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ABSTRACT Large-scale rearrangements may be important in evolution because they can alter chromosome organization and gene
expression in ways not possible through point mutations. In a long-term evolution experiment, twelve Escherichia coli popula-
tions have been propagated in a glucose-limited environment for over 25 years. We used whole-genome mapping (optical map-
ping) combined with genome sequencing and PCR analysis to identify the large-scale chromosomal rearrangements in clones
from each population after 40,000 generations. A total of 110 rearrangement events were detected, including 82 deletions, 19 in-
versions, and 9 duplications, with lineages having between 5 and 20 events. In three populations, successive rearrangements im-
pacted particular regions. In five populations, rearrangements affected over a third of the chromosome. Most rearrangements
involved recombination between insertion sequence (IS) elements, illustrating their importance in mediating genome plasticity.
Two lines of evidence suggest that at least some of these rearrangements conferred higher fitness. First, parallel changes were
observed across the independent populations, with ~65% of the rearrangements affecting the same loci in at least two popula-
tions. For example, the ribose-utilization operon and the manB-cpsG region were deleted in 12 and 10 populations, respectively,
suggesting positive selection, and this inference was previously confirmed for the former case. Second, optical maps from clones
sampled over time from one population showed that most rearrangements occurred early in the experiment, when fitness was
increasing most rapidly. However, some rearrangements likely occur at high frequency and may have simply hitchhiked to fixa-
tion. In any case, large-scale rearrangements clearly influenced genomic evolution in these populations.

IMPORTANCE Bacterial chromosomes are dynamic structures shaped by long histories of evolution. Among genomic changes,
large-scale DNA rearrangements can have important effects on the presence, order, and expression of genes. Whole-genome se-
quencing that relies on short DNA reads cannot identify all large-scale rearrangements. Therefore, deciphering changes in the
overall organization of genomes requires alternative methods, such as optical mapping. We analyzed the longest-running micro-
bial evolution experiment (more than 25 years of evolution in the laboratory) by optical mapping, genome sequencing, and PCR
analyses. We found multiple large genome rearrangements in all 12 independently evolving populations. In most cases, it is un-
clear whether these changes were beneficial themselves or, alternatively, hitchhiked to fixation with other beneficial mutations.
In any case, many genome rearrangements accumulated over decades of evolution, providing these populations with genetic
plasticity reminiscent of that observed in some pathogenic bacteria.
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arge-scale chromosomal rearrangements have played impor-
tant roles in long-term organismal evolution (1, 2), including
in processes of speciation (3, 4) and genome reduction (5). On
shorter time scales, even single rearrangement events such as du-
plications, amplifications, inversions, deletions, and transloca-
tions can have profound effects on organismal phenotypes, typi-
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cally by altering gene regulation or disrupting genes. In bacteria,
some genome rearrangements have led to traits important for vir-
ulence (6), and rearrangements are sometimes even developmen-
tally regulated (7).

Large-scale rearrangements have been identified in diverse
bacteria—Gram negative, Gram positive, pathogenic, and non-
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pathogenic—including Escherichia coli (8), Salmonella enterica
var. Typhi, Yersinia pestis, Helicobacter pylori, Mycobacterium lep-
rae (9, 10), Pseudomonas stutzeri (11), Pseudomonas aeruginosa
(12), Francisella tularensis (13), Neisseria gonorrhoeae (14), Lacto-
coccus lactis (15), and Staphylococcus aureus (16). Besides their
effects on chromosome structure, bacterial DNA rearrangements
may cause phenotypic changes by the incorporation of foreign
DNA into host genomes through horizontal gene transfer (17, 18),
by changes in gene expression (19), or by genome reduction
through the loss of nonessential genes (20). The major mecha-
nisms producing chromosomal rearrangements are recombina-
tional exchanges between homologous sequences that include ri-
bosomal operons (21) as well as mobile genetic elements such as
transposons (16), insertion sequence (IS) elements (15), and
prophages (8). Comparisons of related genomes often reveal nu-
merous DNA inversions, among other rearrangements (9, 22, 23).

Some constraints may influence the occurrence of DNA rear-
rangements. First, selection may preserve symmetry in the size of
the two replichores of a circular chromosome between the origin
and terminus of replication (9, 24). This selection may help ex-
plain the strong conservation of gene order (synteny) between
E. coli and Salmonella, although large inversions have been ob-
served under laboratory conditions where such selection may be
relaxed. Second, the structural organization of the E. coli chromo-
some can affect rearrangements (25). Specifically, the genome is
organized into distinct macrodomains (26), and rearrangements
affecting the replication origin or terminus domain and inversions
between the left and right macrodomains have been shown to be
detrimental owing to their effects on replication-fork progression
(25).

Large-scale rearrangements occur spontaneously at measur-
able frequencies, although the rates at which they occur are uncer-
tain. In an older study, duplications were reported to arise at fre-
quencies of between 10~ 2and 10~ per cell division, depending on
their chromosomal location (21). A more recent whole-genome
sequencing study (27) of a population of S. enterica var. Typhimu-
rium that was propagated in a chemostat found duplications, in-
versions, and small deletions in =20% of the cells after only 50
generations. There are several possible explanations for these dif-
ferences. First, it is generally difficult to disentangle underlying
mutation rates from the effects of selection that may cause some
mutants to replicate faster or slower than nonmutant cells. Sec-
ond, the earlier study involved plating to isolate clonal genotypes,
which may induce the loss of unstable rearrangements, including
duplications, thereby underestimating their true frequency (28).
Third, earlier studies were based on observable phenotypes that
were produced after the rearrangements occurred and might have
missed many other events (29-32).

