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Abstract

Our results show that experimental evolution mimics evolution in nature. In particular, only 1000 generations of
periodic recombination with immigrant genotypes is enough for linkage disequilibrium values in experimental
populations to change from a maximum linkage value to a value similar to the one observed in wild strains of E.
coli. Our analysis suggests an analogy between the recombination experiment and the evolutionary history of E.
coli; the E. coli genome is a patchwork of genes laterally inserted in a common backbone, and the experimental E.
coli chromosome is a patchwork where some sites are highly prone to recombination and others are very clonal.
In addition, we propose a population model for wild E. coli where gene flow (recombination and migration) are an
important source of genetic variation, and where certain hosts act as selective sieves; i.e., the host digestive system
allows only certain strains to adhere and prosper as resident strains generating a particular microbiota in each host.
Therefore we suggest that the strains from a wide range of wild hosts from different regions of the world may
present an ecotypic structure where adaptation to the host may play an important role in the population structure.

Introduction

Surveys of wild populations have revealed that bac-
teria comprise the most diverse group among recog-
nized taxa, and are found in virtually all habitats
suitable for life. The combination of high diversity
and broad distribution suggests that these features are
a simple function of bacterial ability to adapt to a
wide variety of environmental conditions. Whereas
survey work can demonstrate the extreme diversity of
bacteria and their ability to persist under many envir-
onmental conditions, experimental evolution provides
a more powerful means to explore the underlying
principles affecting the origin and maintenance of
diversity. Experimental evolution uses microbes as
living simulations, by allowing direct observations
of evolutionary change over hundreds (or even thou-
sands) of generations (Lenski 1995; Travisano &
Rainey 2000). The experimenter chooses the envir-
onmental conditions and initial genotypes, ensuring
that evolutionary outcomes are attributable to the par-

ticular selective conditions in which the experiment
was performed. However, little effort has been made
to combine both approaches to gain a general under-
standing of the factors affecting bacterial diversity.
Here we compare survey data with those from laborat-
ory selection experiments to examine one critical issue
in the maintenance of bacterial diversity: the import-
ance of recombination in bacterial evolution. We focus
on recombination because of its potential to greatly
increase or decrease extant diversity, depending upon
the rate of recombination and its selective benefit. Our
primary goal in this paper is to demonstrate the value
of the comparison and to suggest the importance of
further work. The limitations of this and other current
studies will be made evident.

Recombination in situ and in vitro

The evolutionary importance of recombination in
bacteria has been intensely debated. Bacteria repro-
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duce clonally, but they may experience recombination
through mechanisms of gene transfer, which are inde-
pendent of cell division. The extent of recombination
in natural populations of bacteria is unclear; bacterial
populations may exist as very large inter-mixing gene
pools that are analogous to panmictic species, or as
individual lineages that are essentially isolated from
one another (Whittam & Ake 1993). Initial population
genetic studies on pathogenic and non-pathogenic Es-
cherichia coli associated with humans and domestic
or zoo animals suggested clonal structure (Ochman
& Selander 1984), and high genetic diversity within
species (heterozygosity (H) = 0.41 − 0.61, Whittam
& Ake 1993; Pupo & Richardson 1995). However,
the importance of recombination in E. coli has been
detected at the molecular level through its signature
in clonal frames (Milkman & McKane Bridges 1990;
Guttman & Dykhuizen 1994). Extensive signals of re-
combination were found also in genome comparisons
among E. coli (Perna et al. 2001), and between E. coli
and Salmonella (Koshi et al. 2001).

The most extensive experimental evolution study
has been that of Lenski and collaborators, in which
12 replicate populations of the bacterium E. coli B/6
were propagated for more than 25 000 generations
(Lenski et al. 1991, Lenski & Travisano 1994). A
single ancestral genotype was used to found 12 (here-
after referred to as long-term) populations maintained
through serial culture, in minimal medium with gluc-
ose as the growth-limiting carbon and energy source.
The forces shaping evolution in this experiment were
limited to adaptation and chance, because the replic-
ate populations were of large size, experienced the
same selective conditions, and were initially isogenic.
Recombination was not a factor because the found-
ing cell was plasmid-free, and featured no detectable
recombination.

