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Short-term rates of chromosome evolution were analyzed in experimental populations of Escherichia coli B
that had been propagated for 2,000 generations under four thermal regimens. Chromosome alterations were
monitored in 24 independent populations by pulsed-field gel electrophoresis of DNA treated with five rare-
cutting restriction enzymes. A total of 11 changes, 8 affecting chromosome size and 3 altering restriction sites,
were observed in these populations, with none occurring in strains cultured at 37°C. Considering the changes
detected in these experimental populations, the rate of chromosome alteration of E. coli is estimated to be half
of that observed in experimental populations of yeast.

Comparisons of the genetic maps of Escherichia coli K-12
and Salmonella enterica serovar Typhimurium LT2 have estab-
lished that the chromosomes of these enteric species are evo-
lutionarily well conserved (12). Yet, in natural populations of
each of these species, chromosome size can differ by as much
as 1 Mb–more than 20% of total chromosome length (5, 22).

How quickly do bacterial chromosomes evolve? Despite the
observed variation in chromosome lengths, evidence from nat-
ural isolates of E. coli and S. enterica suggests that large-scale
changes in the size and organization of bacterial genomes are
relatively rare events on an evolutionary timescale. This con-
trasts with the high incidence of spontaneous duplications,
deletions, and inversions (2, 3, 11, 20), with the ability of these
species to acquire large regions by horizontal transfer (13), and
with the finding that very closely related strains of S. enterica
serovar Typhi display vast differences in chromosome size and
gene arrangement (15, 22).

To investigate the short-term rates and patterns of chromo-
some evolution, we analyzed restriction fragment patterns in
experimental populations of E. coli that were propagated for
2,000 generations. These strains represent 24 independent
populations of E. coli B that were used in experiments by
Bennett et al. (4) to study adaptation of E. coli to different
thermal regimens and which were maintained at either 32, 37,
or 42°C or alternating between 32 and 42°C (Fig. 1) (4).

Restriction endonuclease digestion. Agarose plugs contain-
ing intact genomic DNA were prepared as previously described
(6). Five rare-cutting endonucleases were used to fractionate
the genome: I-CeuI (NEB), which cuts in bacterial rRNA oper-
ons; BlnI (TaKaRa); NotI; SfiI, and XbaI (NEB). When digest-
ing with I-CeuI, approximately 50 ml of each agarose plug
(containing 10 ng of DNA/ml) was incubated overnight at 37°C
with 0.3 U of I-CeuI in 50 ml of restriction enzyme buffer. For
all other enzymes, 15 U of enzyme were added per 50-ml plug
in 50 ml of the appropriate reaction buffer. Partial digests with
I-CeuI were generated by overnight digestion with 0.05 U of
enzyme per 50-ml plug in 50 ml of restriction enzyme buffer.

Pulsed-field gel electrophoresis. Approximately 10 ml of an
agarose plug (100 ng of DNA) was inserted into a 0.9% aga-
rose gel and subjected to electrophoresis in 0.53 Tris-borate-
EDTA buffer at 14°C in a CHEF-DR II pulsed-field gel box
(Bio-Rad, Richmond, Calif.) for 24 h at 180 V with pulse times
varying according to the intended range of resolution (6). To
resolve I-CeuI restriction fragment A, which is typically 2,400
kb in these strains, samples were electrophoresed in a 0.7%
agarose gel for 120 h at 60 V with pulse times ramped from 10
to 16 min over the course of the run. Gels were stained in
0.01% ethidium bromide and photographed under UV light.
Lambda ladder, low-range pulsed-field gel marker (NEB), and
chromosomes from Saccharomyces cerevisiae and Hanensula
wingei (Bio-Rad) were used as molecular size standards.

Chromosome alterations in laboratory cultures. A total of
11 changes were detected in the 24 strains, with none occurring
in strains cultured at 37°C. Eight changes in six strains affected
chromosome size, two strains acquired a restriction site, and
one putative inversion was detected. The alterations in chro-
mosome size usually involved regions of less than 50 kb and
were as follows (Tables 1 and 2). (i) Isolates 2047 and 2048
each incurred a 25-kb duplication within I-CeuI fragment B,
which spans 559 to 739 on the E. coli K-12 chromosome. In all
likelihood, these duplications involve the same region because
the restriction patterns produced by all five restriction enzymes
are identical in the two strains. In digests of strain 2047, there
is also a faint 700-kb band of equal size to the original I-CeuI
fragment B, as well as the 725-kb fragment harboring the
duplication; this is presumably due to instability of the dupli-
cation. (ii) Strain 2055 has a deletion of 20 to 30 kb in fragment
I-CeuI fragment B, but at a different location from the dupli-
cations in strains 2047 and 2048. (iii) Strain 2038 has two
deletions totaling 40 kb in I-CeuI fragment A, which spans 59
to 559 on the E. coli K-12 chromosome. (iv) Strain 2054 harbors
a 20-kb deletion in I-CeuI fragment A. (v) Strain 2142 incurred
two changes, a 30-kb deletion and a 50-kb duplication, in
I-CeuI fragment A.

