effect on fitness when introduced into the other
evolved population, indicating that a mutation of similar effect
was present already. Our study demonstrates the utility of expres-
sion arrays for addressing evolutionary issues including the quan-
titative measurement of parallel evolution in independent lineages
and the identification of beneficial mutations.

Parallel and convergent changes across lineages are hallmarks
of adaptive evolution (1-7). In any single population it is
difficult to determine whether a particular evolved change
resulted from natural selection, but the repeated finding of the
same or similar change in multiple lineages is a strong indicator
that it is adaptive (4, 8). Such analyses have typically used
morphological traits to assess the similarity of organisms (9-11).
However, this approach is often limited by the number of traits
that can be measured, making it difficult to evaluate the extent
of concordant changes. Also, it is very difficult to relate most
morphological changes to the underlying genetic changes.

DNA macroarrays allow one to measure gene expression
simultaneously for all genes in the genome of an organism (5,
12-15). These measurements yield an expression profile of an
organism, a composite phenotype with which parallelism can be
assessed over thousands of “expression” traits. Moreover, be-
cause of the biochemical proximity of the expression phenotype
of an organism to its genotype, parallel changes in these traits can
be used to identify candidate genes that may have contributed to
adaptation (16, 17).

Twelve populations of Escherichia coli were founded from two
ancestral variants and propagated for 20,000 generations in a
glucose-limited environment (18). During this time, the popu-
lations evolved and adapted to their environment, exhibiting
substantial gains in competitive fitness relative to their ancestor
when measured under the same culture conditions (19, 20). The
fitness trajectories of the 12 populations were similar, but it is
unclear to what extent this parallelism extends to the underlying
physiology and genetics (21). In this study, we address this issue
using macroarrays to evaluate the extent of parallel expression
changes in two of these populations.
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Methods

Strains and Culture Conditions. Twelve populations of E. coli B
were founded from two genotypes that differed only by a neutral
marker and then propagated for 20,000 cell generations at 37°C
in a glucose-limited minimal medium (18-20). Expression arrays
were obtained for five genotypes including clones isolated from
two populations (designated Ara—1 and Ara+1) after 20,000
generations; their two respective ancestral clones (Ara~ and
Ara™); and an ancestral clone into which we moved a spoT
mutation from Ara—1 (Ara~ spoT). Clones from the 10 other
20,000-generation populations were also used for sequencing
spoT. Neither population used in the expression arrays was a
mutator, whereas four other populations acquired mutations
that substantially increased their genome-wide mutation rates
(20, 22).

RNA Isolation and Macroarrays. Transcriptional profiles were ob-
tained by using Panorama E. coli cDNA macroarray membranes
(Sigma—Genosys). Clones were acclimated to the same culture
conditions as in the evolution experiment and then diluted 1:100
into fresh medium and grown to midexponential phase before
RNA extraction. This phase was chosen because previous work
has shown that exponential growth rate is the most important
demographic target of selection in these populations (23). Cells
were harvested by using 0.45-um filtration units (Nalge) and
then resuspended in a 1:1 mix of buffer and RNAlater stabilizing
solution (Ambion, Austin, TX). RNA was extracted with the
RNeasy system (Qiagen, Valencia, CA) following manufacturer
instructions. DNase treatment was performed by using the
Qiagen on-column kit. Subsequent cDNA production, labeling,
and hybridization followed the instructions of the array-
membrane manufacturer. Membranes were exposed to Kodak
phosphorimager screens for 24 h and then scanned on a STORM
840 PhosphorImager (Molecular Dynamics). Image files were
processed by using ARRAYVISION 6.0 software (Imaging Re-
search, St. Catherine’s, ON, Canada), and the output was
exported to Microsoft EXCEL 2000 for manipulation. The data sets
used in this article are available at http://myxo.css.msu.edu/
ecoli/arrays.

Statistical Analyses. For each array, we measured the average
background count. Each gene is represented in duplicate on an
array, and we subtracted the average background from the mean
of the two readings to calculate the adjusted expression level for
every gene. (Lowly expressed genes occasionally gave readings
slightly below the background on a given array; however, no gene
gave values consistently below background.) For each array we
summed the adjusted expression levels over all 4,290 genes and
then divided the adjusted expression for each gene by that total
to obtain its standardized expression. Finally, standardized
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Fig. 1. Pairwise comparisons of gene expression between evolved and ancestral clones. Both axes are logqo-transformed standardized expression levels.

