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ABSTRACT

During a 1000-generation evolution experiment, two types of morphologically and kinetically distinct
bacteria repeatedly diverged from a common ancestor in a fully sympatric seasonal environment containing
glucose and acetate. To investigate the metabolic modifications associated with this adaptive diversification,
we compared transcription profiles of the two derived types and the common ancestor. Both derived types
share asuite of common metabolic changes that may representadaptation to the environment preceding the
diversification event. These include improved translation efficiency, glucose uptake capacity via the mal/
lamB genes, upregulation of various transporters during stationary phase, and likely the disruption of the rbs
operon. The diversification event is associated with the overexpression of genes involved in the TCA cycle,
glyoxylate shunt, acetate consumption, and anaerobic respiration in one type and in acetate excretion in the
other. These results reveal that competition for both carbon and oxygen have likely played an important role
in the adaptation of Escherichia coli during this adaptive diversification event, where one derived type mainly
consumes glucose at a fast rate when oxygen is not limiting, and the other derived type consumes glucose and
acetate at a slower rate, even when oxygen is limiting.

INKING genetic, biochemical, and physiological
changes to evolutionary processes is difficult. One

of the most important reasons for this is due to the
nature of descent with modification: evolutionary pro-
cesses occur over long periods of time. One must thus
often infer history and ancestry from the standing bio-
logical diversity without the actual knowledge of the an-
cestral states that would allow tracking biological changes.
For the last few decades, experiments with quickly re-
producing organisms, such as bacteria, evolving under
controlled conditions in the lab for hundreds or thou-
sands of generations, have been a powerful alternative
to classic comparative studies for better understanding
of various evolutionary processes (see ELENA and LENSKI
2003 and KasseN and RAINEY 2004 for reviews). Another
difficulty when linking cellular and evolutionary processes
is the lack of precise genetic, biochemical, and physio-
logical knowledge in most of the biological systems used
as models in evolution studies. Classic genetic and phys-
iological microbial models, such as yeast and bacteria,
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offer a powerful alternative. By coupling evolution ex-
periments and genetic investigations in these microor-
ganisms, several studies have identified cellular functions
involved in evolutionary processes (e.g., TREVES ¢t al. 1998;
NoTLEY-McRoBB and FERENCI 1999; COOPER ¢ al. 2001;
SPENCER et al. 2007). However, in most of the cases, these
studies focus on specific candidate genes, and general
investigations of metabolic changes are rare (but see
KURLANDZEKA et al. 1991; COOPER et al. 2003; PELOSI et al.
2006). Moreover, most such studies concentrate on un-
derstanding directional adaptation to optimize perfor-
mance in a given environment.

We investigate the evolutionary changes in metabolic
functions that occur when a population diversifies. Di-
versification thatleads to the coexistence of several types
of bacteria from a single ancestral strain is a frequent
outcome of evolution experiments (see, for example,
ROSENZWEIG et al. 1994; RAINEY and TravisaNo 1998;
RozeN and LeNskI 2000; FRIESEN ef al. 2004). In fact,
many of the reported diversification events are consistent
with the process of adaptive diversification (DIECKMANN
et al. 2004) that occurs under sympatric (well-mixed)
conditions due to competition for limiting resources.
In this study, we take advantage of the short generation
time and extensive genetic knowledge of the bacterium
Escherichia coli to investigate metabolic changes that
occurred during such an adaptive diversification event.
According to theory, populations undergoing adaptive
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diversification experience two different evolutionary
phases. They adapt to the environment following a
directional selective regime, which ends up in disruptive
selection generated by frequency-dependent competi-
tive interactions, subsequently leading to the diversifi-
cation of the population (DIECKMANN and DOEBELI
1999). In our experiments, an E. coli B clone (hereafter
named A for ancestor) evolved during 1000 generations
in a fully sympatric daily batch culture containing two
carbon sources, glucose and acetate. In an environment
containing glucose and acetate, metabolic trade-offs
prevent the bacteria from concomitantly using the two
carbon sources because genes implied in acetate con-
sumptions are repressed by glucose (SAIER et al. 1996).
This results in a diauxic growth regime where bacteria
first grow fast by consuming glucose and then more
slowly after switching to acetate consumption when glu-
cose is depleted. On the basis of the theory and patterns
of diversification observed in other populations (SPENCER
et al. 2008), we expected that the bacteria would first
undergo directional adaptation and then diversify when
the selection regime turned disruptive due to ecological
interactions. Specifically, we expected that one type, named
SS (SPENCER et al. 2007),, would maximize its growth rate
on glucose by first consuming glucose, switching to
acetate consumption when glucose was exhausted, and
finally growing on acetate alone and that a second type,
named FS (SPENCER et al. 2007), would minimize the
lag time between glucose and acetate consumption by
starting to consume both glucose and acetate and con-
tinuing to consume acetate when glucose was exhausted
(FRIESEN et al. 2004). Under such a scenario, in each daily
batch the second type would initially grow more slowly
than the first one due to the metabolic trade-offs prevent-
ing efficient consumption of both glucose and acetate but
then more quickly by reducing the lag time needed to
switch from glucose to acetate-only consumption. Di-
versification repeatedly occurred in all replicates (10/10
replicates diversified into SS and FS types) of the evolu-
tion experiment, and the evolutionary dynamics conform
to the theoretical expectations for adaptive diversifica-
tion, showing a directional evolutionary phase followed
by diversification into two types (SPENCER et al. 2008).
In a similar evolution experiment, the two derived types
maintained a stable coexistence due to frequency-
dependent interactions, where each of the two types
increased its frequency in the population when it was
initially rare (FRIESEN ef al. 2004; TYERMAN et al. 2005).
In our study population, the two types differ by their
growth kinetics in the evolution medium (Figure 1). As
expected, the SS type seems to first consume glucose and
produce acetate as a result of fermentation, while the FS
type seems to start consuming both glucose and acetate
(SPENCER et al. 2007).

