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ABSTRACT A survey of allozyme variation at 12 enzyme loci
in 1,705 clones of the genetic species Escherichia coli (including
four species of Shigella) from natural populations revealed 302
unique allele combinations (electrophoretic types). Single-locus di-
versity estimates fall within the range predicted by the neutral al-
lele theory of molecular evolution, but the combinations of alleles
in electrophoretic types are highly nonrandom, as indicated by a
test of association over all loci and by evidence of complex linkage
disequilibria in several four-locus combinations. These linkage dis-
equilibria reflect genetic differentiation of E coli into three groups
of strains. Because of restricted recombination, both the stochas-
tic extinction of lines and selective differences between particular
genetic combinations may have contributed to the evolution of sub-
specific structure in E. coli.

Genetic studies of Escherichia coli have focused primarily on a
small number of laboratory strains originally isolated from hu-
man hosts (1, 2). As a consequence, relatively little is known about
the genetic structure of natural populations inhabiting the lower
intestines of warm-blooded vertebrates. Serotyping (3-5) and
DNA hybridization (6-9) have indicated that E. coli consists of
many genetically distinct types, but only recently have quan-
titative estimates of allelic diversity at individual gene loci (10)
been obtained for natural populations through the use of protein
electrophoresis. Milkman (11, 12) obtained a mean genetic di-
versity of 0.23 for five enzyme loci in several hundred clones
isolated from a wide variety of mammalian hosts, but this es-
timate was later revised upward to 0.47 by Selander and Levin
(13), who assayed 20 enzyme loci in 109 clones. Genetic diver-
sity in E. coli is two or three times greater than comparable es-
timates for eukaryotic species (14-16).
A second observation by Selander and Levin (13) contra-

dicted the model of genetic structure proposed by Milkman (11,
12), in which populations were viewed as essentially panmictic,
with rates of recombination sufficiently high to generate, in situ,
most of the diversity of strains occurring in individual hosts.
The repeated recovery of clones with identical multilocus al-
lozyme profiles from unassociated hosts suggested that recom-
bination is severely limited and that the diversity of types within
an individual host results primarily from the continual immi-
gration of new strains. This interpretation derives support from
two sources: First, rates of phage-mediated and conjugative-
plasmid transfer of genes in populations in chemostats are very
low, being on the order of the mutation rate (17, 18). Second,
the turnover rate of unrelated strains within the flora of an in-
dividual human host is high, with complete replacement of strains
often occurring within a period of 2 weeks (19).

The implication of low rates of recombination in E. coli is that
natural populations are mixtures of more or less independently

evolving lines (strains). This has two evolutionary conse-
quences: First, genetic drift may affect allele frequencies through
the random extinction of lines, despite an enormous total pop-
ulation size (20-22). Moreover, frequent local extinction may
generate large variances in the coefficients of linkage disequi-
librium in a finite subdivided population (23). Second, with low
rates of recombination, natural selection acting on variation at
one genetic locus will cause allele frequency changes at other
loci (24). Thus, neutral or slightly deleterious alleles can "hitch-
hike" with favorable mutations (25), and neutral alleles at two
loci will tend to be in linkage disequilibrium through the action
of selection on a third locus (26). The overall effect of the fre-
quent extinction of lines, whether by random processes or pe-
riodic selection of clones of high fitness, is to reduce the ef-
fective population size and, hence, the amount ofgenetic variation
carried by the population as a whole.

In an effort to understand the interaction between genetic
drift and natural selection in determining the genetic structure
of natural populations of E. coli, we have combined allozyme
data from several studies into a single comprehensive analysis.
Because E. coli and Shigella are considered to be one genetic
species (7, 27, 28), we have also included a number of strains of
Shigella in much of the analysis. We here address the following
questions. (i) How polymorphic are natural populations of E.
coli and Shigella, as revealed by protein electrophoresis? (ii) Do
the observed values of genetic diversity fit the expectations of
the neutral allele theory of molecular evolution (29)? (iii) What
is the extent and degree of multilocus linkage disequilibrium?
(iv) Is there evidence of subspecific structure within the species
E. coli?

MATERIALS AND METHODS
Our analysis is based on 1,705 clones (single-cell isolates from
feces or urine of hosts), including 109 clones of E. coli isolated
from various human and animal sources in North America (13),
550 clones collected from a human host in Massachusetts over
an 11-month period (19), 268 clones from fecal samples and ur-
ine specimens collected from a human population in Gbteborg,
Sweden (30), and 655 clones from six human families in Mas-
sachusetts and New York. We also examined 123 clones of Shi-
gella, representing S. boydii, S. dysenteriae, S. sonnei, and S.
flexneri, isolated from human hosts in various parts of the world.