(a) Comparison of Ara~ and Ara™ ancestors. (b) Comparison of the Ara—1 clone from 20,000 generations and its ancestor. (c) Comparison of the Ara+1 clone
from 20,000 generations and its ancestor. (d) Comparison of evolved Ara—1 and Ara+1 clones. (b and c) The colored points mark genes with expression that
changed significantly (P < 0.05) relative to the ancestor in both evolved clones; genes with increased expression are shown in green, and genes with reduced
expression are shown in red. The d values measure the overall divergence in expression profiles and were calculated as explained in Methods.

values were logjo-transformed, and ¢ tests were performed by
using the transformed values from four independently replicated
arrays per genotype to compare expression levels for two
genotypes.

The divergence in expression, d, between genotypic pairs was
calculated as 1 — r, in other words as the deviation from perfect
correlation. Each calculation of d used only those genes that had
reproducible expression levels (coefficient of variation <0.2) in
both genotypic profiles. It is important to emphasize that
exclusion was based on the lack of repeatability of measurements
for a gene in a particular background regardless of the influence
of the gene on the correlation between genotypes. More than
1,300 genes satisfied this criterion for each pairwise comparison.
The 95% confidence intervals for d values were calculated by
using the jackknife method (24, 25) with whole arrays serving as
the unit of replication; statistical comparisons of d values also
used the corresponding pseudovalues.

DNA Sequencing. Primers were designed to allow amplification of
overlapping fragments that covered each of the crp, cyaA, gppA,
ptsG, relA, rpoB, and spoT genes in their entirety including their
known upstream regulatory elements. Purified PCR products
were sequenced by using an Applied Biosystems Prism 3100
automated sequencer. All mutations were confirmed by se-
quencing both strands at least twice.

Strain Construction. The spoT mutation found in Ara—1 was
moved to the Ara~ ancestral background by using a suicide
plasmid-mediated approach as described (26). Briefly, a PCR
product containing the mutation was cloned into pDS132 (a
derivative of pCVD442, D. Schneider, personal communica-
tion). This plasmid was introduced into the Ara™ ancestor, and
chloramphenicol-resistant cells (formed by integration of the
nonreplicative plasmid into the chromosome) were selected.
Resistant clones were then streaked on LB + sucrose agar to
select for cells that lost the plasmid; the plasmid expresses the
sacB gene, making the host susceptible to killing by sucrose.
These plasmid-free cells then were screened for the presence of
the mutant spoT allele by a PCR/restriction fragment length
polymorphism approach using the enzyme Hin4l (Fermentas,
Vilnius, Lithuania) to distinguish between ancestral and evolved
alleles. Putative allelic replacements were confirmed by sequenc-
ing the spoT gene. To control for possible mutations that might
occur elsewhere in the chromosome during strain construction,
we also replaced the introduced spoT mutation with the ancestral
allele (thus undoing the mutant allelic replacement) and com-

Cooper et al.

pared the fitness of this reconstructed ancestor to the true
ancestor. We used a mutant spoT replacement strain for which
this secondary replacement restored competitive fitness to its
original level; some other replacements had lower fitness than
the original state, indicating deleterious secondary mutations.
These forward and reverse replacements were done several times
to confirm the effect of the spoT mutation on fitness. The same
approach was followed to move the mutant spoT allele from
Ara—1 into a 2,000-generation clone of the Ara+1 population
and to confirm the absence of secondary mutations by replacing
the ancestral allele.

Fitness Assays. Following the same protocol used to measure
fitness gains in the evolved populations (18-20), we performed
six competitions between Ara~ spoT and Ara* and six more
between Ara~ and Ara* to measure the fitness effect of the spoT
mutation. The Ara marker is itself selectively neutral, but it
allows us to distinguish competitors. The effect of the spoT
mutation is tested by comparing the two sets of competitions. We
also ran competitions using the 2,000-generation clone of Ara+1
with the wild-type and mutant spoT alleles, each with 6-fold
replication, against a 2,000-generation clone of Ara—1. Again,
the effect of the spoT allele is tested by comparing the two sets
of competitions. In all cases, fitness is calculated as the ratio of
the net population growth rates of two clones during competition
(18-20).