Chromosomal rearrangements have been discovered in many
evolution experiments in which bacterial populations were prop-
agated under various laboratory conditions. Deletions, duplica-
tions, and large-scale inversions have been detected in E. coli pop-
ulations propagated in batch (33-35) and chemostat (28, 36)
cultures as well as under stressful conditions (37). Rearrange-
ments have also been found to occur in P. aeruginosa populations
evolving in cystic fibrosis patients (38). In some cases, specific
rearrangements have been shown to confer increased fitness or
phenotypic innovations in these evolution studies (28, 34, 35, 37).
To date, however, no study has attempted to provide an exhaus-
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tive analysis of the multiple, large-scale chromosomal rearrange-
ments that have arisen during a long evolution experiment.

Rearrangements have usually been investigated using methods
such as pulsed-field gel electrophoresis, microarray-based hybrid-
ization experiments, and whole-genome sequencing. Despite the
name, even whole-genome sequencing typically relies on sequenc-
ing short DNA fragment libraries and therefore cannot detect cer-
tain large-scale rearrangements, including inversions and other
events involving long sequence repeats. To complement sequenc-
ing data, whole-genome mapping (referred to here as “optical
mapping”) techniques have been developed that produce a high-
resolution, physically ordered restriction map of bacterial ge-
nomes (39-41). We produced optical chromosomal maps for
clones isolated from a long-term evolution experiment (LTEE)
with E. coli. In this ongoing experiment, 12 populations have been
independently propagated from a common ancestor in the same
glucose-limited minimal medium for more than 25 years and
50,000 cell generations. These evolving populations have adapted
to the experimental environment and have increased in competi-
tive fitness relative to the ancestor by more than 70%, on average
(42).

Some chromosomal rearrangements have been previously de-
tected in the LTEE populations by using other techniques. How-
ever, with the exception of deletions involving the ribose operon
found in all 12 populations (34), few rearrangements have been
analyzed in detail. The ribose deletions were shown to occur at a
high rate as well as to confer a slight fitness benefit under the LTEE
conditions. In addition, other rearrangements have been detected
in three populations (designated Ara+1, Ara—1, and Ara-3). In
the Ara+1 population, an analysis of the distribution of IS ele-
ments by Southern blotting revealed an inversion of about one-
third of the chromosome by recombination between two copies of
IS150 (33). A substantial increase in the IS150 copy number also
occurred in this population (43). In Ara—1, analysis of the distri-
bution of IS elements and whole-genome sequencing found four
large deletions (ranging from ~8 to ~23 kbp) and an inversion of
one-third of the chromosome that is different from the inversion
in Ara+1 (33, 44). The fitness consequences of these rearrange-
ments are unknown. In Ara—3, numerous deletions, duplications,
and amplifications were detected in evolved clones by using ge-
nome sequencing data, including a specific tandem duplication
and further amplification events involved in the production of a
novel Cit-positive (Cit™) phenotype (35).

In an effort to obtain a more complete picture of the number
and types of rearrangements that were substituted over time in all
12 LTEE populations, we combined optical mapping, genome se-
quencing, and targeted PCR and Sanger sequencing to analyze a
total of 19 clones, including a single clone sampled at 40,000 gen-
erations from each population as well as additional clones sam-
pled at each of 7 other time points from population Ara—1. The
resolution of optical maps cannot reliably detect rearrangements
smaller than ~5 kbp (including, for example, new insertions of IS
elements) unless they alter restriction sites. Nevertheless, we
found that all 12 populations experienced large-scale chromo-
somal rearrangements and that most of these involved IS elements
or other repeated sequences. Moreover, we saw many cases of
parallel evolution across the populations in the genes that were
affected by these rearrangements. Also, three populations had un-
dergone complex rearrangements that involved successive inver-
sion events.
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FIG1 Large-scale chromosomal rearrangements in evolved clones sampled after 40,000 generations from each of the 12 populations of the long-term evolution
experiment. Each clone is indicated by the name of the population from which it was sampled. Asterisks mark clones that evolved point mutation rates higher
than those seen with the ancestor. The percentage value shown below each clone designation indicates the change in its genome size relative to the ancestor. The
optical map of the ancestral strain, computed from its genome sequence (70), is shown on the top, with the vertical blue lines showing the locations of the Ncol
restriction sites used for this procedure. The locations of the replication origin and terminus are shown on the ancestral map, together with the manB-cpsG region
that was affected by deletions in 10 evolved clones. The chromosomal macrodomains (26) are indicated below the ancestral map. All large rearrangements are
shown, relative to the ancestral genome for easier comparison, using the color key below the figure. New IS element insertions cannot be detected by optical
mapping because they generally produce rearrangements too small to be resolved by this method. Vertical lines labeled A1 to A9 indicate regions affected
repeatedly (in two or more populations) by deletions; the D1 vertical line indicates a region affected repeatedly by duplication events. Three chromosomal
intervals, shown as I1 to I3, and a subregion (1.1) within I1 were affected repeatedly by inversions. We describe the boundaries of all chromosomal rearrange-
ments according to the ancestral map shown here. As a consequence, three inversions (inversion 1 in Ara+1 and inversions 1 and 2 in Ara—3) have sizes larger
than one-half of the chromosome (see Table S1 in the supplemental material). These inversions could have been described alternatively as inversions of the other
part of the chromosome, with their sizes then being smaller than one-half of the chromosome. For example, we describe inversion 1 as being ~2.8 Mbp, whereas
its size would be ~1.8 Mbp according to the alternative description. We use the coordinates according to the ancestral map for internal consistency, and this
choice does not affect any conclusions.