Experimental evolution studies have often ex-
cluded recombination due to the added complexity
inherent in this process. In the absence of recom-
bination, evolution is strictly clonal and diversity is
generated only through de novo mutations. Although
E. coli has been the dominant model organism in bac-
terial molecular and population genetics (Selander et
al. 1987), experimental studies of the evolutionary ef-
fects of recombination have not been performed. It is
critical to examine recombination within the context
of experimental evolution to provide insight into the
importance of recombination in wild populations of E.
coli.

To that end, we studied the effects of recom-
bination on genetic and evolutionary change in the
long-term populations that had previously experienced
7000 generations of strictly clonal evolution. In partic-
ular, we tested whether recombination would increase
genetic diversity in the long-term populations, and
whether the added variability would increase the rate
of adaptation when mutation alone had forced the pop-
ulations onto a selective plateau (Souza et al. 1997).
To do so, one clone from each long-term population
was propagated for 1000 additional generations in the
presence of recombination (imposed every 5 days, or
∼33 generations). Controls were propagated in an
identical environment but in the absence of recombin-
ation. Recombination was imposed using immigrant
genotypes consisting of a mixture of four HFR (high
frequency recombination) strains of E. coli K12 that
differed from the recipients based on plate, MLEE,
and metabolic (Biolog) markers (see below). Although
in natural populations genetic exchange is likely to
occur as or more frequently by phage mediated trans-
duction than HFR recombination, our goal in this
initial study was not to precisely replicate the mechan-
isms of recombination that occur in nature. Rather, we
wished to investigate the potential effects of recom-
bination on adaptation in the most easily controlled
manner.

In a separate study we examined the prevalence
and importance of recombination in wild populations
of E. coli by gathering over 3000 isolates from differ-
ent organisms across several continents; a representat-
ive sample of the collection was analyzed in terms of
diversity, niche specialization, presence of plasmids,
sugar utilization, and toxin and antibiotic resistance
(Souza et al. 1999). We combined samples from
the aforementioned laboratory study and field studies
to examine the effects of recombination on bacterial
population structure. Specifically, 120 experimental
evolution laboratory strains and 215 wild-mammal as-
sociated strains of E. coli were used to estimate several
population-genetic parameters: genetic diversity (He)
and linkage disequilibrium (D′, Vo/Ve). In addition, we
analyzed the phylogenetic effect of recombination in
a distance analysis where wild and experimental isol-
ates were pooled. Neither the genetic analysis of the
experimental isolates, nor the linkage disequilibrium
analyses of wild and experimental populations have
been published elsewhere.

Our results show that recombination in experi-
mental laboratory populations can generate striking
evolutionary patterns that show some similarities to
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Table 1. Genetic markers of the parental strains in a long-term evolution experiment with recombination, where Escherichia coli B6 was
the recipient and four Hfr E. coli K12 strains were donors.

Plate markers1 Electrophoretic markers2 Biological markers3

Strain Ara Lac Tet4 Str Arg Leu Ilv Val T1 T6 ID 6PG AD MP PE FU AA FO SA SU GL S