Results and Discussion

Extent of Expression Profile Change over Time. We measured the
global expression profile of clones from two independently
evolved populations after 20,000 generations and their respective
ancestors. For each of these four genotypes, we ran four arrays
(using independent cell cultures and RNA isolations) to provide
statistical replication. Fig. 1 summarizes the overall pattern of
evolutionary changes in gene expression. Each panel shows the
mean of four log;o-transformed, standardized expression levels
for all 4,290 genes in a pair of genotypes. Fig. 1a shows the very
similar expression profiles of the two ancestral clones, which
differ only by a single genetic marker that is selectively neutral
under the conditions used (18). Their divergence in expression,
d, is only 0.0025; this value represents the baseline noise from
experimental variation. Fig. 1 b and ¢ each show the expression
patterns for one of the evolved clones and its corresponding
ancestor. Note that the divergence in gene expression is much
larger in both these cases (d = 0.0117 and 0.0080 for Ara+1 and
Ara—1, respectively) than in the ancestral comparison. Both
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Fig. 2. Predicted and observed divergence (d) in gene-expression profiles
between two independently evolved clones. The predicted value was calcu-
lated as the sum of each clone’s divergence from its ancestor. Error bars are
95% confidence intervals.

these divergence values are significantly greater than the base-
line ancestral value (P = 0.0013 and 0.0171 for Ara+1 and
Ara—1, respectively, based on one-tailed ¢ tests), indicating the
divergence of the profile of each evolved clone from the ancestral
state. Finally, Fig. 1d compares the expression profiles of the two
evolved clones. The two evolved clones are less divergent from
one another (d = 0.0050) than either is from its ancestor,
indicating that the evolved changes in their expression have been
largely parallel. Notice especially that many genes that stood out
conspicuously as having reduced expression in the comparisons
with the ancestors do not stand out in the comparison between
the two independently evolved clones, indicating parallel reduc-
tions in expression.

To test whether the observed divergence between the evolved
clones was significantly less than if their expression changes had
been completely independent, we calculated the predicted di-
vergence as the sum of the divergences between each evolved
clone and its ancestor. The jackknife method was then used to
compute confidence intervals for both the observed and ex-
pected divergence levels (24, 25). As shown in Fig. 2, the
predicted divergence is significantly greater than the observed
divergence as judged by the fact that the 95% confidence interval
around each value does not overlap the other value.

Analysis of Significant Changes. To examine candidate genes that
may have contributed to adaptive evolution, we sought to
identify those particular genes with expression that had changed
in parallel in both populations. The large data sets obtained
using arrays present the statistical challenge of finding mean-
ingful signals among a background of potential noise. Reliance
on arbitrary cutoffs using proportional (fold) changes may suffer
from either false positives or low power depending on the level
of replication and the extent of variation among replicates
(27-29). Using a formal statistical method such as the ¢ test to
compare expression of each gene between two genotypes or
treatments (each based on several replicate measures) avoids
arbitrary cutoffs but is likely to yield many false positives. For
example, with 4,290 genes in the E. coli macroarrays, one expects
hundreds of false positives (in the absence of any real effect) at
the 0.05 significance level. Conversely, traditional methods such
as the sequential Bonferroni correction (30) used to adjust for
performing multiple tests comparisons are extremely conserva-
tive when there are a great many tests, each involving few
replicates; these methods therefore may reject many real differ-
ences. To circumvent these problems, we focused on those genes
that show significant expression changes in both independently
evolved populations, because the number expected to exhibit a
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false-positive response in two independent cases is much smaller
(0.05% x 4,290 ~ 11). In applying this test we did not specify that
the direction of change must be the same in both cases. Thus, any
remaining false positives should be approximately balanced
between cases in which both populations changed in parallel and
cases in which they changed in opposite directions. The degree
of deviation from this null expectation can be used to assess the
extent of true parallel changes in expression.