RESULTS

Chromosomal rearrangements in the twelve populations of
the long-term evolution experiment. We combined optical
mapping and genome sequence analyses to identify the precise
location and borders of all large-scale chromosomal rearrange-
ments that occurred in one clone sampled at 40,000 genera-
tions from each of the 12 E. coli populations of the LTEE (Fig. 1;
see also Table S1 and Text S1 in the supplemental material).
Combining these approaches allowed us to resolve rearrange-
ments between large repeated elements, which is difficult or
impossible with genome sequencing data alone, and to map the
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borders of the rearrangements with single-nucleotide resolu-
tion, which is impossible with optical mapping data alone. We
also verified the rearrangement borders for two evolved clones
from populations Ara+1 and Ara+2, in which we detected
more complex rearrangements, using PCR and Sanger se-
quencing. Primer pairs that were adjacent to repeat sequences,
including IS elements and rRNA-encoding genes, were de-
signed for these assays. The results agreed with our predictions
in all cases, giving us confidence that our inferences concerning
events in other clones are also accurate. Note, however, that
optical mapping cannot detect most IS insertion events because

mBio mbio.asm.org 3

Downloaded from https://journals.asm.org/journal/mbio on 15 May 2024 by 132.166.183.83.


mbio.asm.org

Raeside et al.

most rearrangements smaller than ~5 kbp are too small to re-
solve unless they affect restriction sites.

We identified a total of 110 rearrangement events in the 12
40,000-generation clones, including 82 deletions, 19 inversions,
and 9 duplications (Fig. 1; see also Table S1 and Text S1 in the
supplemental material). Among the inversions, nine were in-
volved in successive series of events that occurred over time in
three populations (see the next section). Among the duplications,
three apparently involved successive events in which a typical tan-
dem duplication was followed by deletion of the junction between
the duplicated copies, thereby resulting in an imperfect duplica-
tion (see the next section).

Large deletions were the most frequent type of rearrangement,
and they were found in all 12 populations, ranging in size up to
~55 kbp. Prophage remnants were often affected by these dele-
tions; 30 (36.6%) of the 82 large deletions resulted in the loss of
prophage DNA, although these regions cover only ~4% of the
ancestral genome. This overrepresentation of prophage DNA is
highly significant (binomial test, P = 3 X 10~2!). The 19 inver-
sions were found in nine populations, ranging in size from ~164
kbp to ~1.8 Mbp (see Fig. 1 legend for explanation of inversion
sizes). In seven cases (one each in populations Ara+1, Ara—1, and
Ara-5 and two each in Ara+2 and Ara—3), more than a quarter of
the chromosome was included within the inversions (Fig. 1). Suc-
cessive inversions were inferred in some cases, and they were con-
firmed by examining multiple clones from different generations
(see the next section). Nine duplications, ranging in size from ~3
kbp to ~180 kbp, were found in clones from four populations,
including three with further deletions of the copy junctions (see
the next section).

Most rearrangements occurred by recombination between re-
peated sequences, including 76 between homologous IS copies, 7
between the manB and cpsG genes (which share 96% sequence
identity), and 5 between rRNA-encoding operons (see Table S1
and Fig. S1 in the supplemental material). The other 22 rearrange-
ments occurred by unknown mechanisms not involving any re-
peated sequences, and 11 of these changes resulted in the loss of
prophage remnants. Thus, IS elements were the main drivers of
large-scale chromosomal rearrangements in these populations. In
fact, IS-mediated events accounted for at least half of the rear-
rangements in the 40,000-generation clones from every popula-
tion, including all of them in Ara+1 (see Fig. S1).

Complex rearrangements. In several cases, we observed
genomic rearrangements that appear to have involved multiple
successive events. A total of nine inversion events could have gen-
erated the complex rearrangements seen in the 40,000-generation
clones from populations Ara+1, Ara-3, and Ara—6. A total of
three duplications in the clones from populations Ara+2 and
Ara+5 were imperfect, with the junctures between the duplicate
copies apparently having been deleted following the duplication
events (Fig. 1). To evaluate these hypotheses more thoroughly, we
analyzed the genome sequences of the corresponding regions in
these clones as well as other clones sampled from earlier genera-
tions, with a particular focus on the rearrangements observed in
population Ara+1.

Optical mapping suggested that the complex rearrangements
in population Ara+1 resulted from four successive inversions
(Fig. 2). By using PCR experiments, we analyzed additional clones
sampled earlier in this population (Table 1; see also Tables S2 and
S3 and Text S1 in the supplemental material). The resulting data
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support the scenario shown in Fig. 2 that outlines the chronology
of the inversions, which we number 1 through 4 in the order of
their inferred appearance. In a similar vein, the optical maps of the
clones sampled at 40,000 generations from populations Ara—3 and
Ara—6 imply two and three successive inversions, respectively (see
Fig. S2).

Optical maps suggested the presence of three imperfect dupli-
cations in the 40,000-generation samples, one in the clone from
population Ara+2 and two in the clone from Ara+5 (Fig. 1), with
deletions of the conjoined regions between the duplicated copies.
The sequence of that region in the Ara+2 clone showed the ab-
sence of the junction sequence between the copies and the pres-
ence instead of an ISI element (see Table S1 in the supplemental
material), suggesting the scenario depicted in Fig. 3. Two copies of
IS1 likely inserted, in the same orientation, at the end and start of
the first and second tandem copies of the duplication, respectively.
A subsequent recombination event between these ISI elements
resulted in the deletion of the intervening region, generating the
junction seen with the imperfect duplication (Fig. 3; see also Ta-
ble S1). The two imperfect duplications in population Ara+5
seem to have occurred by the same mechanism, with deletions of
the junctions again being associated with a new ISI element (see
Table S1).

Effects of rearrangements on genome size and structure. We
analyzed both the optical maps and the genome sequences to es-
timate the genome size of each evolved clone sampled at 40,000
generations. Genome size was reduced in 10 of the 12 clones by
amounts ranging from 0.9% to 3.5% of the ancestral genome size
(Fig. 1). However, the clones from populations Ara+4 and Ara+5
showed slight increases in genome size of 0.8% and 0.3%, respec-
tively, that resulted from duplications, including one encompass-
ing ~4% of the genome (~180 kbp) in Ara+4. The overall ten-
dency toward reduced genome size reflected the fact that large
deletions were much more common than large duplications.