Phenotypic assays (i.e., assessing colony morphology
and growth profiles) and comparing transcription levels
of candidate genes (SPENCER el al. 2007) have limited

power to unravel the general metabolic modifications
that occurred during our evolution experiments. In this
study, we tried to obtain a more general picture of the
modified cellular functions by investigating how total
gene expression changed during the adaptive diversifi-
cation. To do so, we focused on a single microcosm and
compared the global transcription profile of FS, SS, and
A at four different time points during growth in a single
batch (Figure 1). In particular, we investigated which
modifications in cellular functions were common to
both derived types, and hence presumably evolved prior
to the diversification event, and which modifications
distinguish the derived types and hence arose during
diversification.

MATERIALS AND METHODS

Biological system: A 150-day (~1000 generations) evolution
experiment was performed in a 24-hr batch culture environ-
ment (TYERMAN et al. 2008; SPENCER et al. 2008). Every 24 hr,
100 wl of culture was inoculated into 18-mm test tubes con-
taining 10 ml of fresh medium composed of Davis minimum
medium supplemented with 0.0002% thiamine HCI, 0.1%
MgSOy, 250 mg - liter ' of glucose, and 1323 mg - liter ' of
sodium acetate trihydrate (DMg,). Test tubes were incubated
at 37° at 250 rpm. This experiment repeatedly led to the di-
versification and coexistence of two types of bacteria, SS and
FS, from one ancestral E. coli B strain (the REL606 strain here-
after called A for ancestor). For each derived type, three clones
were isolated from population 20 after 150 days of evolution.
For each type, the three clones were pooled and samples of the
resulting populations were frozen at —80°. Changes in gene
expression associated with this adaptive diversification were
investigated by comparing gene expression profiles between
the pooled FS and A and between the pooled SS and A.

Transcript profiling using microarrays: Transcription pro-
filing was performed by using microarrays printed with 5978
70mer probes representing the genome of three strains of
E. coli (K12, 0157:H7 EDL933, and Sakai; Array-Ready Oligoset
for the E. coligenome v1.0, QIAGEN, Valencia, CA). The slides
were printed by the Gene Array Facility of the Prostate Centre
at Vancouver General Hospital. The array platform was sub-
mitted at the NCBI’s Gene Expression Omnibus (GEO) data
bank (http:/www.ncbi.nlm.nih.gov/geo/) under the accession
no. GPL5767.

SS, FS, and A were incubated in DMg, at 37° and 250 rpm
for ~18 hr. We then inoculated 500 pl of these overnight
cultures into 50 ml of DM, in 500-ml flasks and grew them at
37° and 250 rpm. The growth kinetics were assessed by mea-
suring the optical density at 600 nm (ODg) regularly during
the incubation (Figure 1). Total RNA from the three types of
bacteria was extracted using QIAGEN RNeasy mini kit as per
the manufacturer’s protocol at four points of the growth curve:
point 1 after 3 hr and 30 min (SS) or 4 hr (FS and A) (two dif-
ferent extraction times where used to minimize the ODggg
variability between SS replicates while capturing the fast in-
crease in ODgp in FS and A); point 2 after 7 hr; point 3 after
12 hr; and point 4 after 18 hr of incubation (Figure 1). DNA
was removed using Ambion’s DNA-free kit. RNA quality was
assessed using 2% agarose gels and an ODggp/ODggy ratio.
Indirect labeling methods were used to label 5 p.g of RNA dur-
ing reverse transcription. The reverse transcription was per-

formed at 42° during 50 min using 600 units of superscript RT
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II (Invitrogen, San Diego); 3 ug of random hexamers; 0.6 mm
dATP, dCTP, and dGTP; 0.2 mm dTTP; and 0.4 mM amino-allyl
dUTP (Ambion). RNA was then degraded by incubation at 65°
for 15 min after adding 10 pl of 0.5 M EDTA and 10 pl of 1 M
NaOH. cDNA was cleaned using the QIAquick purification kit
(QIAGEN) and labeled with either Cy3 (A) or Cy5 (FS and SS)
following the manufacturer’s instructions (Amersham Phar-
macia). Labeled cDNA was purified using QIAquick purifica-
tion kit (QIAGEN). For each of the four points of the growth
curve, 80 pmol of the labeled cDNA was combined in two dif-
ferent ways: SS cDNA with A cDNA and FS cDNA with A cDNA.
The combined cDNA were speed vacuum concentrated, resus-
pended in 4 p1 10 mMm EDTA, and denaturated at 95° for 1 min
before adding 76 wl of Ambion hybridization buffer 2. After
2 min of denaturation at 95°, the hybridization solution was
placed on a microarray slide and covered by a cover glass. The
slides were assembled with hybridization chambers (Corning)
and hybridized for 20 hr in a 42° water bath. The slides were
washed three times in 0.5X SSC, 0.5% SDS for 5 min and then
three times in 0.5X SSC and were dried by centrifugation. The
hybridized slides were scanned with a ScanArray Express scan-
ner (Perkin-Elmer, Norwalk, CT). ImageGene v5.0 was used to
quantify the spot intensities. Each transcript comparison (FS/A
and SS/A at time points 1-4) had five replicates, leading to a
total of 40 microarray slides that were submitted to the NCBI’s
Gene Expression Omnibus data bank (http:/www.ncbi.nlm.
nih.gov/geo/) and are accessible through GEO Series acces-
sion no. GSE8965.

Statistical preprocessing steps were conducted with ArrayPipe
(version 1.7), a web-based software designed for processing of
microarray data (http:/www.pathogenomics.ca/arraypipe;
Hoxkawmp et al. 2004). The following preprocessing steps were
applied: (1) flagging of markers and control spots, (2) subgrid-
wise background correction using the median of the lower
10% foreground intensity as an estimate for the background
noise, (3) data shifting, (4) limma’s LOESS normalization by
print tip, (5) merging of duplicate spots, and (6) merging of
replicate arrays to yield overall fold changes and intensity ratios
for each group. Merging of replicate arrays was performed in
several ways:

1. For each time point, the results of the five slides comparing
FS/A and SS/A (allowing the direct comparison between
each of the derived types and the ancestor FS/A or SS/A
and the indirect comparison between the two derived types
FS/SS for each time point).

