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Commentary

Assessing the genetic structure of microbial populations

Richard E. Lenski

Center for Microbial Ecology, Michigan State University, East Lansing, M| 48824-1325

A strenuous debate continues to rage
over the use of DNA typing as forensic
evidence (1-5). One of the most conten-
tious issues has been how to calculate the
probability of a coincidental match be-
tween the DNA of a suspect and DNA
taken from the scene of a crime (and
thought to belong to the perpetrator). In
principle, this probability depends upon
the genetic structure of the human pop-
ulation, including the extent to which
alleles are associated statistically due to
limited recombination among genetically
distinct subpopulations.

More quietly, the genetic structure of
microbial populations has been the sub-
ject of growing interest for more than a
decade. No microbe faces convictionin a
court of law for its offenses, although
many have caused harm that would be
the envy of any mass murderer. But an
understanding of the genetic structure of
microbial populations is relevant to
tracking down the sources of epidemic
outbreaks of pathogens, to managing the
spread of resistance to drugs, and to
improving the efficacy and safety of ge-
netically engineered microorganisms in-
tended for environmental applications.

The basic issue is whether bacteria and
certain other microorganisms, including
parasitic protozoa, exist as a series of
asexual clones or as promiscuous, freely
intermixing populations. The rapid
spread of antibiotic-resistance genes led
to a widespread view that genetic ex-
change was prevalent among bacteria in
nature (6) and that clonal growth was an
artifact of laboratory studies. But antibi-
otic-resistance genes are typically en-
coded by horizontally transmissible plas-
mids, and these genes have come under
extraordinarily intense selection (7).
Hence, antibiotic-resistance genes may
not give a complete picture of the popu-
lation structures of bacteria and other
microorganisms (8).

In this issue of the Proceedings, May-
nard Smith et al. (9) shed some new light
on the analysis of population genetic
structure in bacteria and parasitic proto-
zoa. At first glance, their results are
discomforting, because they show that
conclusions regarding population struc-
ture sometimes depend on details of how
one analyzes the genetic data. Fortu-
nately, however, the differences that
emerge depending on the method of anal-

ysis are illuminating and may reveal im-
portant biological processes.

The data sets analyzed by Maynard
Smith et al. (9) are based on multilocus
enzyme electrophoresis, whereby alleles
at different loci are distinguished on the
basis of differences in the mobility of
their resulting proteins in an electrical
field. Though the resolution of the
method is now regarded as crude relative
to DNA sequencing or fingerprinting, it
has the virtue that hundreds of isolates
can be screened for differences at tens of
loci quickly and inexpensively (10). In
1973, Milkman (11) performed the first
systematic survey of electrophoretic
variation in a microorganism, showing
that Escherichia coli harbored a tremen-
dous wealth of molecular genetic varia-
tion. In 1980, Selander and Levin (12)
showed that, despite this tremendous al-
lelic variation, there was much less ge-
notypic variation in E. coli than one
might have expected, because certain
alleles were almost invariably found in
association with one another—e.g., the
two-locus haploid genotypes AB and ab
might both be common, whereas aB and
Ab are absent or extremely rare. The
scarcity of certain multilocus genotypes
relative to expectations under free re-
combination is an indication of linkage
disequilibrium. Later studies strength-
ened Selander and Levin’s inference that
linkage disequilibrium in E. coli was due
primarily to infrequent recombination,
rather than population subdivision or
other factors that could create disequi-
librium. In particular, geographical vari-
ation accounts for only a small fraction of
genetic variation in E. coli (13), and the
same multilocus electrophoretic geno-
types are found to persist stably over
several decades (14).

Since Selander and Levin’s benchmark
paper (12), clonal population structures
have been reported for many other bac-
terial species, including numerous patho-
gens as well as environmentally impor-
tant bacteria (15, 16). It has also been
reported that some parasitic protozoa
have clonal population structures, raising
the possibility that clonality may be com-
mon in this group of organisms as well
(17). But even as the clonal structure of
bacterial populations was being elevated
to the status of a paradigm, there were
also some indications that things might
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not be quite so simple. Dykhuizen and
Green (18) showed that phylogenies con-
structed for different chromosomal genes
(using DNA sequences) from the same
set of E. coli isolates were significantly
different from one another. This result
makes sense only if recombination be-
tween lineages has been sufficiently com-
mon to disrupt the associations between
loci, but not so common as to preclude
constructing gene phylogenies in the first
place. And two studies published last
year suggest that recombination among
chromosomal genes may be much more
frequent in some other bacterial species.
Istock et al. (19) found only slight linkage
disequilibrium in a population of Bacillus
subtilis taken from one site in an Arizona
desert; what disequilibrium did exist was
much less extreme than in a correspond-
ingly localized population of E. coli (col-
lected from a single host, ref. 20). They
concluded that recombination must be
much more frequent relative to binary
fission in B. subtilis thanin E. coli. Souza
et al. (21) investigated Rhizobium legu-
minosarum nodulating wild and culti-
vated beans at several different geo-
graphical scales, ranging from individual
host plants to throughout the Western
Hemisphere. Although they observed ex-
tremely strong linkage disequilibrium in
the data set as a whole, most of this
disequilibrium could be attributed to geo-
graphical subdivision. Souza et al. (21)
also found that a local population of R.
leguminosarum showed much less ex-
treme disequilibrium than a local popu-
lation of E. coli, suggesting that recom-
bination may be much more frequent in
Rhizobium than in E. coli.