In each study, protein extracts from individual clones were
subjected to standard starch-gel electrophoresis (13, 31). The
following 12 enzymes were common to all the studies cited
above: malate dehydrogenase (MDH), 6-phosphogluconate de-
hydrogenase (6PGD), ,B-galactosidase (pGA), adenylate kinase
(AK), phenylalanylleucine peptidase (PE2), glutamic-oxaloace-
tic transaminase (GOT), isocitrate dehydrogenase (IDH), phos-
phoglucose isomerase (PGI), aconitase (ACO), mannose-6-

Abbreviation: 6PGD, 6-phosphogluconate dehydrogenase.
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phosphate isomerase (MPI), glucose-6-phosphate dehydroge-
nase (G6PD), and alcohol dehydrogenase (ADH). All the en-

zymes assayed are known to be encoded by chromosomal genes

(19).
For each enzyme, we distinguished a number of allozymes,

which we equated with alleles; clones lacking activity for a par-
ticular enzyme were designated as "null" at that locus. Clones
were classified by the combination of alleles observed at the 12
loci, each unique combination being designated as an electro-
phoretic type (19).

RESULTS
Enzyme Polymorphism. In the sample of 1,705 clones, we

identified 302 electrophoretic types, of which 279 were E. coli

and 23 were Shigella. The number of allelic states (allozymes
and null alleles) among electrophoretic types averaged 9.3 per

locus and ranged between 3 at G6PD and 23 at (3GA for E. coli.
Shigella had only 2.9 alleles per locus, including two mono-

morphic loci (AK and G6PD); 27 (77%) of the allozymes in Shi-
gella were indistinguishable from those found in E. coli. Genetic
diversity for each locus was calculated as h = 1 - I xi2, in which
xi is the frequency of the ith allelic state (10). Mean diversity
over 12 loci was 0.52 for E. coli and 0.29 for Shigella.
We compared the levels of genetic diversity for single loci

with those predicted under the hypothesis of strict neutrality of
molecular polymorphism (32). According to this hypothesis, all
genes mutate with the same probability and each new mutant
is a novel allelic type; allele frequencies fluctuate through time
and allele substitutions occur purely by chance through sto-
chastic processes acting in a finite population, because there are
no selective advantages of one allele over another. Ewens (32)
developed a test of the neutral hypothesis in which the expected
genetic diversity is simply a function of the sample size and the
number of alleles observed. Using recent modifications of this
test (33, 34), we compared the observed values of ( 1 - h)
for 12 loci to the empirical significance levels for rejection of the
neutral hypothesis (Fig. 1). All the values fall within the neutral
range.

Although allele frequency distributions for single loci con-
form to expectations of the neutral hypothesis, the observed mean
genetic diversity (0.52) is much less than that expected on the
basis of the order of magnitude estimates of mutation rate and
effective population size made by Milkman (12) for E. coli. But,
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FIG. 1. The test statisticP (= 1 - h) for 12 loci presented in Table
1 as a function of the number of allelic states, k. Lines indicate em-
pirical significance levels (2.5%, 97.5%) generated from computer sim-
ulations for a sample of 300 proteins, as given in appendix C of Ewens
(33).

as noted above, genetic diversity can be substantially reduced
when recombination rates are very low and line extinction rates
are high (20). Under these conditions, both natural selection of
lines and genetic drift should generate linkage disequilibrium
among loci, and allele associations are expected to persist for
long periods of time. In the following sections, we assess the
degree of multilocus disequilibrium manifested over all loci and
in several combinations of four loci.

Overall Assessment of Multilocus Structure. To test the null
hypothesis of independent occurrence of alleles in strains (link-
age equilibrium), we used the method of Brown et al. (35) for
detecting overall deviations from random assortment of alleles
at many loci. Comparing each of the 302 electrophoretic types
with itself and with every other type in turn, we recorded the
number of loci, from 0 to 12, that mismatched (i.e., the number
of loci having different alleles). We then calculated the three
central moments of this empirical distribution (method B of ref.
35). The central moments of the expected distribution of the
number of mismatches were calculated from single-locus ge-
netic diversities by equations 3-5 in ref. 35.

Both the empirical and the expected moments are presented
in Table 1. The first row shows that the observed variance is
inflated by associations among alleles at different loci. The ob-
served third and fourth moments also differ from the expected
moments: the observed distribution of mismatches is more left-
skewed and leptokurtic than expected.