H D H I P C C R C C U R

MAP5 1.4 10 – 64 40 76 76 76 4 11 26 41 27 36 6 60 91 80 16 17 82 51

B/6 –/+ + s r + + + + s r 2 1 1 1 2 0 3 0 2 1 3 3

288 + + 84 s + + – – s s 1 2 2 2 1 3 3 2 3 0 0 3

291 + – 89 s – + + + r r 1 2 2 2 1 3 3 2 0 0 0 3

296 – – 2 s – – + + r s 1 2 2 2 1 3 1 2 0 0 0 1

298 + – 62 s – – + + r r 1 2 2 2 1 3 2 1 2 0 0 3

1Plate Markers: Arabinose (Ara); Lactose (Lac); Resistance to tetracycline (Tet); Streptomycin resistance (Str); auxotrophy to Arginine
(arg); Leucine (Leu); Isoleucine (Il); and valine (Val); Resistance to phages T1 (T1), and T6 (T6).
2Electrophoretic markers: isocitrate dehydrogenase (idh); 6-phosphogluconate dehydrogenase (6pgd); alcohol dehydrogenase (adh);
mannose phosphate isomerase (mpi); and peptidase (pep).
3Biolog markers: 3 indicates activity within 24 h, 2 within 48 h, 1 within 72 h, and 0 for no activity by 72 h. The carbon sources were:
L-fucose (fuc); acetic acid (aac); formic acid (for); D-saccaric acid (sac); succinic acid (suc); L-glutamic acid (glu); and D-serine (ser).
4Hfrs are resistant because each contains a TN10 transposon inserted in a different region of the chromosome several minutes after the
origin of conjugation. The site of the tetracycline gene in the HFR is expressed in minutes, B/6 is sensitive to tetracycline.
5Origins of conjugation of the different Hfr’s are situated in different regions of the chromosome before the Tn10 transposon. Hfr 288 has
its origin at 67′, 291 at 2′, 296 at 12′, and 298 at 84′. The direction of conjugation is from the point of origin to Tn10; e.g., if the origin of
Hfr 288 is at 67′ and Tn10 is at 84′, the direction of conjugation is upstream, whereas Hfr 291 has its origin at 2′ and Tn10 at 89′, making
the direction of conjugation downstream.

those observed in nature. In particular, only 1000
generations of periodic recombination with immigrant
genotypes was sufficient for linkage disequilibrium
values in experimental populations to change from
a maximum linkage value to that observed in wild
E. coli. Moreover, we observed that recombination
in both the field and laboratory studies generated a
patchwork of genes laterally inserted in a common
backbone. We propose a population model for wild
E. coli where gene flow (recombination and migra-
tion) is an important source of genetic variation, and
where certain hosts act as selective sieves; i.e., the
host digestive system allows only certain strains to ad-
here and prosper as resident strains. More generally,
this preliminary comparison of field and experimental
studies indicates that additional studies are necessary
to distinguish the causes of the patterns we observed.

Materials and methods

Strains and genetic markers in the recombination
experiment

Bacterial strains and experimental procedures in the
recombination study are described elsewhere (Souza
et al. 1997). Briefly, we used a total of 18 markers
(allozyme, plate, and MLEE) to distinguish donors

(four E. coli K12 mutants that are unable to grow in
minimal media) and recipients (E. coli B/6), and to
gauge the production of recombinant genotypes at 100
generation intervals (i.e., every three bouts of imposed
recombination); location of recombination events in
the genome was based on the published genome map
for the E. coli chromosome (Ridley & Labedan 1996).
The present study uses Biolog metabolic markers
and multi-locus electrophoresis of metabolic enzymes
(MLEE) as a means to further examine the extent of
recombination in the previous study. Biolog Micro-
Plates (Biolog Inc., Hayward, CA) test the ability to
utilize 95 different carbon sources, yielding a charac-
teristic metabolic fingerprint of the test strain. Strains
were grown in a minimal glucose medium (DM25,
medium used in the long term experiment) for 24 h,
and 150 µl of the stationary culture was deposited in
each well of a Biolog EG plate using a multi-channel
pipetter. Plates were scored every 24 h for 3 days to
assess indicator (color) changes. The wells that turned
purple on day one were scored as ‘3’, day two as ‘2’,
day three as ‘1’, and no activity after 28 h as ‘0’.
Each donor and recipient was tested with replication
(n = 4), and similarly (n = 2) for each recombinant
and control genotype. Of the 95 metabolic markers
analyzed, only nine (two of which are identical to plate
markers) were considered for the final analysis. These
markers differed among donors and recipients and
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were consistent across replicates, and their location in
the chromosome is known (Table 1).

Strains and genetic markers in wild isolates

Vertebrate hosts and geographic origins of the wild E.
coli isolates have been previously described (Souza et
al. 1999). We examined 215 strains isolated from fresh
feces of healthy wild animals: 94 mammalian species
(representing 39 families and 14 orders from Aus-
tralia, the Americas and reference strains from Africa),
and 10 families of birds from Mexico. The analyzed
loci and MLEE procedures are described by Souza
et al. (1999), with the exception of one additional
locus (G-6PDH, glucose 6-phosphate dehydrogenase,
EC 1.1.1.49) (Herbert & Beaton 1993).