Fifty-nine genes fulfilled the stringent criterion of significant
expression changes in both evolved clones (Table 1). Remark-
ably, all 59 underwent parallel changes in the two independently
evolved populations (i.e., in the same direction with respect to
the ancestral expression level). Of these, 12 genes showed
increased expression and 47 had reduced expression relative to
the ancestor. The likelihood of such coincident directionality by
chance alone is extremely low (Fisher’s exact test, P < 10712).
Hence, these changes are almost certainly a biologically mean-
ingful reflection of the adaptation that occurred in these pop-
ulations. We emphasize that because of the coordinated regu-
lation of multiple genes, this parallelism does not imply that all
59 of these genes incorporated separate mutations, nor does it
imply that the resulting changes in expression were adaptive in
every case. However, the extreme parallelism does strongly
indicate that one or more mutations that underlie this suite of
changes are responsible for some of the improved fitness during
the evolution experiment.

The expression levels of many of these 59 genes are known to
be regulated by specific effectors including guanosine tetraphos-
phate (ppGpp) and cAMP-cAMP receptor protein (CRP).
These two effectors control more than half of the parallel-
responding genes that have been functionally characterized
(Table 1). The cellular concentration of ppGpp is controlled
largely by the products of rel4 and spoT (31). The concentration
of cAMP-CRP depends on the products of cyad and crp, which
in turn are also influenced by ppGpp (32). Thus, these four genes
are strong candidates for harboring beneficial mutations in the
evolved clones. Neither 20,000-generation clone has a mutation
anywhere in crp, cyaA, or rel4. However, the Ara—1 clone has a
mutation in spoT, in which a change from A to T at the second
base of codon 662 causes the replacement of a lysine by an
isoleucine.

Effect of the spoT Mutation. To isolate the effect of the spoT
mutation from others that occurred in 20,000 generations, we
performed an allelic replacement to move it into the ancestral
genetic background. We then competed the ancestral genotype
with the spoT mutation against the ancestor with the ancestral
allele under the same culture conditions that prevailed during
the long-term evolution experiment. The spoT mutation was
beneficial, producing a fitness gain of 9.4% (t; = 13.176, 10 df,
P < 0.0001). This advantage was eliminated when the spoT
mutation was replaced again by the ancestral allele, demonstrat-
ing that the fitness benefit was caused by the spoT mutation and
not some artifact of strain construction. Based on growth
kinetics in pure culture, the spoT mutation confers its advantage
both by reducing the duration of the lag phase before exponen-
tial growth and increasing the maximum growth rate (data not
shown). The 9.4% fitness gain associated with this mutation
represents a substantial fraction of the 67% gain measured in this
population after 20,000 generations (20).

The benefit of the spoT mutation corresponds in magnitude to
three step-like gains of ~8-12% that were seen in the Ara—1
population during the first 2,000 generations of the experiment
(19). To examine which of these adaptive steps was associated
with this mutation, we performed a PCR/restriction fragment
length polymorphism analysis of clones isolated at 500, 1,000,
and 1,500 generations to measure the spread of the spoT mutant.
The mutation was found in 0/100 clones at 500 generations,
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Table 1. Genes with significantly changed expression

in both independently evolved clones

Fold change*

Gene Functional group® Ara + 1 Ara — 1 spoT Effectors*
alr Amino acid biosynthesis and metabolism —-1.94 -1.97 -1.24 ppGpp
dadA Amino acid biosynthesis and metabolism -1.63 -2.15 1.20 ppGpp and CRP-cAMP
pheA Amino acid biosynthesis and metabolism -1.69 -1.49 -1.40 ppGpp
thrC Amino acid biosynthesis and metabolism -2.35 —2.40 1.01 ppGpp and CRP-cAMP
hemA Biosynthesis of cofactors, prosthetic groups, and carriers —-1.77 —1.65 1.05

menD Biosynthesis of cofactors, prosthetic groups, and carriers —-1.41 -1.70 1.02