Although this test demonstrated strong multilocus disequi-
librium, it provided no information about which particular al-
leles are associated within electrophoretic types. The next step
in our analysis was to measure degrees of association among spe-
cific combinations of alleles.

Four-Locus Combinations. From a principal components
analysis, we chose subsets of alleles at different loci whose oc-
currence tended to be correlated in electrophoretic types. For
the principal components analysis, each electrophoretic type
was represented by a binary code indicating the presence or ab-
sence of each allele. The first two principal axes (Fig. 2) explain
10% of the total variance among types; we used those alleles
with high loadings on these axes to analyze four-locus associa-
tions.

The relative frequencies of combinations of four alleles for
three separate comparisons (Table 2) are shown in Table 3. Each
of the 16 possible allele combinations within a comparison cor-
responds to a cell in a 24 contingency table in which a dimension
represents the presence or absence of a designated allele. The
observed frequency of a combination can be compared with the
frequency expected if alleles occurred independently in elec-
trophoretic types by examining the relative deviation given in
parentheses in Table 3.

Comparison I involves four alleles with high negative load-
ings on factor 1, and thus represents the cluster of electropho-
retic types on the left side of Fig. 2. The four-allele combination
of ADH1, ACO7, PGI4, and IDH2 (combination number 16) is
represented in approximately 12% of the 302 types, but it would

Table 1. Estimates of multilocus genetic parameters for 302
electrophoretic types of E. coli and Shigella

Moment M(i) (i) X(i)
i= 2 3.218* 2.292 0.404
i = 3 -2.786 -0.151 17.415
i = 4 32.431 15.187 1.135

* Exceeds upper95% confidence limit (L = 2.655) calculatedfrom equa-
tion 23 in ref 33. M(i) = observed central moment; pu(i) = expected
central moment; X(i) = [M(i)/l(i)] - 1 = measure of multilocus
structure.
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FIG. 2. Factor scores of electrophoretic types ofE. coli (n = 279) and Shigella species (n = 23) for the first two principal axes. Group assignments
of strains were determined by discriminant analysis (see text). o, Group I; X, group II; *, group mI; and S, Shigella.

be expected in less than 1% of the sample if the alleles were
independently assorted. The proportion (45%) of the types lack-
ing these four alleles (number 1) is also much larger than ex-
pected.

The second comparison involves a subset of alternative al-
leles at the same four loci that were included in comparison I.
These alleles have high positive loadings on factor 1 and there-
fore tend to occur in the two clusters of electrophoretic types
on the right side of Fig. 2. Approximately 17% of all types have
the four-allele combination of ADH6, ACO6, PGI7, and IDH5
(number 16), a proportion well in excess of that predicted from
allele frequencies alone. The tendency for the relative devia-
tions to be positive for three-allele combinations (numbers 8, 12,
14, 15) and negative for two-allele combinations further illus-
trates the strong associations among these four alleles.
The third comparison involves four alleles with high positive

loadings on factor 2. Their presence defines the cluster of types

Table 2. Four-locus allele combinations used in analyzing
linkage disequilibrium (Table 3)

Symbol
Comparison A B C D

I ADH1 ACO7 PGI4 IDH2
(0.219) (0.334) (0.450) (0.235)

Il ADH6 ACO6 PGP IDH5
(0.427) (0.483) (0.447) (0.702)

in MPI3 PE24 AK5 pGA7
(0.414) (0.149) (0.179) (0.136)

The relative frequencies of the alleles in the sample of 302 electro-
phoretic types are in parentheses.

near the upper right corner of Fig. 2. The frequency of the four-
allele combination of MPI3, PE24, AK5, and /3GA7 is 5%, which
is substantially greater than expected.

Table 3. Relative combination frequencies and their relative
deviations (in parentheses) from products of allele frequencies
in 302 electrophoretic types of E. coli and Shigella