Phylogenetic analysis

We visualized the effect of recombination on ge-
netic relatedness using a tree approach. To do so, we
compared five divergent recombinant genotypes (gen-
erated through parental strains K12 and B/6) with two
long-term genotypes isolated at 10 000 generations. To
compare these experimental strains with natural isol-
ates we randomly selected 100 electrotypes from the
collected wild isolates and included these genotypes
in the phylogenetic analysis. MLEE electrophoresis
was performed for both the experimental strains and
the wild strains using the same loci. A maximum
parsimony tree was obtained using PAUP∗ (Macin-
tosh beta test version 4.0b2; Swofford 2001), using
a heuristic search. We chose an arbitrary tree from
a large set of equally parsimonious trees in order to
illustrate the effect of recombination in phylogenetic
reconstruction.

Genetic diversity and linkage disequilibrium

Average genetic diversity was estimated as He =∑
hj /m, where m equals the number of loci scored

and hj = [n/(n − 1)] (1 − ∑
pij

2), where pij is the
frequency of allele i at locus j , and n is the number of
strains (Selander et al. 1986).

One way to measure linkage disequilibrium among
pairs of loci is to obtain the coefficient D′ between a
pair of loci using the formula

Dik,j l = gik,j l − pijplk

where gik,j l is the frequency of two haploid geno-
types, and pij plk is the product of the frequencies of

the corresponding alleles. This coefficient is stand-
ardized by dividing by the maximum disequilibrium
obtainable considering only allele frequencies above
0.1 (Dmax); the absolute value of this ratio is the index
D′. Below we report the average D′ for all pairs of loci
using the optimum allelic frequency of 0.1 (Souza et
al. 1992). In simulations with different sample sizes
(data not shown), we observed that D′ is very sens-
itive to sample sizes less than 100 individuals, and a
false signal of clonality was obtained in samples of 50
individuals or less.

Another useful index to describe multilocus link-
age disequilibrium in haploid populations is based on
the ratio of the variance (Vo/Ve) in mismatches ob-
served for a particular sample (Vo) to the expected
variance (Ve) under the assumption of linkage equi-
librium D′ = 0 (Brown et al. 1980; Souza et al. 1992;
Haubold et al. 1999):

V e =
∑

hj (1 − hj )

where hj is the genetic diversity per locus. The mean
number of mismatches, for a given set of loci, provides
a measure of the allelic diversity of the sample. The
ratio of the variances provides a measure of link-
age disequilibrium, where the denominator scales for
the effect of single locus genetic diversities (Souza
et al. 1992). Vo/Ve ranges from 1.0 (panmixis) to
very large. To assess the probability of rejecting the
null hypothesis (panmixis), we obtained a distribu-
tion of Vo/Ve by performing 10 000 iterations using
a Monte Carlo simulation (LDV program, Souza et
al. 1992). If Vo/Ve is significantly greater than 1.0
(P < 0.01), we conclude that the population is not
panmictic. Based on the total sample of wild isolates,
for each sample size we generated a random sample
where the expected D′ (using an allele frequency of
0.1), and the multilocus expected disequilibrium (exp
Vo/Ve) was calculated with the LDD and the LDV pro-
grams (Souza et al. 1992, 1994). In simulations with
different sample sizes (data not shown), we observed
that Vo/Ve is not very sensitive to sample sizes above
30 individuals, but is very sensitive to the number
of polymorphic loci. This is not surprising because
this measurement of linkage disequilibrium relies on
the variance between mismatches among loci. We de-
termined that when fewer than five polymorphic loci
exist, this could give a biased signal. In our study
the experimental populations show on average three
polymorphic loci, while the wild populations average
twelve polymorphic loci.
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Figure 1. Genetic map of Escherichia coli according to Ridley
& Laberdan (1996), indicating the location of 17 studied genetic
markers (see Methods), including the percentage of recombinants
between K12 and B6 parental strains that were detected for each
locus. The arrows show the origin and direction of conjugation of
the four K12 HFR E. coli strains that were used in the experiment.