malP Carbon compound catabolism -2.37 -2.03 1.04

malQ Carbon compound catabolism —-3.04 —2.58 1.08 CRP-cAMP
rbskK Carbon compound catabolism -2.14 -1.92 1.30 CRP-cAMP
flaG Cell processes (incl. adaptation, protection) —-9.44 -11.74 -1.29 CRP-cAMP
flgB Cell processes (incl. adaptation, protection) —21.48 —16.36 —-1.56 CRP-cAMP
flgC Cell processes (incl. adaptation, protection) -7.37 -4.74 -1.28 CRP-cAMP
flgD Cell processes (incl. adaptation, protection) -11.35 -6.78 -1.55 CRP-cAMP
flgE Cell processes (incl. adaptation, protection) —16.40 —13.40 -1.94 CRP-cAMP
flgF Cell processes (incl. adaptation, protection) —4.38 —2.82 —1.46 CRP-cAMP
flgG Cell processes (incl. adaptation, protection) -11.29 -9.61 -1.77 CRP-cAMP
flgK Cell processes (incl. adaptation, protection) —12.71 —8.36 —-1.03 CRP-cAMP
flgL Cell processes (incl. adaptation, protection) -6.43 -6.34 -1.15 CRP-cAMP
trg Cell processes (incl. adaptation, protection) -2.83 -2.35 1.05 CRP-cAMP
flhA Cell structure —1.55 -1.74 -1.03 CRP-cAMP
b1009 Central intermediary metabolism —1.08 -1.22 1.01

ccmC Energy metabolism 1.31 1.16 1.04 FNR

cdsA Fatty acid and phospholipid metabolism —1.54 -1.44 1.31

ybaC Fatty acid and phospholipid metabolism —1.56 —2.89 1.40

yaeT Hypothetical, unclassified, unknown -1.50 -1.61 1.15

yafU Hypothetical, unclassified, unknown —1.62 -1.42 -1.39

ybcU Hypothetical, unclassified, unknown —7.00 —-3.59 1.08

b0762 Hypothetical, unclassified, unknown -1.72 -1.58 -1.14

b1044 Hypothetical, unclassified, unknown —2.24 -1.72 —-1.42

b1490 Hypothetical, unclassified, unknown —3.09 —1.54 1.30

b2445 Hypothetical, unclassified, unknown 1.26 1.28 -1.07

b2462 Hypothetical, unclassified, unknown 1.29 1.24 1.17

02772 Hypothetical, unclassified, unknown 1.29 1.31 1.07

b2809 Hypothetical, unclassified, unknown -1.69 -1.21 1.1

syd Hypothetical, unclassified, unknown 1.26 1.28 1.01

yael Hypothetical, unclassified, unknown —1.22 -1.39 -1.13

ydfC Hypothetical, unclassified, unknown 1.20 1.28 -1.03

ydfE Hypothetical, unclassified, unknown 1.20 1.25 -1.02

yjgF Hypothetical, unclassified, unknown 1.33 1.26 1.04

yjiD Hypothetical, unclassified, unknown 1.25 1.19 1.00

yijY Hypothetical, unclassified, unknown 1.24 1.23 1.09

ykfB Hypothetical, unclassified, unknown —-1.91 —1.65 —1.09

yohH Hypothetical, unclassified, unknown 1.29 1.26 1.15

nrdA Nucleotide biosynthesis and metabolism 1.64 1.33 -1.15 Fis

yliJ Putative enzymes —3.46 -3.10 1.04

b1168 Putative enzymes -1.57 -1.43 1.24

ynbD Putative enzymes -1.40 -1.89 1.32

yqhC Putative enzymes -2.18 -2.14 -1.11

yhc Putative enzymes -1.57 -1.76 —1.04

yidJ Putative enzymes -2.32 -1.82 1.52

yjcP Putative enzymes —1.64 -1.34 1.1

hsdR Transcription, RNA processing, and degradation -1.91 -1.52 1.16 CRP-cAMP
rpoD Transcription, RNA processing, and degradation —-1.85 —2.28 1.17

pepD Translation, post-translational modification —2.98 —2.52 -1.01

malK Transport and binding proteins —2.04 -1.90 1.06

mgtA Transport and binding proteins —2.04 -2.14 1.39

rbsB Transport and binding proteins -3.80 -2.53 -1.04 CRP-cAMP
rbsC Transport and binding proteins -2.96 —2.08 1.09 CRP-cAMP
rbsD Transport and binding proteins -8.35 -7.07 —1.05 CRP-cAMP