Two types of structural constraints have been hypothesized to
influence genome structure. One hypothesizes a requirement for
symmetry between the origin and terminus of replication in a
circular chromosome (9, 24), and the other is based on the orga-
nization of the chromosome into distinct macrodomains (25).
Imbalances ofless than ~10% in the lengths of the two replichores
have been reported to have little or no effect on E. coli growth (25).
In contrast, inversions that disrupt the replication terminus mac-
rodomain such that the replication forks meet far from the ances-
tral replichore junction have negative effects on growth, as do
inversions between the replication origin and right macrodo-
mains. The inversion events that we identified in the LTEE popu-
lations affected the symmetry of the evolved genomes to various
extents (Fig. 4A). Five populations (Ara+3, Ara+4, Ara+5,
Ara+6, and Ara—6) showed little change; four populations
(Ara-2, Ara-3, Ara—4, and Ara—5) showed moderate changes
ranging from ~3 to ~5 min of the leading replication branch; and
three populations (Ara+1, Ara+2, and Ara—1) showed larger
changes of ~8 to ~10 min. In Ara+2, one inversion affected both
the replication terminus and right macrodomains, while another
affected the replication origin and left macrodomains (Fig. 4B).
Inversions in Ara—1 and Ara-5 also affected the replication termi-
nus and right macrodomains, while inversions in Ara—2 and
Ara—4 affected the replication origin and the adjacent nonstruc-
tured domains. The four successive inversions in Ara+1 had the
most dramatic effects on macrodomain organization, spanning
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FIG 2 Successive inversions in population Ara+1. (A) Optical map of the genome of the evolved clone sampled at 40,000 generations from population Ara+1
compared to the ancestor. Dark blue lines indicate Ncol restriction sites. White boxes show discrepant regions. The variously colored arrows indicate homolo-
gous regions of the two genomes with their corresponding locations in the two chromosomes. Red boxes indicate deletions. Black lines connecting the two
genomes show alignment. (B) Chronology of the four inversions that occurred over evolutionary time in population Ara+ 1. Time points (2K, 20K, and 30K for
2,000, 20,000, and 30,000 generations, respectively) indicate the earliest detected occurrence of each inversion. “IND” indicates an inversion that was not detected
in any of the evolved clones that were analyzed but which represents one of the two possible intermediate steps leading to the genome observed at 40,000
generations. The variously colored arrows are as described for panel A. Black lines indicate the inversions, with the names and locations of primers used during

the PCR experiments also shown.

the right, replication terminus, and left macrodomains. All of the
LTEE populations became much more fit than their common an-
cestor based on competition assays (42), and thus none of these
inversions had any highly deleterious effects; however, we do not
know whether the inversions were beneficial mutations or, alter-
natively, were selectively neutral or even weakly deleterious mu-
tations that hitchhiked with other beneficial mutations.

Parallel rearrangements across populations. The optical
maps revealed a high level of parallel evolution—that is, similar
large-scale rearrangements—across the 12 populations (Fig. 1).
We define parallel rearrangements as those involving chromo-
somal regions that were affected by the same type of rearrange-
ment event (i.e., deletion, inversion, or duplication) in at least two
populations. Based on this criterion, nine distinct chromosomal
regions were repeatedly affected by deletions (numbered A1 to A9
from left to right in Fig. 1), three by inversions (called intervals I1
to I3 in Fig. 1), and one by duplications (numbered D1 in Fig. 1).

Chromosomal region A8 was deleted in all 12 populations
(Fig. 1; see also Tables S1 and S4 in the supplemental material),
causing the loss of part or all of the rbs operon, which encodes
proteins required for growth on ribose. These deletions have been
described previously and have been shown to contribute a small

September/October 2014 Volume 5 Issue 5 e01377-14

but consistent fitness benefit in the glucose-limited environment
of the LTEE (34). Region A4, which encompasses the DNA be-
tween the manB and cpsG genes, was deleted in the clones from 10
populations (Fig. 1; see also Tables S1 and S4 and Text S1). All of
these deletions occurred by recombination between repeated ele-
ments. Overall, a common set of 12 genes associated with O anti-
gen biosynthesis was lost in the 10 populations affected by these
deletions, and a set of six additional genes associated with colanic
acid biosynthesis was eliminated in 8 of the populations.

Four of the other repeatedly deleted chromosomal regions (A1,
A3, A5, and A7) contained prophage remnants (Fig. 1; see also
Tables S1 and S4 in the supplemental material). The DLP12-like
locus (region A1) and the prophage 2 locus (region A5) were each
lost in 10 populations, the Qin-like locus (region A3) was deleted
in 6 populations, and the CP-44-like locus (region A7) was lost in
3 populations. Eleven populations lost either two or three of these
prophage regions. Most of these deleted genes have unknown
functions; it is quite possible that they were not expressed in or
useful to the ancestral strain. In population Ara—4, the deletion
that included the DLP12-like prophage was larger and overlapped
a deletion found in Ara-2 (region A2 in Fig. 1; see also Table S4).
Region A2 was also affected in population Ara+1.
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TABLE 1 Evolutionary dynamics of four successive inversions in
population Ara+1

Generation Clone Inversion®
1 2 3 4
0 REL607
2,000 REL1158A
REL1158B
REL1158C +
15,000 REL7183A +
REL7183B +
REL7183C
20,000 REL9282A + +
REL9282B + +
REL9282C + +
25,000 REL10241 + +
30,000 REL10450 + + + +
REL10451 + +
REL10452 + +
35,000 REL10796 + Alt
REL10797 + Alt
REL10798 + Alt
40,000 REL11008 + + + +
REL11009 + Alt
REL11010 + Alt

4 Plus signs indicate the presence of a given inversion; “Alt” indicates the presence of an
alternative rearrangement instead of inversion 2 (see text).