Results

Genetic analysis of the experimental recombination
populations

We studied eighteen polymorphic genetic markers in
ten strains from each experimental population in both
treatments (recombination and control) after 1000
generations. As expected, none of the 120 strains
from the 12 control populations showed changes in
their B/6 markers, indicating the experiment was
contamination-free. In contrast, 111 of 120 strains
from the twelve recombination populations showed
substitution of at least one K12 marker for a B/6
marker. We consider this to be clear evidence of
successful recombination within the treatment pop-
ulations (P < 0.0001, paired t-test with df = 12
– 1). Based on the E. coli genetic map (Ridley &
Laberdan 1996), our mapping of genetic substitu-
tions for each recombinant genotype indicated that
the recipient chromosome was not homogeneous for
recombination events. Rather, we observed a zone
between positions 35′ and 51′ that did not feature any
recombination events. This coincides with the pres-
ence of several genes for termination of replication and
ribosomal genes. In contrast, a ‘hot spot’ for recom-

Table 2. Genetic diversity and linkage disequilibrium estimates
in Escherichia coli isolated from different geographic regions,
compared with strains from the worldwide ECOR collection and
those from an experimental evolution study involving recombin-
ation

Sample N He±(SD) Vo/Ve
1 Exp2 D′3±(SD) Exp D′

Vo/Ve

Mexico 143 0.72 (0.07) 1.54 1.49 0.23 (0.03) 0.39
Australia 40 0.62 (0.06) 2.72 2.11 0.66 (0.03) 0.70

Experimental 120 0.01 (0.01) 1.50 1.56 1 0.42
study (100 gen)
Experimental 120 0.36 (0.07) 1.52 1.56 0.36 (0.02) 0.42
study (1000 gen)

ECOR 19 0.58 (0.06) 3.40 2.64 0.95 (0.02) 0.85

1Significance estimated using a Monte Carlo procedure. All
values obtained exceed P < 0.001.
2Estimated based on a random sample of the same size.
3Estimated using allelic frequencies greater than 0.1 (see text).

bination was observed between 4′ and 28′, whereas
a ‘cold spot’ was seen between 75′ and 2′ (Figure
1). These results suggest that differences between
K12 and B/6 cause recombinational exchange to be
strongly selected against in several regions of the E.
coli chromosome.

Genetic diversity increased with generation time
in the recombination lines from an average of zero
mismatches at generation 0 to an average of 1.96 at
generation 1000, and from He = 0 at generation 0
to He = 0.36 at generation 1000; in contrast, genetic
diversity did not change in the controls (Table 2). Sim-
ilarly, we observed that linkage disequilibrium (D′)
decreased over time in the recombinant populations
(Figure 2). By generation 600, recombinant genotypes
were numerous enough to be detected in each pop-
ulation, coinciding with a drastic change in linkage
disequilibrium. Prior to 600 generations it is likely that
rare recombinant alleles (frequency less than 0.1) were
present, but were not detected and therefore unaccoun-
ted for in the statistics. At 1000 generations diversity
was high and the signature of mixis was evident; the
initial D′ = 1 declined to an average of D′ = 0.36
(Table 2, Figure 2). In contrast, Vo/Ve was extremely
large at time 0 because the observed variance is max-
imal with only 2 initial lineages (K12 and B/6). But
it very quickly reaches equilibrium close to panmixia
(Vo/Ve [100] = 1.50, Vo/Ve [1000]= 1.52). This ap-
parent equilibrium can be due to a lack of statistical
resolution, or to the fact that recombination is re-
peatedly shuffling the same handful of markers. Even
though the observed linkage disequilibrium indicates
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Figure 2. Mean trajectories for linkage disequilibrium D′ (triangles), multilocus linkage disequilibrium Vo/Ve (squares), and genetic diversity
measured as the number of mismatches (diamonds) analyzed every 100 generations for the 12 E. coli populations in the recombination
experiment.