2. For each time point, the results of the 10 slides comparing
FS/A and SS/A (considering FS and SS as a single derived
type hereafter named D, allowing the comparison between
the derived types and the ancestor D/A for each time point).

3. The results of the 20 slides comparing FS/A or SS/A from
all four time points combined (allowing the overall compar-
ison between each of the derived types and the ancestor
FS/A or SS/A and the indirect comparison between the two
derived types FS/SS).

4. The results of the 40 slides from all four time points
combined (allowing the overall comparison between the
derived types and the ancestor D/A).

Identification and analysis of differentially expressed
genes: Differentially expressed genes were identified using
the optimal discovery procedure (STOREY ¢t al. 2007) as im-
plemented in the software EDGE v1.1.208 (LEEK et al. 2006).
Tests were performed to identify differentially expressed genes
between FS/A, SS/A, D/A, and FS/SS at each of the four time
points and after pooling the four time points (20 tests). Each
test was performed using 200 permutations. Genes were con-
sidered as differentially expressed when false discovery rates
(FDR; STtoREY and TiBSHIRANI 2003) gave ¢values =0.2 and

when absolute fold changes were =1.5. The Pvalues give the
probability of an event when a single test is performed. In the
case of multiple testing, FDR allows estimation of the proba-
bility q of one gene to be false positive, given the distribution
of Pvalues.

To visualize the general trends of changes in gene expres-
sion in our experiment, the normalized intensity ratio of all
differentially expressed genes for the comparisons FS/A and
SS/A at each of the four points were clustered using the QT
CLUSTalgorithm (HEYER et al. 1999) in the software TM4 (SAEED
et al. 2003), using the Pearson correlation metric distance with a
maximum cluster diameter of 0.75 and a minimum cluster popu-
lation of 50.

To identify the cellular functions that are most often asso-
ciated with change in gene expression, genes were classified in
two kinds of functional categories: (1) in broad functional cat-
egories according to GenProtEC (http:/genprotec.mbl.edu/)
and (2) in more precise gene ontology (GO) cellular process
categories defined in RiLEY et al. (2006). Overrepresentation
of the categories was tested using one-tail Fisher’s exact tests in
R (http:/www.r-project.org/) by comparing for each category
the following: (1) the total number of differentially expressed
genes to the number of genes on the array; (2) the number of
genes found differentially expressed for each of the 20 sta-
tistical comparisons (FS/A, SS/A, D/A, and FS/SS at each of
the four points and after pooling the four points) to the total
number of differentially expressed genes; and (3) the number
of differentially expressed genes in each cluster of genes and
the total number of differentially expressed genes. Tests were
performed only when more than one gene was found differ-
entially expressed in the focal comparison. As Fisher’s exact
tests were performed multiple times for both GO and func-
tional categories, FDRs were estimated using the QVALUE
software (STOREY and TissHIRANI 2003) and categories were
considered as overrepresented for ¢values =0.2.

The statistical tests performed to identify differential ex-
pression allow the identification of individual genes based
only on the expression of each particular gene. However, due
to the small sample size associated with microarray analyses,
these statistical tests often offer limited statistical power. Com-
paring patterns of expression for several genes involved in the
same pathways offers an alternative to individual gene tests
and may indicate relevant biological information, especially if
several genes display an identical trend (even without statisti-
cal significance when referring to each individual gene), in-
dicating an overall up- or downregulation of a pathway. To
identify such trends, we used the software Pathway Tools v11.0
(PALEY and KaArp 2006) to visualize the difference in gene
expression for our eight direct comparisons (FS/A and SS/A
at the four points of comparison) on a map representing the
various cellular pathways. We considered as a trend for up- or
downregulation if, in pathways containing more than three
genes, at least three-fourths of the genes linking two metabolic
compounds on the metabolic map displayed an absolute fold
change =1.5 in the same direction.

Gene operons and regulons were considered of special in-
terest if several genes of the same regulon/operon were iden-
tified as differentially expressed in more than one statistical
comparison.

Glucose, acetate, and glycerol concentrations: Three inde-
pendent cultures of each of FS, SS, and A were sampled at
several points during growth in 10 ml DMg, to determine
glucose, acetate, and glycerol concentrations. For each sample,
we removed ~1 ml of culture, pelleted the cells, and stored the
supernatant at —80°. After all samples were obtained, we
estimated the glucose concentrations using a glucose (HK)
assay kit (Sigma, St. Louis), acetate concentrations using a UV-
method acetic acid kit (Boehringer Mannheim/R-biopharm),
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FiGure 1.—Growth kinetic curves of the three types of bac-
teria. Optical densities measured at 600 nm are plotted
against time after inoculation. The four time points used to
perform the RNA extraction are indicated.

and glycerol concentrations using a UV-method glycerin/
glycerol kit (Boehringer Mannheim/R-biopharm). Manufacturer-
supplied standards and non-inoculated media samples were
used as controls.

Dissolved oxygen measurement: Two overnight cultures of
each FS and SS were inoculated (1/100 dilution) into 10 ml
DMg, in test tubes and 50 ml DM, in 500-ml flasks. A Microx-
TX fiber optic oxygenmeter (PreSens) was used to measure ox-
ygen concentration relative to sterile medium at several points
during 24 hr of growth.