Allele com-
Num- bination Comparison
ber A B C D I II II
1 1 1 1 1 0.447 (+0.228) 0.212 (+0.097) 0.490 (+0.136)
2 1 1 1 2 0.007 (-0.060) 0.113 (+0.064) 0.026 (-0.030)
3 1 1 2 1 0.129 (-0.050) 0.010 (-0.083) 0.010 (-0.067)
4 1 1 2 2 0.033 (-0.022) 0.026 (-0.013) 0.013 (+0.001)
5 1 2 1 1 0.073 (-0.037) 0.020 (-0.087) 0.000 (-0.062)
6 1 2 1 2 0.000 (-0.034) 0.089 (-0.018) 0.010 (+0.000)
7 1 2 2 1 0.033 (-0.057) 0.007 (-0.080) 0.033 (+0.019)
8 1 2 2 2 0.060 (+0.032) 0.096 (+0.059) 0.003 (+0.001)
9 2 1 1 1 0.013 (-0.048) 0.003 (-0.083) 0.258 (+0.008)
10 2 1 1 2 0.003 (-0.016) 0.050 (+0.014) 0.013 (-0.026)
11 2 1 2 1 0.017 (-0.033) 0.003 (-0.066) 0.030 (-0.024)
12 2 1 2 2 0.017 (+0.002) 0.099 (+0.096) 0.010 (+0.001)
13 2 2 1 1 0.007 (-0.024) 0.007 (-0.073) 0.013 (-0.031)
14 2 2 1 2 0.000 (-0.009) 0.060 (+0.026) 0.010 (+0.003)
15 2 2 2 1 0.046 (+0.021) 0.036 (-0.029) 0.030 (+0.020)
16 2 2 2 2 0.116 (+0.108) 0.169 (+0.142) 0.050 (+0.048)

In each of the 16 possible combinations of four alleles, 1 = absence
and 2 = presence of a designated allele at a locus. (The absence of an
allele means that a nondesignated allelic state was observed at that
locus.) The designated alleles in each comparison and their relative fre-
quencies are indicated in Table 2.
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Table 4. Likelihood ratio x2s from tests of multilocus
disequilibrium in three comparisons, partitioned by
level of interaction

Comparison
Source df I II III

Two-locus effects 6 293.32*** 176.74*** 168.23***
AB 1 20.17*** 1.14 2.50
AC 1 15.50*** 39.92*** 3.60
AD 1 6.29* 12.58*** 0.6
BC 1 7.27** 17.22*** 59.64***
BD 1 12.81*** 13.32*** 10.74**
CD 1 44.76*** 6.82** 5.94*

Three-locus effects 4 6.58 34.63*** 16.34**
ABC 1 1.27 3.27 1.79
ABD 1 1.43 10.57** 1.76
ACD 1 1.97 2.37 0.62
BCD 1 1.92 0.76 12.07***

Four-locus effect, ABCD 1 0.01 0.16 8.65**

Total 11 299.91*** 211.52*** 193.22***

*P<0.05.
**P < 0.01.
***P < 0.001.

For each comparison, we tested for association among alleles
by methods for multiway contingency tables (36-38). (To avoid
computational problems, we assumed that zero counts are a re-
sult of finite sample size and added 0.5 to each cell count.) Table
4 summarizes the components of linkage disequilibria resulting
from overall tests of two-locus and higher-order effects and of
partial association among alleles. The likelihood ratio statistics
of total disequilibrium shown in the last row of Table 4 indicate
highly significant deviations from linkage equilibrium within
each comparison, a result in agreement with the earlier overall
assessment of multilocus disequilibrium. In two cases, both the
total two-locus and total three-locus disequilibria are signifi-
cant. The tests of partial association (adjusted tests of ref. 38)
specify the degree of association for particular alleles and reveal
the components of the total disequilibrium. The results indicate
that, although much of the total disequilibrium occurs between
pairs of alleles, the pairwise disequilibria are not independent.
One measure of the nonindependence of the pairwise com-

ponents is the difference between the total two-locus disequi-
libria (293.32 for comparison I) and the sum of the pairwise com-
ponents (106.80 for comparison I). This difference, which results
from the statistical dependence of the two-locus tests (38), is
substantial for each of the comparisons. Furthermore, in com-
parisons II and III, there are significant higher-order interac-
tions among the loci.

DISCUSSION
Our analysis clearly demonstrates that the multilocus allele
combinations observed in natural populations of E. coli are not
random samples from a single gene pool. Nonrandom associa-
tions of alleles were apparent in both an overall assessment of
12 loci and in three specific four-locus combinations. Moreover,
the multilocus structure appears to be complex in that pairwise
associations between alleles are not independent.
The simplest hypothesis to account for the multilocus struc-

ture in E. coli is that the observed disequilibria result from ge-
netic drift. The potential role of drift in generating linkage dis-
equilibrium is well known (39-42), and recent theoretical
studies by Ohta (23, 43) have shown that large variances in dis-
equilibrium coefficients can result from drift in finite, subdi-
vided populations. Moreover, the conditions under which drift

may become important-low recombination rates, frequent lo-
cal extinction oflines, and limited migration-appear to be met
in natural populations of E. coli.