Table 3. Genetic diversity and linkage disequilibrium estimates in
Escherichia coli isolated from different host orders.1

Order N He±(SD) Vo/Ve
2 Exp3 Vo/Ve D′4± (SD) Exp D′

Carnivora 36 0.69 (0.07) 2.30 2.30 0.76 (0.03) 0.75
Rodentia 52 0.69 (0.07) 2.15 2.16 0.68 (0.03) 0.71
Marsupialia 33 0.67 (0.07) 2.75 2.36 0.78 (0.03) 0.76
Primates5 29 0.66 (0.07) 2.86 2.39 0.88 (0.02) 0.76
Humans 17 0.53 (0.07) 3.27 2.71 0.96 (0.01) 0.90
Chiroptera 14 0.67 (0.07) 3.47 2.87 0.93 (0.02) 0.91
Artiodactyla 19 0.65 (0.07) 3.56 2.64 0.95 (0.02) 0.85

1Most ungulates (Perisodactyla, Sirenida, Probosidea, Cetacea) as
well as Insectivora and Birds were excluded due to small sample
sizes.
2Significance estimated using a Monte Carlo procedure. All values
obtained exceed P < 0.001.
3Estimated based on a random sample of the same size.
4Estimated using allelic frequencies greater than 0.1 (see text).
5Primates include 17 strains from humans.

clonality (statistically greater than 0), it is closer to
panmixia than the random sample obtained from the
wild isolates (Table 2).

Genetic diversity and linkage disequilibrium in wild
isolates

Wild E. coli isolates were diverse (He = 0.58–0.72;
Table 2) and, as previously observed (Souza et al.
1999), diversity was structured by geographic location
(Table 2). However, genetic diversity was very sim-
ilar among E. coli isolates from different host orders
(Table 3).

In the linkage disequilibrium analysis by geo-
graphic location, all multilocus linkage disequilib-
rium estimates Vo/Ve were significantly different from
1.0, indicating departures from a panmictic popula-
tion (Table 2). However, the Mexican isolates showed
far lower linkage disequilibrium (Vo/Ve = 1.54, D′ =
0.23) than the human related ECOR collection (Vo/Ve
= 3.40, D′= 0.95), while the collection from Aus-
tralia was intermediate (Vo/Ve = 2.72, D′= 0.66) (Table
2). This may have been due to differences in host
organisms across samples, or differences in sample
size (Table 3). In general, the ECOR collection shows
higher linkage disequilibrium. Over the entire sample



149

(Table 2), both measures of linkage disequilibrium are
relatively low (Vo/Ve = 1.51 and D′ = 0.39) suggesting
some importance of genetic exchange. In our collec-
tion, the expected linkage value was relatively close
to that expected (due to the sufficient sample size) in
the different regions of the world, while the ECOR
collection had a much larger value than expected due
to its small sample size (Table 2).

We also analyzed linkage disequilibrium within
different groups of hosts (Table 3). We observed that
strains from rodents and carnivores had the least dis-
equilibrium (Vo/Ve = 2.15 and 2.30, D′ = 0.68 and
0.76, respectively), while strains from artiodactyls and
bats had higher values (Vo/Ve = 3.56 and 3.47, D′ =
0.95 and 0.93, respectively). The samples for primates
and for marsupials were intermediate (Vo/Ve = 2.86
and 2.75, D′ = 0.88 and 0.78, respectively). None of
the host orders had lower linkage disequilibrium than
the geographical Mexican sample (Table 2). We found
that the Vo/Ve distributions of the groups with low dis-
equilibrium (Mexico, carnivores and rodents) did not
overlap with the distributions of Vo/Ve from the more
clonal groups (ECOR, bats and Artiodactyla; data not
shown). This may suggest that some groups of E. coli
are more clonal than others, and that genetic exchange
in less clonal groups is not frequent enough to disrupt
the linkage disequilibrium.