Growth curve assays: Growth curve assays were performed
to investigate the effect of glucose, glycerol, acetate, and aera-
tion to the kinetic growth of FS and SS strains. Previously frozen
FS and SS were incubated in DMg,4 at 37° and 250 rpm during
~18 hr and 100 ul of these overnight cultures were inoculated
in 10 ml of DMg4 in test tubes and were grown at 37° and 250
rpm. After 4 hr and 30 min of incubation, 250 mg - liter ' of
glucose, 250 mg - liter ' of acetate, extra aeration (by transfer
to a sterile 150-ml bottle, vigorous shaking, and transfer back
to the test tube), 250 mg - liter ' of glucose and extra aeration,
250 mg - liter ' of acetate and extra aeration, or nothing was
added to the test tubes. Kinetic growth was assessed by mea-
suring ODgg at regular intervals during the incubation.

Additional remark: All the assays were performed growing
FS and SS in isolation, because we were unable to distinguish
them when grown together. However, it should be kept in
mind that the two types diverged from their common ancestor
in sympatry and that it is possible that, when grown together,
the growth of one type is affected by compounds excreted by
the other type. Such effects would not necessarily be reflected
in our study.

RESULTS

Numerous genes are overexpressed in the two derived
types at time points 1, 3, and 4 and overexpressed in FS at
time point 2: We compared global expression profiles of
an ancestral E. coli strain (A) and two strains (FS and SS)
derived in sympatry from the ancestor during 1000 gen-
erations of experimental evolution in serial batch cul-
ture. Microarrays were used to identify changes in gene
expression at four time points during growth in a single
batch in the evolution medium (Figure 1). A total of 644
genes were identified as differentially expressed (several
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TABLE 1

Genes differentially expressed for each of the
20 tests performed

Type TP1 TP2 TP3 TP4 Global
FS/A 18 275 9 48 30
SS/A 44 4 12 46 19
D/A 147 21 117 88 19
FS/SS 6 344 2 0 6

One particular gene may be considered as differentially ex-
pressed in more than one comparison. Rows indicate the
comparisons between two types of bacteria (FS/A, SS/A,
D/A: FS and SS are considered as a single derived type;
FS/SS: the indirect comparison between FS and SS). Each col-
umn corresponds to one point of comparison (TP1, -2, -3, -4,
and global; all the points are pooled and considered as a sin-
gle point). The various analyses were performed using differ-
ent sample sizes (five microarray slides are indicated by
roman, 10 slides by italic, 20 slides by underlining, and 40
slides by boldface type) and may thus result in different statis-
tical power. TP, time point.

genes were significant in more than one comparison).
Table 1 indicates the number of differentially expressed
genes for each of the 20 different tests performed (de-
tailed gene lists are presented in supplemental Table 1
at http:/www.genetics.org/supplemental/). In the 15
tests comparing the two derived types to the ancestor,
many more genes were upregulated in the derived types
compared to the ancestor (663 significant comparisons
display a fold change =1.5 while 234 display a fold
change = —1.5, two-tailed Fisher’s exact test, P <
0.0001). Interestingly, this is opposite to what has been
found in another evolution experiment in which E. coli
B evolved for 20,000 generations in batch culture con-
taining glucose as the only carbon source and in which
most of the difference in gene expression between the
evolved and ancestral strains involved a downregulation
in the evolved strains (COOPER et al. 2003; PELOSI et al.
2006). In the five tests comparing the two derived types
SS and FS, more genes are upregulated in FS compared
to SS (324 genes upregulated in FS and 34 in SS, two-
tailed Fisher’s exact test, P<< 0.0001). As shown in Table
1, most of the differences (in terms of the number of
genes differentially expressed) occur between the de-
rived types (FS and SS pooled and considered as a single
type D) and A at time points 1, 3, and 4, and between FS
on the one hand and SS and A on the other at time point
2. The differences between the evolved strains and the
ancestor probably reflect adaptation to the experimen-
tal environment preceding the divergence of the two
strains. They indicate that the mutations accumulating
during that stage of evolution had an effect not only dur-
ing the log phase, corresponding to active cell divisions
(time point 1 for FS, SS, and A and time point 2 for FS),
but also during the stationary phase, when cells are no
longer dividing and must survive in an environment
containing very few nutrients (time points 3 and 4). The
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differences between FS and SS likely reflect mutations
responsible for the divergence between the derived
strains.

Differentially expressed genes can be grouped in three
main clusters: To identify genes with parallel changes
in gene expression at the four time points, we performed
a cluster analysis on the whole set of differentially ex-
pressed genes to group together genes presenting the
same pattern of differential expression. The analysisiden-
tified three main clusters of genes (Figure 2). The first
cluster groups 218 genes more highly expressed in both
FS and SS at time point (TP) 1 (D/A-TP1) and in FS at
time point 2 (FS/A-TP2 and FS/SS-TP2). This cluster
identifies genes likely to be linked to the adaptation of
the derived types to log growth in the evolution envi-
ronment and indicates that the responsible mutations
probably accumulated before the diversification event.

F1GURE 2.—The three clusters of differentially
expressed genes. Each line corresponds to one
gene and indicates the changes in gene expres-
sions between the eight different comparisons.
Positive values indicate that the gene has higher
expression in the derived strain (FS or SS), and
negative values indicate that the gene has higher
expression in the ancestor (A). Numbers of genes
in each cluster are indicated; 194 of the differen-
tially expressed genes are not clustered.

The second cluster identifies 144 genes that are more
expressed in both derived types (FS and SS) at the
points 3and 4 (D/A-TP3,and D/A-TP4), indicating that
at these two points, many of the differentially expressed
genes are identical. At these two time points, the bac-
teria are in stationary phase and are not rapidly dividing
anymore due to low resource concentrations. These
genes may thus be involved in adaptation to survival in
starvation conditions that the bacteria have faced at the
end of each 24-hr growth batch during the evolution
experiment. The third cluster is composed of 88 genes
that have higher expression in FS at time point 2 (FS/
A-TP2,FS/SS-TP2) and are therefore mostlikely involved
in allowing FS to grow while SS is already in stationary
phase.