Region A2 contained several genes that encode proteins in-
volved with the production and regulation of enterobactin, an
iron-scavenging siderophore; it was deleted in populations
Ara+1, Ara-2, and Ara—4. Region A6, deleted in populations
Ara+1, Ara+2, and Ara—6, spans 17 genes, including 10 having
unknown functions; the other 7 genes are annotated as phage
proteins, which suggests that region A6 also corresponds to a
phage remnant, although it has not been annotated as such. Re-
gion A9 was deleted in populations Ara—3 and Ara—6, resulting in
the loss of the hsdSM genes that encode a type 1 restriction-
modification complex.

For inversions, we view as representing parallel changes the
chromosomal intervals containing genes that were inverted in at
least two populations, regardless of the overall length of the inver-
sions. Three intervals fulfilled this rule (Fig. 1; see also Tables S1
and S4 in the supplemental material): I1 in populations Ara+1,
Ara+2, Ara—1, and Ara-5; 12 in Ara+2 and Ara-3; and I3 in
Ara+2, Ara-2, Ara—4, and Ara—6. Within the I1 interval, a sub-
region denoted 1.1 was affected by smaller inversions in popula-
tions Ara+3, Ara-2, Ara-3, and Ara—4; this subregion was thus
inverted in 8 of the 12 populations. All of these inversions con-
tained many genes and were mediated by recombination between
repeated elements (see Text S1 in the supplemental material).

A single chromosomal region, D1, underwent parallel duplica-
tions in three populations, Ara+2, Ara+4, and Ara+5 (Fig. 1, see
also Tables S1 and S4 in the supplemental material). These three
duplications ranged in size from ~11 to ~60 kbp, but they shared
~11 kbp and 14 genes (see Tables S1 and S4). The rpoS gene that
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encodes an alternative sigma factor is present in all three duplica-
tions, as are pcm and surE, both essential for survival in stationary
phase, and the cysDNC operon involved in sulfur metabolism.

Temporal dynamics of rearrangements in population Ara—1.
We analyzed the optical maps and genome sequences of eight
clones sampled from population Ara-1 at 2,000, 5,000, 10,000,
15,000, 20,000, 30,000, 40,000, and 50,000 generations. We de-
tected 6 deletion events ranging from ~7 to ~23 kbp in size (Ta-
ble 2), three of which went to fixation, including one that arose
before 2,000 generations and two that occurred between genera-
tions 5,000 and 10,000. The ~1.5-Mbp inversion that we detected
in the 40,000-generation clone (Fig. 1, see also Table S1 in the
supplemental material) occurred between generations 5,000 and
10,000 and was then fixed in the population. Two translocation
events were present in the 5,000-generation clone but were not
seen in any of the later samples. Of the five rearrangements de-
tected at 50,000 generations, four were already present at 10,000
generations (Table 2). Assuming a uniform rate of 5/50,000, one is
unlikely to observe 4 or more mutations by generation 10,000
(one-tailed Poisson test; P = 0.019), suggesting heterogeneity in
the evolution of these large-scale rearrangements over time. This
heterogeneity might reflect a change in the underlying mutational
processes that generate these rearrangements. Alternatively, the
rate of fitness improvement and the corresponding rate at which
beneficial mutations went to fixation were much higher early in
the experiment than later on (42, 44), and this difference may
explain the greater number of rearrangements fixed in the early
generations.

DISCUSSION

We combined optical mapping and genome sequencing to iden-
tify chromosomal rearrangements that occurred in each of 12
populations during 40,000 generations of experimental evolution.
We detected a total of 110 rearrangements, of which 75% were
deletions, 17% were inversions, and 8% were duplications. How-
ever, the resolution of the optical mapping did not allow the de-
tection of many small deletions and insertions, including new IS
element insertion events. Some of the complex rearrangements
were shown to involve a succession of events, including multiple
inversions as well as duplications followed by deletions overlap-
ping the junction of the two copies. Most (~70%) rearrangements
occurred by recombination between IS elements, and many chro-
mosomal regions were repeatedly affected by similar rearrange-
ments in two or more populations. In most populations, the over-
all chromosomal organization was maintained without a large
imbalance of the symmetry between the origin and terminus of
replication or any major disruption of the chromosomal mac-
rodomains. However, three populations evolved rather substan-
tial asymmetry between the replication origin and terminus.

The dynamics of the rearrangements over time were examined
in one population, and they showed that most of the rearrange-
ments were substituted in the early generations of the experiment,
when the rate of fitness increase was highest, suggesting that these
rearrangements may have contributed to the genetic adaptation of
these populations. However, it is also possible that many of these
rearrangements are nonadaptive events that occur at high rates
(relative to point mutations) and then spread through a popula-
tion by hitchhiking with beneficial mutations. Chromosomal re-
arrangements have been detected at high frequencies when bacte-
rial cells are exposed to stresses such as starvation (45). In the
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FIG 3 Hypothetical mechanism for the imperfect duplication seen in the evolved clone from population Ara+2. The horizontal line represents a section of the
genome. The letters x and y show the borders of the duplication; a and b are the future insertion sites of two ISI elements. The two ISI insertions are indicated
by arrows. The ISI-mediated deletion event is indicated by the large cone, with only one ISI copy remaining in the 40,000-generation clone.

LTEE, the bacteria deplete the limiting nutrients each day and
enter stationary phase, but in general they do not experience any
discernible mortality (46), and the nutrients are replenished when
the bacteria are transferred into fresh medium. Therefore, the fact
that many chromosomal rearrangements have occurred during
the LTEE suggests that prolonged starvation is not necessary for
substantial genome restructuring to occur. Of course, it is also
important to emphasize that the large rearrangements detected in
this study, which averaged ~9 per population, occurred over many
years.