At this point, we cannot reject the hypothesis of drift-gen-
erated linkage disequilibrium, especially in light ofthe fit ofthe
allele frequency spectra for individual loci to neutral expecta-
tions. But the following observations suggest that some form of
natural selection is also affecting the frequencies of certain ge-
netic combinations.

Evidence for Subspecific Structure. The projection of the
302 electrophoretic types on the first two principal axes re-
vealed three overlapping clusters of strains (Fig. 2), which rep-
resent the nonrandom associations of alleles that were analyzed
in the four-locus comparisons (Table 4). Using a random sub-
sample of 20-30 strains from each group, we classified the re-
maining strains into one of three groups (I, II, and III) by a dis-
criminant function analysis of the data, recoded as follows. For
each locus (variable), we ranked the allozymes by mobility, pooled
nulls with the most common allozyme, and transformed the
variables onto a common scale by ranging (44). The discriminant
function provided a means of classifying intermediate electro-
phoretic types into one of the three groups with 95% confi-
dence. The 23 electrophoretic types of Shigella fall into two
clusters (Fig. 2) and lie largely between the E. coli groups I and
II.
We further quantified the degrees of genetic differentiation

among the groups by partitioning the total genetic diversity into
within- and between-group components (45). For the 12 loci
studied, 19% of the total genetic diversity in allele frequencies
is attributable to genetic differences between the groups (FST
= 0.190). This relative measure of differentiation is more than
10 times larger than that recorded in a comparison of popula-
tions of E. coli in Sweden and the United States (30) and is
equivalent to that of geographic subspecies in eukaryotes (10).
Moreover, the estimated minimal net codon difference among
the three groups (0.147 per locus) is an order of magnitude greater
than comparable estimates reported for local populations of an-
imal and plant species (10).
To further examine the subspecific structure of E. coli, we

represented the center of each group of strains by the hypo-
thetical modal electrophoretic type, that is, the combination of
alleles with the highest frequencies among types in the group.
The modal type of group II differs from the modal types of groups
I and III at five and four loci, respectively, whereas the modal
types of groups I and III differ at seven loci. This comparison
suggests that group II is the ancestral group from which I and
III evolved. We also compared these hypothetical combinations
with those of actual strains isolated from hosts. The first and third
most commonly isolated types (discounting occurrences of clones
of the same type in associated hosts), which were found in 28
and 16 host individuals, respectively, differ at only one locus
from the modal type of group III (Fig. 1). The second most com-
monly recovered strain, which was isolated from 17 hosts, dif-
fers at three loci from the modal type of group II. The fourth
most common strain, which was collected from 12 hosts, is iden-
tical to the modal type of group I. This strain is also indistin-
guishable in allozyme profile from laboratory strain K-12, which
was isolated over 50 years ago (46). These common strains were
found in both Sweden and North America and were not limited
to a particular type of host (animal or human).

These results can be summarized as follows: Each of the four
most commonly isolated and presumably, therefore, the most
abundant strains in nature is very similar to or identical with one
of the hypothetical combinations of alleles that locate the cen-
ters of the three groups of strains. This suggests that some elec-
trophoretic types have persisted for periods of time sufficiently
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long to have spread over large geographic areas and, through
mutation, to have produced clusters of closely related strains.
Many of the mutations may be neutral or nearly so, because the
allele frequency distributions for individual loci are statistically
indistinguishable from the expectation of strict neutrality. With
low rates of recombination, the genetic combinations occurring
in the persistent strains would also be represented in the related
mutant strains, thus yielding the linkage'disequilibrium we have
observed.
The persistence of particular strains may have been pro-

moted by the action of natural selection, which, by favoring cer-
tain genetic combinations in the past, may have played a role in
the subspecific differentiation observed in E. coli. A potential
for the action of selection on particular genetic combinations in
natural populations of E. coli has recently been demonstrated
for allozymes at the 6PGD locus by Hartl and Dykhuizen (47,
48). The selective effects of six alleles of 6PGD were estimated
by transferring the alleles, by transduction, from wild strains
onto the genetic background of the K-12 laboratory strain and
then measuring growth rates in chemostat populations. These
experiments suggested that all six alleles are normally neutral
or nearly so on the K-12 genetic background and, by inference,
in natural populations. However, in certain genetic and envi-
ronmental backgrounds, functional differences between allo-
zymes were expressed as selective differences between strains.
This work strengthens the hypothesis that natural selection, in
addition to stochastic factors, has had a significant part in the
generation and maintenance of the multilocus genetic structure
of natural populations of E. coli.
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