Cellular functions associated with the differentially
expressed genes: To identify the physiological functions
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associated with the differential expression profiles and
to gain a clearer picture of the molecular mechanisms
involved in the adaptive diversification event, three ap-
proaches were used. First, genes were classified in broad
functional categories and then in more precise GO
cellular process categories. We performed a total of 563
tests to identify the overrepresented categories, 48 of
which were significant, identifying 9 and 17 overrepre-
sented functional and GO categories, respectively (Ta-
ble 2). Second, observed fold changes were mapped
onto E. coli metabolic pathways to identify trends of up-
or downregulation in specific pathways. This showed
that genes involved in the TCA cycle, glyoxylate shunt,
and acetate excretion/consumption are differentially
expressed in FS and SS at time point 1 (Figure 3). Third,
we looked for genes involved in the same operon or
regulon that were identified as differentially expressed
in numerous statistical comparisons. This allowed the
identification of three groups of genes. Results are
detailed separately for the comparisons between the
evolved strains and A (comparisons D/A, cluster 1 and 2)
and between the FS and SS types (comparisons FS/SS,
cluster 3).

Modification of cellular functions prior to diversification
(comparisons of D/A at the various time points, clusters
1 and 2): Numerous functions seem to differ between
the two evolved strains and the ancestral strain (see
Table 2), indicating that numerous metabolic functions
were modified during the adaptation process that
probably occurred before the diversification event.

During the stationary phase (time points 3 and 4), the
products of the differentially expressed genes associated
with the transport function (comparisons D/A-TP3, clus-
ter 2; Table 2) were more differentially expressed than
would be expected randomly. This result suggests that
adaptation to survival during the stationary phase is as-
sociated with the ability to take up rare nutrients effi-
ciently via overexpression of numerous transporters.

During log growth (time point 1 for FS, SS, and A
and time point 2 for FS), one very clear result was that
numerous genes associated with protein biosynthesis
functions are more expressed in D than in A. This is
indicated by the overrepresentation of the following
categories: cell structure, ribosome (comparisons FS/
A-TP2, D/A-TP1, cluster 1; Table 2); information transfer,
protein related (comparisons D/A-TP1, cluster 1; Table
2); and protein biosynthesis (comparisons FS/A-TP2,
D/A-TP1, cluster 1; Table 2). This result may indicate
the evolution of increased translation efficiency prior to
the diversification event. Another possible explanation
would be that, as a result of adaptation, the derived types
are able to grow faster than A in the environment in
which they evolved for 1000 generations without any
genetic modification directly associated with the trans-
lation efficiency. As during the first time point A seems
to grow at least as fast as FS (see Figure 1), this expla-
nation seems unlikely. Translation efficiency has been

identified as an important target for selection under
continuous growth conditions (MIKKOLA and KURLAND
1992; HERRING et al. 2006). This is the first time, how-
ever, thatitis reported as a potential important adaptive
factor in a seasonal (batch culture) environment.

Three groups of genes belonging to the same operon
or regulon are found differentially expressed in several
of the statistical comparisons between D and A. First,
several of the genes encoded in the rbs operon were of-
ten downregulated in the comparisons between the two
evolved types and the ancestor (at least one gene down-
regulated in the comparisons SS/A-TP1, -2, -3, -4; FS/
A-TP1,-2,-3,-4;D/A-TP1,-2,-3,-4;and D/A, SS/A, FS/A;
see supplemental Table 1). This operon contains genes
allowing E. coli to use D-ribose as a carbon source. Dur-
ing another evolution experiment containing glucose as
the only carbon source, all 12 replicate populations lost
D-ribose catabolic function. This loss of function was
due to the deletion of part or all of the rbs operon and
conferred a fitness advantage in the evolution environ-
ment (COOPER ef al. 2001). Thus, it is probable that,
before the diversification event, deletion of part of the
rbs operon also occurred in our experiment. Indeed,
PCR amplification of the 7bs operon suggested a 9-kb
deletion in both FS and SS (data not shown).