The 12 experimental populations have been evolving in and
adapting to the same environment for tens of thousands of gener-
ations. Therefore, one might expect them to lose unused functions
and evolve smaller genomes, as observed for bacteria adapting to
stable environments, such as endosymbionts adapting to their
hosts (47, 48). As predicted, deletions were indeed the predomi-
nant rearrangements detected in the LTEE. We also observed a
high level of parallelism, with nine chromosomal regions deleted
in at least two populations (Fig. 1; see also Table $4 in the supple-
mental material). These parallel deletions removed genes from the
rbs operon, genes involved in O antigen and colanic acid biosyn-
thesis, and prophage-related genes. In a previous study (34), we
demonstrated that rbs deletions occurred at a very high frequency
owing to the presence of an IS150 element adjacent to the operon
and that they conferred a small but significant fitness increase.
More generally, the deleted genes have functions that are not used
under the conditions prevailing during the LTEE. These deletions
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might have conferred higher fitness by eliminating unnecessary
and costly gene expression (49), or they might have been effec-
tively neutral if the affected genes were already not expressed. The
involvement of IS elements in producing many of these deletions
probably reflects increased local mutagenesis caused by homolo-
gous recombination between two identical elements, similar to
the process demonstrated for the rbs operon (34). Deletions have
also been reported in evolution experiments with other bacteria
and environments (27, 38, 50).

In the LTEE, the size of the E. coli genome declined after 40,000
generations in 10 of the 12 populations, with the reductions rang-
ing from 0.9% to 3.5% relative to the ancestor; two populations
showed slight increases in genome size of 0.3% and 0.8%. Over all
12 populations, we recorded 70 reductive events with sizes of 1
kbp or larger, with an average of ~17 kbp and a median of ~11 kbp.
These values are far below the reductions inferred for pathogenic
bacteria, including Mycobacterium leprae, Yersinia pestis, and My-
coplasma ulcerans (51); of course, the time periods over which
these pathogens evolved their reduced genomes were much lon-
ger. On a time scale more commensurate with the LTEE, a study of
P. aeruginosa adapting to the lungs of human patients with cystic
fibrosis found that up to 8% of the ancestral genome was lost over
the course of 35 years (38); in that study, the average and median
deletion sizes were 44.5 kbp and 26.6 kbp, respectively, for 27
deletion events with sizes of at least 1 kbp. Most deletions in the
P. aeruginosa study occurred through illegitimate and homolo-
gous recombination events, but IS elements were not involved. In
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contrast with that dramatic reduction, an analysis of 11 natural
isolates of E. coli O157:H7 found only very limited genome reduc-
tions of up to 3.7 kbp, or ~0.1%, and slight increases in chromo-
some size were detected in several of those isolates (39). Note,
however, that these estimates exclude the effect of new insertions
of IS elements, which are not detected by optical mapping.
Three evolutionary factors have often been suggested as drivers
of reduced genome sizes in pathogenic and endosymbiotic bacte-
ria: severe population bottlenecks, the absence of horizontal gene
transfer, and the elimination of selection for various functions
owing to the availability of nutrients and other services provided
by the host (5,47, 48). Bottlenecks are not severe in the LTEE, with
more than 10° cells transferred each day to fresh medium. There is
no horizontal transfer in the LTEE, as plasmids and functional
phages are absent and E. coli does not undergo natural transfor-
mation. The nutritional environment of the LTEE consists of a
minimal medium with glucose and ammonium, providing carbon

and nitrogen, respectively. Owing to this simple environment,
certain functions cannot be lost, including, for example, the pro-
duction of amino acids. However, some functions are dispensable,
including those involved with using alternative resources (e.g., the
loss of the ability to grow on ribose) and those necessary for thriv-
ing in natural environments (e.g., loss of genes involved with O
antigen and colanic acid biosynthesis). Thus, the simple flask en-
vironment—Iike a host organism—provides environmental con-
stancy and protection that allow certain functions to be discarded.
In doing so, the cells may save energy, thereby providing a com-
petitive advantage; even without that benefit, any unused func-
tions will tend to decay or be deleted by ongoing mutations (20,
52, 53). Another factor that contributed to genome reductions in
the LTEE is homologous recombination, especially that mediated
by IS elements. The majority of rearrangements detected in this
study involved IS elements, and these elements often flank non-
core genes that were acquired by horizontal gene transfer in the

TABLE 2 Rearrangements detected in clones sampled over time from population Ara—1

Mutation Start position” End position® Size (bp) Mechanism?® Observed at generation(s):

Deletion 547,701 555,877 8176 RRE-ISI1 10K, 15K, 20K, 30K, 40K, 50K
Deletion 1,599,000 1,628,000 8600 Unknown 50K

Deletion 2,031,703 2,054,996 23,293 RRE-manB-cpsG 10K, 15K, 20K, 30K, 40K, 50K
Deletion 2,100,286 2,122,432 22,146 Unknown 40K

Deletion 2,129,369 2,137,411 8042 RRE-ISI 40K

Deletion 3,894,996 3,901,921 6927 RRE-IS150 2K, 5K, 10K, 15K, 20K, 30K, 40K, 50K
Inversion 634,745 2,128,599 1,493,854 RRE-ISI 10K, 15K, 20K, 30K, 40K, 50K
Translocation 430,000 590,715 160,715 RRE-IS186 5K

Translocation 1,721,000 1,849,000 128,000 Unknown 5K

@ All positions are shown according to the genomic coordinates of the ancestral strain (70).

b RRE, recombination between repeated elements, with the identity of the repeated element indicated after the hyphen.
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distant past, i.e., prior to E. coli B being brought into the labora-
tory (54). These horizontally acquired genes would thus be both
dispensable and prone to deletion.

Besides deletions, we detected two other types of large-scale
rearrangements, namely, duplications and inversions. As for de-
letions, some of these duplications and inversions affected the
same chromosomal regions in multiple populations. Parallel evo-
lution is often interpreted as indirect evidence of positive selection
(34, 44, 55, 56), and from that perspective these mutations might
therefore be beneficial in the context of the LTEE. However, while
this interpretation has been frequently confirmed for point muta-
tions by constructing and competing isogenic strains, it is more
difficult to support this inference for large rearrangements be-
cause they affect many genes. Instead, the parallel evolution of
these large rearrangements might reflect their high frequency of
occurrence, especially since most of these rearrangements in-
volved recombination events between repeated sequences, includ-
ing IS elements and rRNA operons.