Effect of recombination on phylogeny

The genetic structure of the natural isolates of E. coli
showed high genetic diversity, although this diversity
was strongly influenced by both geography and host
type (Souza et al. 1999). When we included the ex-
perimental evolution strains in this parsimony analysis
we observed that two recombinant strains were in the
same group as K12, while another two recombin-
ant strains were associated with the B/6 group along
with the 10 000-generation long-term strains. Interest-
ingly, one recombinant strain was placed in a group
independent from the parental lines, demonstrating
that recombination can generate divergent genotypes
(Figure 3). Furthermore, this analysis shows that re-
combination can change the genetic relationship of
strains and alter their position in the phylogenetic tree.

Discussion

The goal of this study was to investigate the effects
of recombination on genetic diversity and population

structure, by comparing and contrasting the results
from experimental evolution and survey studies. Re-
combination was observed to have profound effects
both in the laboratory and in nature. After 1000 gen-
erations of laboratory selection, substantial allozyme
variation was observed in populations experiencing
recombination while no allozyme variation was ob-
served in control non-recombining populations. The
evolution and persistence of recombinant genotypes
occurred despite 7000 generations of prior selection to
the same environmental conditions. In nature, extens-
ive recombination was evident, although linkage dis-
equilibrium estimates indicated significant geographic
and host taxa subdivision.

Genetic diversity and niche adaptation

Recombination allows for both the spread of an ad-
aptive mutation through a population without concom-
itant loss of diversity at other linked loci, and also
the genesis of novel genotypes by mixis. Many stud-
ies of the importance of recombination in bacterial
diversity have focused solely on the first potential
effect (see Milkman 1997), placing much less em-
phasis on the second. In our laboratory study, we
exclusively examined the effect of recombination on
the formation of novel genotypes, with no possibility
for the spread of an adaptive mutation by recombin-
ation among existing genotypes within populations.
Despite the inability for recombination to prevent se-
lective sweeps within populations, genetic diversity, as
measured by MLEE, increased in all recombination
populations (Table 2). Although the average genetic
diversity within the recombining laboratory popula-
tions (He = 0.36) was substantially less than among
wild isolates (He = 0.732), this was not unexpected,
given that there were only 30 rounds of mixis during
1000 generations with relatively little diversity among
the donor and recipients. In nature, wild E. coli pop-
ulations have undoubtedly experienced more mixis,
between many more genotypes and over millions of
generations.

An important component for the maintenance of
MLEE diversity within the evolving populations was
ecological niche diversification. Niche specialization
was observed in the long-term experiment in the ab-
sence of recombination (Elena & Lenski 1997), with
crossfeeding as the most likely explanation. Rozen
& Lenski (2000) observed that coexistence of mul-
tiple genotypes can occur due to the evolution of both
a glucose specialist genotype that excretes metabol-
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Figure 3. A Maximum Parsimony tree depicting the apparent relationships of the E. coli strains used and obtained in the recombination
experiment in relation to the wild E. coli strains. The strains included in the analysis are the five divergent recombinant genotypes (generated
through parental strains K12 and B6), and parental strains, K12, B6, and the two long-term original genotypes (isolated at 10 000 generations
of the initial Lenski & Travisano (1994) experiment). To compare these experimental strains with natural isolates, we randomly selected 112
electrotypes from the collected wild isolates. MLEE electrophoresis was performed for 12 loci on both the experimental strains and the wild
strains using the same loci as described in Methods. The analysis was done with PAUP∗(Macintosh beta test version 4.0b2; Swofford 2001),
using a heuristic search. One arbitrary most parsimonious tree (the first one) of several was selected, the length of the branches reflects the
estimated number of changes.
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ites of glucose metabolism and a generalist genotype
that can grow on glucose and the excreted meta-
bolites. However, such ecological specialization was
observed to have a large effect in only one of the 12
evolving populations. In contrast, two or more dis-
tinct genotypes were commonly observed to co-occur
in the recombining populations (Turner 1995; Turner
et al. 1996), suggesting that recombination provided
the additional genetic variation required for ecological
specialization to readily evolve.

Niche specialization is also observed in the wild.
In our previous study (Souza et al. 1999), geographic
effects, host diet and host taxonomic group accounted
for as much as 14% of the diversity. The latter results
suggest that the genetic diversity of E. coli strains isol-
ated from humans is about two thirds of that found in
strains isolated from mammals in general.