Second, numerous genes involved in maltose up-
take (mal/ lamB genes) are found overexpressed in the
evolved strains (at least one gene upregulated in the
comparisons SS/A, SS/A-TP1, FS/A-TP1, -2, D/A, and
FS/SS-TP2; see supplemental Table 1). These genes are
grouped mainlyin cluster 1 (Figure 2) and are thus more
expressed during the log growth of the two evolved types
in the evolution environment. This group of genes has
already been identified as involved in adaptation to a
better glucose uptake rate in other evolution experi-
ments. For example, in all replicate populations of a 280-
generation experiment performed under continuous
growth (chemostat culture) on glucose, the mal/lamB
genes were found overexpressed, leading to a signifi-
cant increase in glucose uptake (NoTLEY-McRoBB and
FErRENCI 1999; see KURLANDZRA e¢f al. 1991 for other
examples). This improvement is probably linked to the
LamB protein, known as being the most important con-
tributor to glucose uptake under nutrient limitation
(DEATH et al. 1993). In another evolution experiment
performed in a glucose-limited seasonal environment
(batch culture), the investigated populations presented
a lower expression level of mal/ lamB genes after 20,000
generations, which was very often associated with muta-
tions in the mall gene responsible for a fitness increase
in the evolution environment (PELOSI ¢t al. 2006) . Third,
genes of the glycerol-3-phosphate regulon (glp genes)
are often found upregulated in D compared to A (see
supplemental Tablel). The glp genes are found differ-
entially expressed not only when comparing D to A but
also when comparing FS to SS. Results concerning this
regulon are therefore detailed in the following section.
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TABLE 2
Overrepresented functional and gene ontology (GO) categories in the differentially expressed genes
Focal point: Overall: no. No. of
no. of of significant genes on
Functional category Focal point  significant genes genes the arrays ~ Pvalue  ¢Value
Cell structure, membrane D/A-TP3 43 131 784 <0.001 0.03
Cluster 2 43 <0.001 0.003
Cell structure, ribosome FS/A-TP2 27 38 69 0.004 0.08
D/A-TP1 23 <0.001 <0.001
Cluster 1 33 <0.001 <0.001
Overall NA <0.001 <0.001
Information transfer, protein related D/A-TP1 35 65 295 <0.001 <0.001
Cluster 1 45 <0.001 <0.001
Overall NA <0.001 0.02
Location, cytoplasm D/A-TP1 50 140 849 0.007 0.1
Cluster 1 68 0.003 0.07
Location, inner membrane D/A-TP3 32 99 531 0.005 0.09
Overall NA 0.006 0.1
Location, periplasmic space D/A-TP1 9 14 128 0.003 0.07
Metabolism, carbon compound utilization FS/A-TP1 7 50 363 0.003 0.07
Metabolism, energy metabolism (carbon) Cluster 3 13 39 229 0.003 0.07
Transport D/A-TP3 32 104 616 0.006 0.1
Cluster 2 33 0.002 0.07
Focal point: No. of
no. of Overall no. genes on
GO category Focal point  significant genes  of significant genes  the arrays  Pvalue  ¢Value
Acetyl-CoA biosynthesis from pyruvate Overall NA 2 2 0.03 0.18
Amino acid activation FS/A 2 4 31 0.008 0.12
Amino sugar biosynthesis Cluster3 2 2 15 0.02 0.15
Anaerobic respiration Cluster3 7 22 139 0.03 0.18
ATP-synthesis-coupled proton transport Overall NA 9 12 <0.001 <0.001
Carbohydrate catabolism FS/A-TP1 8 36 235 <0.001 <0.001
FS/A-TP3 3 0.03 0.19
SS/A-TP1 8 0.004 0.07
DNA catabolism SS/A-TP4 2 3 49 0.01 0.12
Fermentation Cluster3 3 4 33 0.01 0.12
Flagella biogenesis Cluster3 3 5 35 0.02 0.17
Glycerol metabolism FS/A-TP1 2 5 16 0.02 0.14
FS/A-TP4 3 0.003 0.06
FS/A 2 0.01 0.15
D/A-TP2 2 0.01 0.12
D/A 2 0.005 0.07
FS/SS-TP1 2 0.002 0.04
FS/SS 2 0.001 0.04
Leucine biosynthesis SS/A-TP4 2 2 16 0.004 0.06
Polysaccharide biosynthesis D/A-TP4 2 2 8 0.01 0.12
Cluster2 2 0.02 0.14
Protein biosynthesis Overall NA 44 78 <0.001 <0.001
FS/A-TP2 30 0.002 0.04
D/A-TP1 28 <0.001 <0.001
Clusterl 37 <0.001 <0.001
Protein modification Cluster2 3 5 64 0.02 0.14
Purine nucleotide biosynthesis Overall NA 5 10 0.01 0.14
Translational attenuation Overall NA 5 6 <0.001 0.02
Tryptophan biosynthesis FS/A-TP4 2 4 11 0.03 0.19
SS/A-TP4 2 0.02 0.15

For each category identified as overexpressed, the number of significant genes in the focal comparison and in the overall data
set, the number of genes on the arrays, the P-values of the one-tail Fisher’s exact tests, and the ¢values of the false discovery rate are
indicated. For example, the first line of the table indicates that 784 genes represented on the array encode for proteins associated
with the structure of the membrane, that 131 of these genes are identified as differentially expressed in atleast 1 of the 20 statistical
comparisons performed, and that 43 genes are identified as differentially expressed between the evolved and the ancestor at the
time point 3, which is more than would be expected if the significant genes were randomly distributed in the different functional
categories, with a Pvalue <0.001 and a ¢value of 0.03. NA indicates that the overall number of genes identified as differentially
expressed is greater than would be randomly expected (for example, the 38 genes differentially expressed in the functional cat-
egory “Cell structure, ribosome” is more than would be randomly expected).
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indicates a fold change =1.5. (a) Comparison between FS and A. (b) Comparison between SS and A.

Modification of cellular functions associated with the
diversification event (comparisons FS/SS and cluster 3):
Concentrating on the differences between the two evolved
types, no functional groups are found overrepresented
at time points 3 and 4. At time point 1, only functions
corresponding to glycerol metabolism (comparison FS/
SS-TP1; Table 2) are more represented than randomly
expected. This function (via the glp genes; see below) is
found overrepresented not only between the two evolved
strains, but also between the evolved strains and the an-
cestor (comparisons FS/A-TP1, FS/A-TP4, FS/A, D/
A-TP2,and D/A; Table 2). The other differences between
the two evolved strains are concentrated at time point 2
and involve mainly genes associated with energy metab-
olism, especially anaerobic respiration and fermenta-
tion (cluster 3; Table 2). Overrepresentation of these
categories suggests that oxygen may, at some point, be a
limiting resource in the evolution environment.

Observed fold changes were mapped onto the E. coli
metabolic pathway to identify trends of up- or down-
regulation in specific pathways. Only two pathways were
identified, highlighting differences between FS and A
and between SS and A at the first time point of growth
kinetics. At this point, genes involved in the TCA cycle,
the glyoxylate shunt, and acetate consumption are much
more expressed in FS than in the ancestor (Figure 3a),
indicative of a higher consumption of acetate and TCA
cycle activity in FS. At the same time point, genes in-
volved in acetate excretion are more expressed in SS
than in A (Figure 3b). This result may indicate that, at
this first point, SS consumes glucose and releases acetate
in the environment while FS consumes both glucose
and acetate. This difference is fully consistent with pre-

vious results for genetic differences in acetate metabo-
lism between strains that diversified in a seasonal batch
culture environment (SPENCER et al. 2007). The upre-
gulation in FS of the entire TCA cycle observed in this
study is also consistent with acetate consumption in
E. coli (OH et al. 2002).