*Fold change indicates the proportional change in expression between each 20,000-generation evolved clone and its ancestor and between the ancestral
construct that carries the Ara—1 spoT mutation and its isogenic counterpart. A value of —2 indicates a halving of expression, whereas a value of +2 indicates
a doubling of expression. For the two evolved clones, all changes that have been listed are significant in both at P < 0.05. Those changes that are also significant
at P < 0.05 in the spoT mutant are shown in bold type.

TFunctional groups are from ref. 36.

*Effectors are global regulators that control expression of the indicated genes, based on refs. 31 and 41 for this table as a whole and refs. 37 and 42 for alr and
pheA. Note that ppGpp also regulates CRP (32), and thus ppGpp is an indirect effector for all genes shown as being under CRP-cAMP control. FNR, fumurate
and nitrate reduction regulatory protein.
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41/100 clones at 1,000 generations, and 98/100 clones at 1,500
generations. This pattern does not fit any of the three step-like
gains precisely but seems most consistent with the spoT mutation
contributing to the third adaptive step.

Effect of the spoT Mutation on the Ancestral Expression Profile. To
confirm that the spoT mutation can explain some portion of the
expression changes that we saw in the evolved clones, we ran
additional arrays to compare the ancestral genotypes bearing the
ancestral and derived spoT alleles. Of the 59 genes that showed
significant changes in both evolved clones, 12 were also altered
significantly (P < 0.05) by the spoT mutation (Table 1). In 11 of
these 12, the change was in the same direction as in the evolved
clones, which is significantly concordant (binomial test, P =
0.0032). Thus, the spoT mutation found in the Ara—1 evolved
clone produces, by itself, many of the expression changes ob-
served in both populations after 20,000 generations. Notice,
however, that the spoT mutation does not always account for the
full magnitude of the changes; for example, the expression levels
of several flg genes were reduced 3- to 16-fold in the evolved
Ara—1 clone, whereas the spoT mutation caused <2-fold reduc-
tions. Mutations elsewhere in the genome must cause the other
qualitative and quantitative expression changes in the evolved
Ara—1 clone. Moreover, there was no spoT mutation in the
evolved Ara+1 clone, which means that some other mutation is
responsible for the changes parallel to those caused by the spoT
mutation in Ara—1.

In an effort to identify the mutation in Ara+1 causing the
parallel suite of changes, we sequenced three other candidate
genes: ptsG (affecting cAMP-CRP), gppA (affecting ppGpp
metabolism), and rpoB (encoding a target for ppGpp). However,
we found no mutations. Although the identity of the mutation
causing the parallel suite of expression changes in Ara+1
remains unknown, we tested the hypothesis that this unknown
mutation contributed to the same advantageous effect as the
spoT mutation by moving the spoT mutation from Ara—1 to an
Ara+1 clone from generation 2,000. The spoT mutation con-
ferred no benefit in Ara+1 (mean fitness effect —0.3%, t; =
0.1418, 10 df, P = 0.8901). This finding thus confirms our
hypothesis that some other beneficial mutation is present in
Ara+1 that renders the spoT mutation superfluous.

Genetic Parallelism. To examine further the extent of parallel
evolutionary changes, we sequenced spoT in clones from 10 other
populations (besides the two used in the arrays) that also had
evolved for 20,000 generations under the same conditions. Seven
other evolved populations also had acquired point mutations in
spoT, causing amino acid replacements in all cases, although no
two mutations were identical (Fig. 3). These results indicate that
parallelism extended to the gene level in 8 of the 12 populations.
An earlier study also uncovered parallel mutations, specifically
deletions of varying extent in the rbs operon, that affected all 12
populations (8). Four genes in the rbs operon were among those
showing parallel reductions in expression (Table 1). Thus,
expression arrays revealed the effects of previously identified
mutations as well as suggested new candidate genes for sequenc-
ing and manipulation. In striking contrast to these cases of
parallelism in candidate genes, sequencing ~500 bp in each of 36
randomly chosen gene regions in clones from all 12 populations
found only 10 mutations in total, all of them in a few lines that
had evolved defects in DNA repair, and no case in which even
two populations had mutations in the same gene (33).