Duplications were rare, with only nine events detected among
the 12 populations after 40,000 generations. The paucity of dupli-
cations compared to deletions probably reflects the intrinsic in-
stability of duplications, which readily collapse back to a single
copy when cells are propagated under conditions that do not favor
having multiple copies of the relevant genes (28). The nine dupli-
cations we detected range in size from ~3 to ~180 kbp. Owing to
the number and diversity of the genes found in the duplicated
regions, it is difficult to know whether and how the duplications
affected the fitness of the bacteria. However, one region was du-
plicated in three populations, and it spans an ~11-kbp region
containing 14 genes, including rpoS, which encodes the alternative
sigma factor involved in the transition into stationary phase (57).
Previous work showed that the LTEE populations underwent
changes in the regulatory networks involved in the transitions
between exponential and stationary phases, which they experience
on a daily basis (58, 59). The parallel duplications might affect the
expression of rpoS and confer a competitive advantage during
these transitions, although this possibility remains untested.

We detected a total of 19 inversions, including 7 that affected
more than a quarter of the chromosome, and several populations
underwent multiple successive inversions. Three chromosomal
regions were inverted in multiple populations, whereas only one
region (spanning genome positions 4,453,625 to 146,102) was not
affected by any of the inversions. Owing to the large number of
genes in these inversions, it is difficult to predict their effects, if
any, on the fitness or other phenotypes of the evolved cells. Chro-
mosomal inversions have been found in natural isolates of many
bacterial species, including E. coli (39), Staphylococcus aureus (16,
40), Enterococcus faecium (60), Francisella tularensis (13), and Ba-
cillus anthracis (61). Some of these inversions have been related to
phenotypic changes, including colony morphology (16) and vir-
ulence (61), but in most cases their effects are unknown. Experi-
ments have shown that some inversions adversely affect cell
growth because they substantially reduce the symmetry between
the origin and terminus of replication (24) or because they disrupt
the overall organization of the chromosome into macrodomains,
including especially the structure of the terminus (25). The inver-
sions and other rearrangements observed in the evolved genomes
of the LTEE had variable effects on the symmetry between the
origin and terminus of replication: five populations showed al-
most no change in symmetry, four had increased asymmetry lead-
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ing to imbalances of the replication arms of a few percent, and
three evolved imbalances of ~8% to ~10% (following the numer-
ical scheme for calculating imbalance used in reference 25). None
of the evolved clones we studied, however, had imbalances as great
as the 15% imbalances previously shown to impair cell growth
(25). In any case, the variations in chromosomal organization
produced by the rearrangements we detected are clearly well tol-
erated under the conditions of the LTEE.

The strong conservation of gene order between E. coli and Sal-
monella chromosomes, which have diverged for over 100 mil-
lion years (62), led to the suggestion that selection constrains gene
order (29). In that respect, the extent of inversions in the LTEE
over just 2 decades is surprising. One possible explanation for this
discrepancy is that horizontal gene transfer—in particular, its im-
portance for adaptation to changing environments— generates
the constraint. In the LTEE, there is no gene transfer and the
experimental environment does not change, relieving the con-
straint and thus allowing gene order to vary more freely. It is also
possible that selection constraints that are important over very
long time spans and in very large populations are less important at
the smaller scale of the LTEE. Also, the LTEE environment is ob-
viously very different from natural conditions; an alternative hy-
pothesis, therefore, is that these inversions increase fitness in the
LTEE environment, perhaps by changing the distribution of genes
on the leading and lagging strands. During replication, the DNA
and RNA polymerase complexes move along the same DNA mol-
ecule, and their physical interactions depend on gene orientation
(63). Collisions between DNA polymerase and RNA polymerase
transcribing genes from the lagging strand occur with a higher
probability, causing the replication machinery to stall and poten-
tially also generating truncated transcripts. In contrast, when
genes are located on and transcribed from the leading strand, such
collisions merely slow down the replication complex and the tran-
script is released after completion. Thus, essential (as well as
highly expressed) genes tend to be located on the leading strand
(64). We analyzed essential genes (65) present in the ancestral
genome to see whether their proportion on the leading strand
changed as a result of inversions in the 40,000-generation clones
(see Text S1 in the supplemental material). The results do not
support the hypothesis that the inversions improved fitness by
reducing collisions between the DNA and RNA polymerase com-
plexes.

About 70% of the large-scale rearrangements we detected in
the evolved clones occurred by homologous recombination be-
tween IS elements, and that proportion does not include new in-
sertions of IS elements (because optical mapping cannot resolve
such events). These elements have previously been shown to con-
tribute to evolution in the LTEE in three ways. First, IS elements
have generated some beneficial mutations, including the deletions
of the rbs operon (34). Second, some new IS insertions occurred in
genes that were mutated in many or all of the LTEE populations
(33, 56), and that genetic parallelism strongly suggests that these
insertions were also beneficial. Third, population Ara+1 has un-
dergone a striking increase in the IS150 copy number (43), includ-
ing some insertions inferred to be beneficial based on the previous
criterion. Here, we have further shown that IS elements, by pro-
viding a substrate for homologous recombination, played the pre-
dominant role in large-scale rearrangements that restructured the
genomes during this long-term experiment. IS elements have also
been shown to contribute to genomic plasticity in other studies,
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including both evolution experiments in the laboratory (36, 37,
66) and analyses of natural isolates (13, 67, 68).

