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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.

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 Ara21 and Ara11) after 20,000
generations; their two respective ancestral clones (Ara2 and
Ara1); and an ancestral clone into which we moved a spoT
mutation from Ara21 (Ara2 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-mm 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:yymyxo.css.msu.eduy
ecoliyarrays.

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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