Mechanistic Basis for the Effect of the spoT Mutation on Fitness.
Because ppGpp influences the expression of many genes includ-
ing those also controlled by cAMP-CRP (32), it is impossible to
elucidate the precise physiological basis for the advantage of the
spoT mutation. However, at least two possibilities can be sug-
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coli populations. Only the variable amino acid residues are shown, with the
ancestor listed first and the eight mutant alleles shown below. Four other
populations retained the ancestral sequence. The maximum extent of the
regions needed for ppGpp hydrolase and synthetase activities are shown
along the top; the C terminus is hypothesized to regulate the relative activity
of these two functions (36).

gested. First, the array data show that the spoT mutation lowers
expression of the flagella-encoding flg operons (Table 1). The
ancestral strain used in the evolution experiment was nonmotile,
the selective environment lacked physical structure, and the
production of flagella is known to be costly (34). Hence,
reducing the expression of these genes could be beneficial (35).
Second, a reduction in the concentration of ppGpp, shown to
result from mutations in the regulatory region of spoT (32, 36),
might increase the rate of transcription from tRNA and rRNA
promoters (37). This increased transcription raises the maximal
growth rate (38), presumably via an increased speed of transla-
tion during growth in minimal medium (39). Although tRNA
and rRNA genes are not present on the arrays that we used, we
can examine the expression of genes with products that are
associated with them such as ribosomal proteins and aminoacyl
tRNA synthetases. Consistent with this possible advantage, the
spoT mutation increased the expression of 62 of 94 stable
RNA-associated genes when it was moved into the ancestral
genome. This proportion is significantly more than half (P =
0.0027, one-tailed binomial test).

Previous work on yeast showed that replicate populations
underwent parallel changes in gene expression during 250 gen-
erations of evolution (16). We extend this result to another
system by demonstrating that expression in independently
evolved populations of E. coli changed in parallel during 20,000
generations. We then also used these data to gain insight into the
genetic basis of adaptation by focusing on the parallel changes,
which often indicate important targets of selection. Analysis of
these changes led to the discovery of a mutation in the spoT gene.
This mutation had large phenotypic effects, conferring a very
substantial competitive advantage and having widespread pleio-
tropic effects on the expression of many genes controlled by
ppGpp.

The spoT mutation was identified as a result of parallel
changes in expression in two evolved clones and by itself
produced many of these changes when introduced into the
ancestral genome. Therefore, the fact that a mutation in spoT is
present in only one of the two populations used in the array
experiments is rather surprising in that light. In our view, the
simplest explanation for the absence of a spo7T mutation in
Ara+1 is that one or more mutations in other genes are present
in that population that produce a similar suite of phenotypic
effects. Consistent with this hypothesis, the spoT mutation from
Ara—1 does not confer a fitness benefit when moved into Ara+1.
The presence of a mutation substituted during the evolution of
Ara+1 that renders the effect of the spoT mutation redundant
represents a case of historical contingency (40). In that respect,
it would be interesting to examine whether the order in which
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mutations arise might constrain the spectrum of subsequent
mutations that can be beneficial.

In conclusion, we used DNA expression arrays to assess the
extent of changes in gene expression during 20,000 generations
of evolutionary adaptation by E. coli to a minimal medium
containing glucose as the sole source of energy. Analysis of the
expression profiles of two independently evolved lines showed
many parallel changes in their gene expression. Concentrating on
parallel changes allowed us to reduce greatly the number of false
positives that can plague analyses of large data sets and thereby
narrow down the number of candidate genes for detailed anal-
ysis. These data led to the discovery of a mutation in the spoT
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gene that had large phenotypic effects including a substantial
competitive advantage and widespread pleiotropic effects on the
expression of many genes controlled by ppGpp. Similar muta-
tions in spoT were found in 8 of 12 independently evolved
populations. By using parallel expression changes in the discov-
ery of a beneficial mutation, we also demonstrate the utility of
viewing gene-expression profiles as phenotypic traits.
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