As brieflymentioned above, the genes of the glycerol-3-
phosphate regulon (glp genes) are often upregulated in
the two derived types compared to the ancestor and even
more upregulated in FS compared to SS (at least one
gene was identified as upregulated in the comparisons
SS/A; SS/A-TP4; FS/A; FS/A-TP1, -2, -3, -4; D/A; D/A-
TP1, -2, -3, -4; FS/SS; FS/SS-TP1, -2; see supplemental
Table 1). These genes are associated with glycerol me-
tabolism, one of the very few functional gene categories
that are identified as different between FS and SS. The
medium used for the evolution experiment does not
contain any glycerol. However, glycerol is a frequent
product of glucose fermentation, and in previous evolu-
tion experiments with glucose as the sole carbon source,
glycerol has been found to be involved in the cross-
feeding polymorphism allowing the coexistence of three
bacterial types (ROSENZWEIG et al. 1994). Glycerol thus
might play a role in the sympatric coexistence of the two
types of bacteria arising in our evolution experiment.

Both carbon and oxygen are limiting resources in the
evolution environment: The comparison of the tran-
scription profiles among FS, SS, and A suggests that (1)
glucose and acetate are used in different ways by FS and
SS; (2) glycerol, a carbon source not part of the abiotic
evolution environment, might be an alternative carbon
source excreted by the bacteria and involved in a cross-
feeding polymorphism; and (3) oxygen may be a lim-
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iting resource in the evolution environment. To verify
these hypotheses, we measured glucose, acetate, glycerol,
and oxygen concentration at different points during
growth in the evolution medium for FS and SS.

No appreciable amount of glycerol was detected at any
point (the minimum detection level was 0.04 g - liter '),
challenging the idea, resulting from the overexpression
of the glp genes in the derived types, that glycerol may be
an important carbon source in our experiment. How-
ever, as suggested by ROSENZWEIG et al. (1994), glycerol
might still be an important parameter if glycerol fluxes
are important and the concentration very low. Alterna-
tively, the excretion of a molecule related to glycerol but
not detected by our method, such as glycerol-3-P, might
play a role. The glp genes are also involved in the catab-
olism of this molecule during the metabolism of lipids
and growth under anaerobic conditions. As genes involved
in lipid metabolism are not overrepresented in the set of
genes identified as upregulated, this metabolic pathway
does not seem to be a likely explanation for the overex-
pression of the glp genes. Given our results, a role of the
glp genes in anaerobic respiration would be a more likely
explanation. This would require further investigation.

As predicted (FRIESEN et al. 2004), measured in a
similar experiment (SPENCER ¢t al. 2007), and suggested
by the microarray results, glucose concentration de-
creases more rapidly in SS than in FS cultures during
growth in a single batch (Figure 4, a and b). Moreover, it
seems that, in FS cultures, acetate concentration is com-
pletely consumed after 18 hr while in SS cultures there is
still 0.08 g - liter ' of acetate after 24 hr (Figure 4, a and
b). This result suggests that the SS type is unable to
efficiently switch to acetate consumption after exhaust-
ing the glucose.

Oxygen saturation, relative to a sterile medium, was
measured in SS and FS cultures (Figure 4, c and d). In
full concordance with the microarray results, the dis-
solved oxygen level decreases during exponential growth
in the evolution environment and decreases to a lower
level in FS. In FS culture, oxygen level remains very low
until both glucose and acetate are exhausted and then
increases to the level observed in a sterile culture after
24 hr. In SS culture, oxygen level quickly increases once
glucose is depleted and remains ~0.9 until the end of
the 24-hr growth period. The fact that at the end of the
24-hr growth period the oxygen levelis 1 in FSand 0.9 in
SS may indicate that SS are trying but are unable to
efficiently consume acetate.

To investigate whether carbon and oxygen availability
are limiting the growth, FS and SS types were inoculated
into the evolution environment. After 4 hr and 30 min,
either one of the two carbon sources (glucose and ace-
tate) and/or extra aeration were added to the medium
(Figure 5). The results show that (1) growth is often im-
proved by extra aeration, indicating that oxygen avail-
ability may be a limiting resource in the evolution
environment; (2) addition of glucose improves the
growth in both types, indicating that glucose is also a
limiting resource; (3) aeration only did not improve the
growth of the SS type, indicating that, for SS type, carbon
is the main limiting resource; (4) aeration only improved
the growth of the FS type, indicating that in FS both
oxygen and carbon are limiting; and (5) in both FS and
SS, acetate addition did not immediately improve growth,
indicating thatacetate isnotastronglylimiting resource.
Oxygen is not considered a limiting resource in most
evolution experiments. This may be because most E. coli
evolution experiments are performed in flasks with low
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F1GURE 5.—Growth curves of (a) FS and (b) SS in the evo-
lution environment. Four hours and 30 min after inoculation
(indicated by the arrow), aeration and carbon content of the
cultures were manipulated. Dotted lines and open symbols in-
dicate extra aeration, and continuous lines and solid symbols
indicate no extra aeration. Circles indicate that no carbon
source was added after 4 hr and 30 min, squares indicate ac-
etate addition, and diamonds indicate glucose addition.

glucose concentration (LENSKI ¢t al. 1991; ROSENZWEIG
et al. 1994; but see FRIESEN et al. 2004) while this one was
performed in test tubes with high glucose concentration.
Even with constant agitation, oxygenation is probably
slower in test tubes than in flasks. Transcription profiling
was performed in flasks and oxygen was still identified as
a potentially limiting resource by the microarray exper-
iment. We measured O, saturation in both flasks and test
tubes. Although oxygen level was higher in flasks than in
test tubes, oxygenation in both FS and SS flask cultures
decreased to levels that were substantially lower than in
sterile medium (as low as 0.86 and 0.69 for SS and FS
cultures, respectively; data not shown).