In addition to changes in chromosome size, strain 2041 ac-
quired a BlnI site, strain 2048 gained a NotI site, strain 2038
lost a NotI site, and strain 2142 lost an XbaI site (Table 2). New
restriction sites were probably acquired through point muta-
tions. However, losses of restriction sites may have resulted
from deletions and were not counted as independent events.
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Strain 2042 incurred changes that are best explained by a single
inversion: for three of the enzymes (NotI, SfiI, and XbaI) the
changes involve a reduction and a commensurate increase in
the sizes of two restriction fragments, and there were no
changes in any I-CeuI and BlnI restriction fragments.

Comparisons of strain 1206, the common ancestor of the 24
independent populations (Fig. 1), with its parent strain (606)
revealed changes in restriction patterns that are compatible
with two inversion events. The I-CeuI digests are identical in
strains 606 and 1206 (Table 1); however, digests with BlnI,
NotI, SfiI, and XbaI each showed changes in the sizes of three
fragments, i.e., the absence of three fragments in 1206 that are
present in 606 along with the addition of three new fragments
(Table 3). These changes could not have arisen from point
mutations because it would require exactly the same number of
gains and losses of sites for all four restriction enzymes.

Given the frequency of changes observed in these strains,
and assuming that all changes resulted from independent
events, the probability that the populations cultured at 37°C
would have no changes is 2.5% [(13/24)6 5 0.025]. This sug-
gests that strains propagated at temperatures other than 37°C
either have higher mutation rates or incur changes that are
adaptive under these nonstandard growth conditions. Al-
though the fitness effects of the observed chromosomal rear-
rangements are not known, the parallel changes maintained in
two independent lineages at 42°C, strains 2047 and 2048 har-
bor the same 25-kb duplication, might denote a beneficial
mutation.

Based on the numbers of changes in restriction patterns
observed for these five enzymes, these experimental popula-
tions have elevated mutation rates. E. coli typically incurs 5.4 3
10210 point mutations per base pair per generation (9), and if

all mutations are neutral, each of these experimental popula-
tions should have, on average, five point mutations after 2,000
generations. Omitting I-CeuI, which is targeted to rRNA oper-
ons, the four other rare-cutting endonucleases employed in
this study survey a total of 588 nucleotides, yielding a proba-
bility of 0.13% for gaining or losing a restriction site due to a
point mutation in 2,000 generations (2,000 3 2 3 588 3 5.4 3
10210 5 1.27 3 1023), assuming that the probability of gaining
a restriction site is equal to that of losing a restriction site. This
means that the probability of detecting a change in any of the
24 independent populations is only 3%. However, we observed
at least two point mutational changes, implying that mutation
rates in some of the strains may be elevated by nearly two
orders of magnitude. Temperature is known to increase mu-
tation rates and the transposition of some mobile elements (10,
18); however, mutator alleles could also be selected during
periods of rapid adaptation (7, 8, 19, 21). These calculations
are based on the assumption that the number of restriction
sites in a genome is the result of an equilibrium between
mutations leading to the gain or loss of a site. If the chances of
gaining a restriction site were greater than that of losing one,
the target size for creating sites would be greater, increasing
the chances of observing a change in restriction fragments due
to point mutations. This might be the case if there is selection
against the presence of these rare restriction sites in the ge-
nome, as might be the case for XbaI.