In summary, we used optical mapping to find large-scale chro-
mosomal rearrangements that occurred during a long-term evo-
lution experiment with E. coli. The rearrangements thus discov-
ered had substantial effects on the size and structure of the
chromosome, demonstrating the impressive plasticity of bacterial
genomes. Several lines of evidence, including parallel changes ob-
served in independently evolving populations, suggest that at least
some of the rearrangements conferred higher fitness in the exper-
imental environment. However, we cannot exclude the alternative
explanation that these rearrangements occurred at high rates and
then hitchhiked to fixation. Consistent with the latter possibility,
IS elements mediated most of the large-scale rearrangements by
providing a substrate for recombination. While new sequencing
technologies make it increasingly easy to find point mutations and
other small changes in the genomes of experimentally evolving
populations, our results demonstrate the value of also analyzing
large-scale chromosomal rearrangements in these studies.

MATERIALS AND METHODS

Bacterial strains. All strains came from the E. coli long-term evolution
experiment (42, 69). Twelve populations, named Ara+1 to Ara+6 and
Ara—1 to Ara—6, were founded from the same ancestral strains, REL606
and REL607 (a spontaneous Ara* mutant of REL606). The populations
have been propagated by daily transfers in Davis minimal medium con-
taining 25 ug/ml glucose (DM25) as a limiting carbon source (69). Sam-
ples from each population have been taken at 500-generation intervals
and stored at —80° C. For optical mapping, we used one clone isolated
from each population at 40,000 generations, as well as one clone from
population Ara-1 at each of 2,000, 5,000, 10,000, 15,000, 20,000, and
50,000 generations. Additional clones were sampled at several time points
from Ara+1 to investigate specific rearrangements. All strains used in this
study are listed in Table S2 in the supplemental material.

Optical mapping. The optical-mapping procedure was performed
by OpGen (Gaithersburg, MD), as described elsewhere (40). Clones
were revived from stocks kept at —80°C in 15% glycerol by overnight
growth in LB medium. Genomic DNA was extracted using an OpGen
sample preparation kit (OpGen, Inc., Gaithersburg, MD) and an
Agencourt Genfind v2 kit (Beckman Coulter, Miami, FL). Single DNA
molecules were captured on an Argus surface within a MapCard, di-
gested with the Ncol restriction enzyme, and stained with JOJO-1 on
an Argus MapCard Processor. They were analyzed by automated flu-
orescence microscopy using an Argus Optical Mapper. This software
records the size and order of restriction fragments for each DNA mol-
ecule. Collections of single-molecule restriction maps for each genome
were assembled according to overlapping fragment patterns to pro-
duce a whole-genome optical-map assembly. The consensus optical-
map assemblies for each evolved clone were then compared to the
predicted restriction map of the ancestral strain’s genome (70) to iden-
tify large-scale rearrangements using the MapSolver software. Re-
arrangements smaller than ~5 kbp are too small to resolve. Thus, IS
insertion events were not detected in this study.

Characterization of rearrangement borders. The precise locations
of the rearrangement borders were identified (see Table S1 in the sup-
plemental material) by analyzing the genome sequences of the evolved
clones. The genomes of population Ara—1 clones from generations
2,000 to 40,000 were previously sequenced (44, 71), as were those of
the 40,000-generation clones from populations Ara—3, Ara—5, Ara—6,
Ara+1, Ara+2, Ara+4, and Ara+5 (72). The additional genomes an-
alyzed in this study were the 40,000-generation clones from popula-
tions Ara—2, Ara—4, Ara+3, and Ara+6, and they were sequenced on
the Illumina Genome Analyzer platform at the Centre National de
Séquencage, Genoscope (Evry, France), with one lane of single-end
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36-bp reads per genome. Sequence reads were compared to the ge-
nome of the REL606 ancestral strain (70), using both breseq, a compu-
tational pipeline for analyzing resequenced bacterial genomes (35, 44,
71), and a customized pipeline (http://www.genoscope.cns.fr/agc/
microscope/expdata/sniperRes.php [73]). The four new genome se-
quences have been deposited in the National Center for Biotechnology
Information Sequence Read Archive (see below). The borders of the
rearrangements detected by optical mapping were further checked by
PCR experiments for two populations, Ara+1 and Ara+2 (see
Table S1). PCR was performed using 1 X reaction buffer, 3 mM MgCl,,
0.2 mM deoxyribonucleotide triphosphate (dANTP), 0.2 mM (each)
primer, 50 ng of genomic DNA, and 1.25 unit of Tag DNA polymerase
(Invitrogen, Carlsbad, CA) in a 25-ul reaction volume. Reaction mix-
tures were heated at 95°C for 2 min and then subjected to 32 cycles of
30sat94°C, 90 s at 55°C, and 3 min at 72°C before a final step of 10 min
at 72°C. Table S3 lists the primers used to amplify the borders of
specific rearrangements. The PCR products were separated by agarose
(0.8%) gel electrophoresis in 1X Tris-acetate-EDTA (TAE) bulffer,
purified using a Qiagen gel purification kit, and sequenced (GATC-
Biotech, Germany) with the same primers used for PCR assays.

Sequence analysis. Sequences of PCR products containing the bor-
ders of rearrangements were analyzed with BioEdit (version 7.0.9.0), and
the resulting FASTA files were analyzed using CLC Sequence Viewer soft-
ware (v 7.0.2; CLC Bio). All sequences were compared to the ancestral
genome sequence (70) and checked to confirm the rearrangements de-
duced from the optical maps. A Python script was written to construct
FASTA files containing the reconstructed genome sequences of the
evolved clones; we have deposited the script at the Dryad Digital Reposi-
tory (doi:10.5061/dryad.283pp). Point mutations and deletions detected
in the evolved clones were automatically inserted; other rearrangements
were added by hand in CLC Sequence Viewer. The leading-strand branch
length was calculated from the origin of replication oriC (74) to the mid-
dle of the terminus region defined by the dif locus (75). For the evolved
clones, the branch-length measurements were based on the rearranged
genomes using the new locations of these two loci.

Nucleotide sequence accession number. The four new genome se-
quences have been deposited in the National Center for Biotechnology
Information Sequence Read Archive (accession no. SRP045228).
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