DISCUSSION

Models of adaptive diversification based on the theory
of evolutionary branching predict that, under competi-
tion for limiting resources, a population would experience
two different evolutionary regimes. In the first phase,
evolution is directional. This directional phase ends in a
regime of disruptive selection generated by frequency-
dependent competitive interactions that subsequently
lead to diversification of the population into two types,
each exploiting the available limiting resources in dift-
erent ways (DIECKMANN and DoOEBELI 1999). These two
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evolutionary phases have been documented in a 1000-
generation evolution experiment with E. coli (C. C.
SPENCER, ]J. TYERMAN, M. BERTRAND and M. DOEBELI,
unpublished results). In this study, we aimed to inves-
tigate the metabolic changes associated with this adap-
tive diversification by observing differences in the global
transcription profile between two derived types and
their common ancestor.

Focalizing on a single microcosm, in terms of both
number of genes and diversity of metabolic functions,
the changes in gene expression that occurred during the
evolution experiment seem to involve mainly differences
between the two derived types (pooled and considered
as a single type D) and the ancestor. These differences
are probably due to changes that have occurred prior to
the diversification event and may thus reflect the di-
rectional adaptation to the environment predicted by
adaptive diversification theory. During the directional
evolutionary phase, the ancestral lineage probably im-
proved translation efficiency, glucose uptake capacity
via the mal/lamB genes, and survival rate during the
stationary phase through the upregulation of various
transporters and deleted part of the rbs operon. It is
interesting to see that most of these metabolic functions
have been implied in adaptation processes in previous
E. coli experimental studies (see RESULTS). Itis also strik-
ing that, after evolving in very similar environments (min-
imal medium supplemented with glucose, homogenized
liquid culture, and identical temperature) from the same
ancestral clone, the mal/lamB genes are in some cases
strongly upregulated (PELOSI ef al. 2006) and in others
strongly downregulated (our study). This may illustrate
that “fine tuning” the adaptation in very similar en-
vironments may result in dramatic differences in gene
expression.

The other differences in gene expression observed
during the evolution experiment involve mainly the two
evolved types, FS and SS. They indicate an upregulation
of the entire TCA cycle, of acetate consumption and
anaerobic respiration genes in FS; and of acetate excre-
tion in SS. These modifications are of special interest for
the study of diversification because they may result from
the disruptive selection forces responsible for the adap-
tive diversification. As theoretically predicted (FRIESEN
et al. 2004) and experimentally assessed in a previous
experiment (SPENCER ef al. 2007), our results indicate
that the two derived types differ in how they consume the
two available carbon sources: SS consumes glucose at a
fast rate while FS consumes, more slowly, both glucose
and acetate. This result is in full agreement with the
notion that competition for carbon sources can be a
major driver of diversification and result in the special-
ization of the derived types for differential usage of the
available carbon sources. Despite the fact that SS is able
to grow on acetate as the only carbon source (data not
shown), it seems that, after depleting the glucose, SS is
unable to switch to acetate consumption, as indicated by
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our acetate concentration measures (Figure 4). This
inability must be linked to environmental conditions.
Gene expression comparisons, oxygen measurements,
and growth curve assays indicate that oxygen may be a
limiting resource in the evolution environment. As oxy-
gen limitation is known to repress the glyoxylate shunt, a
bypass of the TCA cycle required to grow on acetate
(WHITE 2000), this factor may have played an important
role in the evolution of the difference in acetate con-
sumption by FS and SS.

During the time course of the evolution experiment,
it seems that both carbon (especially glucose) and oxy-
gen were limiting resources. However, limitation oper-
ates differently for these two resources: a fixed amount
of carbon is provided every 24 hr (in a typical batch
culture resource) while oxygen probably diffuses in the
environment at a rate lower than the maximum con-
sumption rate of the bacteria. In this situation, compe-
tition for both carbon and oxygen may have played a
role in the diversification event. The relative impor-
tance of these two factors is unknown. We can imagine
two scenarios, which would require further investigation
implying direct competition between FS and SS to
explain the diversification and frequency-dependent
coexistence of FS and SS at the end of the evolution
experiment. First, it is possible that, as previously sug-
gested (FRIESEN et al. 2004), competition for carbon re-
sources may have led to the specialization of one ecotype
(SS) for fast glucose consumption (maximizing the growth
rate on glucose) and another (FS) for an efficient car-
bon consumption (maximizing the yield on both glucose
and acetate), oxygen limitation being a side factor in-
volved only in the specialization for an efficient carbon
consumption by FS. This would be the case if, when FS
and SS are competing, glucose is completely depleted
before oxygen becomes a limiting resource. Second, it is
also possible that competition for oxygen may have been
the primary factor leading to the diversification event
and to the specialization of one ecotype (SS) for growth
when oxygen is not limiting and of the other (FS) for
growth when oxygen is limiting. This would be the case
if oxygen becomes limiting when there is still glucose
available in the environment and if, in this situation, FS
grows faster than SS.

Our results are consistent with theoretical expectations
(D1ECKMANN and DoOEBELI 1999) and previous experi-
mental work (SPENCER et al. 2008), indicating that
adaptive diversification is the result of a directional se-
lective pressure turning disruptive due to competition
for limiting resource. During the course of the evolution
experiment, which resulted in sympatric diversification
into two coexisting bacterial ecotypes, the transcription
of numerous genes was increased. Most of these modi-
fications likely occurred before the diversification event
during the directional adaptation to the evolution en-
vironment. Preceding the diversification event, the an-
cestral lineage probably improved translation efficiency,

glucose uptake capacity via the mal/lamB genes, and
survival rate during the stationary phase via the upre-
gulation of various transporters and deleted part of the
rbs operon. The diversification event resulted in the two
ecotypes coexisting via frequency-dependent competi-
tion. Our results indicate that this diversification event
likely results from competition for both carbon and oxy-
gen resources. The resulting ecotypes use different strat-
egies to exploit these resources, with one type (SS) being
specialized for fast glucose consumption, probably when
oxygen is not limiting, and the other type (FS) being
adapted to efficient consumption of both glucose and
acetate, even when oxygen is limiting.
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