Distribution of chromosome alterations. All the deletions
and duplications observed in these strains occurred in I-CeuI
fragments A and B, which together span the region between 59
and 739 and encompass 68% of the chromosome. Since the
probability that eight events would be limited to this portion of
the chromosome by chance is 0.046, it appears that this region,
which broadly spans the replication terminus, sustains most of
the structural changes to the chromosome. This is consistent
with the notion that bacterial chromosomes are less conserved,
and contain fewer essential genes, closer to the replication
terminus; and, in a comparison of low-resolution physical maps
of E. coli K-12 derivatives, Perkins et al. (17) also noted that
most of the differences between these laboratory strains oc-
curred close to the terminus. The terminus region of the E. coli
chromosome is also subject to higher rates of recombination
than other parts of the chromosome (16), which should lead to
clustering of chromosomal variation close to the terminus.

FIG. 1. Genealogical relationships and growth conditions of E. coli strains.
Strains 2037 to 2042 were grown at 32°C; strains 2043 to 2046, 2143, and 2144
were grown at 37°C; and strains 2047 to 2051 and 2142 were grown at 42°C.
Strains 2052 to 2057 were grown at temperatures that alternated daily between
32 and 42°C. Chromosomal changes occurring in these strains are denoted as
follows: deletions, del; duplications, dupl; inversions, inv; point mutations, pt.
Strains were grown in 10 ml of glucose limited minimal medium, and each day,
0.1 ml of culture was transferred to 9.9 ml of fresh medium (4). At 37°C, the
population size of the ancestral strain in this medium is 4 3 108 cells in stationary
phase (4). The common ancestor of all populations, strain 1206, was derived
from a population, seeded with strain 606, that had been evolving for 2,000
generations at 37°C (14).

TABLE 1. Sizes of I-CeuI restriction fragments and total
chromosome size of isolates from experimental populations of E. coli

Fragment

Size (kb) of I-CeuI restriction fragment in indicated E. coli
strain from experimental populationa:

606 1206 2038 2047 2048 2055

I-CeuI A 2,400 2,400 2,350 2,400 2,400 2,400
I-CeuI B 700 700 700 725 725 680
I-CeuI C 530 530 530 530 530 530
I-CeuI D 100 100 100 100 100 100
I-CeuI E 130 130 130 130 130 130
I-CeuI F 37 37 37 37 37 37
I-CeuI G 650 650 650 650 650 650

Total size 4,550 4,550 4,500 4,580 4,580 4,550

a I-CeuI recognition sites occur in the seven rRNA operons. I-CeuI fragment
A spans the region between 4.99 and 58.59 on the E. coli K-12 chromosome, B
spans the region between 58.59 to 73.79, C spans 73.79 to 84.99, D spans 84.99 to
86.99, E spans 86.99 to 89.79, F spans 89.79 to 90.69, and G spans 90.69 to 4.99. Only
strains exhibiting changes in fragment size relative to the ancestral strains 606
and 1206 are included in the table. Strain 2038 was grown at 32°C, strains 2047
and 2048 were grown at 42°C, and strain 2055 was grown at temperatures that
alternated daily between 32 and 42°C.

VOL. 181, 1999 NOTES 1361



Unlike natural isolates, these experimental populations can-
not augment their chromosomes by incorporating DNA from
foreign sources and do not harbor plasmids or active phages
that might facilitate DNA transfer. Instead, these strains can
either lose DNA by deletions (which are irreversible) or gain
DNA by duplications (which are generally unstable), so we
might expect chromosome size in experimental populations to
decrease with time. However, chromosome size in the strain of
E. coli used to seed these experimental populations is only 4.6
Mb, close to a minimum size observed in E. coli, and it is likely
that only small deletions can be tolerated.

Finally, it is tempting to compare the rates of chromosomal
change in bacteria with those observed in eukaryotes. Adams
et al. (1) detected a total of 17 large-scale rearrangements in 13
experimental populations of the fission yeast, Saccharomyces
cerevisiae, after 1,000 generations, compared to the nine chro-
mosomal rearrangements (i.e., duplications, deletions, and in-
versions) that we observed in 24 populations of E. coli after
2,000 generations. After correcting for genome size, the rate of
chromosome alteration, measured as number of changes per
megabase per generation, in experimental populations of yeast
is about twofold higher than that observed in E. coli. Despite
the high rate of chromosomal duplication and deletion mea-
sured in E. coli under laboratory conditions, most of the iso-
lates analyzed here do not contain detectable chromosome
rearrangements. If bacterial genomes are under selection to
minimize replication time, it might be expected that the prop-
agation of strains under stable and homogeneous laboratory
conditions would favor a reduction in chromosome size. How-
ever, there is no evidence that these experimental populations
are evolving smaller genomes to enhance their growth rates.
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