Linkage disequilibrium

In the present study, we assessed whether recombina-
tion is sufficient to explain the genetic structure that
we previously observed in E. coli from wild mam-
mals (Souza et al. 1999). To do so, we compared
the effects of strictly controlled recombination in ex-
perimental populations to recombination that occurs
in wild populations. It is commonly accepted that
human-associated E. coli is considered a good ex-
ample of a clonal bacterium (see review by Whittam
1996). In the recombination experiment, clonal struc-
ture was deliberately broken apart, and as expected
linkage disequilibrium diminished over time from D′
= 1 at generation 0 to D′ =0.36. These values are lower
than the expected value based on a random sample
of the same size from the wild isolates, where we
found that the population is not as clonal as previ-
ously observed. Therefore, based on a sample of the
same size of alleles of wild isolates, we observe that
experimental evolution with a high efficiency of re-
combination attains lower linkage disequilibrium in
1000 generations than does nature in several millions
of generations.

The ability for recombination to affect inferred
relatedness was evident after the combined analysis
of the experimental and natural isolates. Even after
10 000 generations of selection, no MLEE diversifica-
tion was evident among the control long-term lines and
they grouped together on the phylogenetic tree, while
the recombination lines were distributed throughout
the tree after only 30 mixis events. Although this sug-
gests that caution is required in the interpretation of

inferred phylogenetic relationships, the wide distribu-
tion of the recombination lines also demonstrates the
power of recombination to rapidly generate genetic
diversity.

Our survey results suggest that recombination and
niche specialization have also been important in the
diversification of E. coli in the wild. Even though
the multilocus analyses (Vo/Ve) showed significant
linkage disequilibrium at all levels, the linkage dis-
equilibrium values are lower than expected, especially
in Mexico. For instance, the distribution of Vo/Ve from
Mexico does not overlap with the distribution of the
ECOR collection, with Mexico closer to panmixia and
the ECOR group near the maximum possible linkage
disequilibrium value. We suggest that the wide array
of hosts sampled in Mexico provide a more complete
representation of the different niches of E. coli, be-
cause each group of hosts may involve a different part
of the total genetic pool of E. coli. In contrast to the
sample from Mexico, the ECOR collection is mostly
from humans and relatively few captive mammals. We
suggest that the genetic structure observed previously
in E. coli could be the result of strong selective pres-
sure in the human gut, where only certain clones are
selected from the wide genetic pool of E. coli.

Following the idea that each mammalian group is
sampling a different section of the gene pool of E. coli,
we analyzed each host order independently. We found
that bats and artiodactyls feature highly clonal popu-
lations of E. coli, that marsupials and primates feature
intermediate values, and that carnivores and rodents
represent more recombinant populations. In general,
our results agree with the ecotypic structure proposed
by Maynard Smith (1991). If there is no recombina-
tion as a source of new variation, newly established
clones that are locally adapted may not easily colonize
other environments, because they lack the needed ad-
aptations to initially compete well (Haubold & Rainey
1996). Our interpretation is that strains from some host
groups are more clonal than others. This could result
from differences in gut biochemistry and physiology
of the host, as well as from the feeding habits and
ecology of these animals (Prosser 1973; Souza et al.
1999).

Limitations of the current work and future directions

The most severe limitation of the analysis presented
in this paper is that the two studies are comparable
at only the most general level: the effects of re-
combination on evolution in E. coli. No effort was
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made to control for the recombination mechanism,
strength of selection, or frequency of recombination
(or other factors) across the studies, and such factors
can drastically alter patterns of recombination. Nev-
ertheless, we believe that the approach we have taken
is both innovative and necessary. While experimental
evolution studies are exceedingly powerful, they can
only demonstrate potential outcomes, and may not re-
flect the processes occurring in nature. Comparative
studies can delineate patterns in nature, but are often
less effective in discerning underlying processes. We
argue that there are substantial benefits for tightly con-
necting experimental evolution studies in the labor-
atory with comparative field studies. The value of
such combined studies is that patterns in nature can
be associated with specific ecological and evolution-
ary processes. To date, few have undertaken such a
combined approach.
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