Brown et al. (22, 23) proposed a useful
index to describe linkage disequilibrium,
which is based on the distribution of
allelic mismatches between pairs of or-
ganisms over several loci. For example,
if one organism has haploid genotype
A1B1C1D1E; and another has genotype
AB1C>D,E;, then the number of mis-
matches between them is three. The
mean number of pairwise mismatches
among a set of organisms is a measure of
genetic distance. The variance in the
number of pairwise mismatches, relative
to that expected under the hypothesis of
panmixia (i.e., random association of al-
leles), provides an index that allows clon-
ality to be evaluated statistically. This
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index has been used in several studies of
the genetic structure of bacterial popula-
tions, but it was unclear whether the most
appropriate units to compare in a pair-
wise fashion were all individual isolates
or the subset of distinct genotypes. Some
authors favored the former, on the
grounds that the relative abundance of
different genotypes provides important
information about population structure;
others favored the latter, because it was
more conservative with respect to reject-
ing the null hypothesis of panmixia.

Maynard Smith ez al. (9) show that this
decision can dramatically affect one’s
interpretation of population structure. In
Neisseria meningitidis, for example,
there is a highly significant clonality
when the 688 isolates are compared in a
pairwise fashion; but when the 331 elec-
trophoretically distinct genotypes are
compared, they appear to be almost in-
distinguishable from panmixia. What ac-
counts for this effect? It does not appear
to be simply a reduction in statistical
power associated with the loss of infor-
mation: when the 331 genotypes were
used instead of the 688 isolates, the index
of multilocus linkage disequilibrium was
reduced from 1.96 to 0.21, whereas its
associated standard error increased only
slightly, from 0.05 to 0.08. Rather, May-
nard Smith et al. (9) suggest that such a
discrepancy indicates an epidemic popu-
lation structure, which arises ‘‘because
of the recent, explosive increase in par-
ticular electrophoretic types’ in species
that nonetheless undergo rather frequent
recombination. They predict that, with
the passage of time, the association be-
tween a particular electrophoretic type
and its evolutionary success will be
eroded by recombination (see also ref.
24), and they offer evidence to suggest
that this erosion is indeed occurring. So it
seems reasonable to conclude that the
relatively recent proliferation of a few
clones in an epidemic fashion is largely
responsible for the linkage disequilibrium
that is observed in N. meningitidis.

By contrast, Neisseria gonorrhoeae
gives no indication of deviation from pan-
mixia even when all isolates are com-
pared in a pairwise fashion (9). Evi-
dently, there can be considerable diver-
sity in population genetic structure even
among closely related species. The dif-
ference between N. gonorrhoeae and N.
meningitidis could be due to intrinsic
differences in their capacity for gene
transfer, but that is not the only possible
explanation. The genetic diversity of
pathogens within an individual host,
which determines the likelihood that ge-
netic exchange will produce an electro-
phoretically distinguishable recombinant
genotype, depends critically on the mul-
tiplicity of infection. As Maynard Smith
et al. (9) say, ‘It must also be the case
that human behavior ensures frequent
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opportunities for gonococci of different
genotypes to meet.”’ Further information
concerning the multiplicity of infections
by distinct genotypes, as well as more
direct estimates of rates of genetic ex-
change, would be necessary to explain
the difference in population structure be-
tween these two species of Neisseria.
Butitis clear from the results of Maynard
Smith et al. (9) that simultaneous analy-
ses of linkage disequilibrium on both iso-
lates and genotypes can reveal poten-
tially important insights into the causes of
population structure.

Going from the full set of all isolates to
the subset of electrophoretically distinct
genotypes is only one of several poten-
tially meaningful ways to subdivide data
on population structure. Whittam et al.
(13) and Souza et al. (21) have previously
subdivided data obtained for E. coli and
for R. leguminosarum on geographic
bases. In E. coli, geographic subdivision
appears to contribute very little to either
allelic diversity or linkage disequilibrium
(13), whereas in R. leguminosarum, both
allelic diversity and linkage disequilib-
rium increase markedly with geographic
distance (21). Maynard Smith et al. (9)
also consider the effects of subdividing
sets of data on phylogenetic grounds. In
Rhizobium meliloti, the average genetic
distance between electrophoretic geno-
types could be reduced by about half by
splitting this species into two taxonomic
divisions, which also apparently differ in
their geographic distribution. When the
two divisions were analyzed separately,
there was little or no linkage disequilib-
rium in either group. The reasonable con-
clusion is that recombination between
genotypes within either division is rather
frequent, but there is little or no recom-
bination between genotypes belonging to
the different divisions. Without further
information, however, one cannot deter-
mine whether the lack of genetic ex-
change between the two divisions is due
to an intrinsic inability to exchange genes
or whether representatives of the two
divisions are rarely found in close prox-
imity because of differences in their geo-
graphic range or habitat specificity.

It is clear that subdividing data on
population structure into meaningful sub-
sets can reveal useful information. I
would suggest, however, that such pro-
cedures also require a degree of caution.
One can easily imagine that a data set that
has been sufficiently subdivided may lose
the statistical power to reject the null
hypothesis of panmixia, so that one must
be cautious in accepting the joint infer-
ence that subsets are in linkage equilib-
rium whereas data sets as a whole exhibit
clonality. One can see a possible illustra-
tion of this type of problem in the case of
Bordetella bronchiseptica, which shows
highly significant linkage disequilibrium
when all 304 isolates are analyzed but
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which shows only a marginally signifi-
cant deviation from panmixia when the
21 distinct electrophoretic genotypes are
analyzed (9). Should we conclude that
this species, like N. meningitidis, has an
epidemic population structure? In the
case of N. meningitidis, the index of
disequilibrium dropped dramatically, and
the standard error increased only
slightly, when distinct genotypes were
analyzed instead of all isolates. For B.
bronchiseptica, however, the index of
disequilibrium dropped only slightly
(from 1.29 t0 0.99), whereas the standard
error increased to a much greater extent
(from 0.08 to 0.30) when genotypes were
analyzed instead of isolates. Maynard
Smith et al. (9) suggest that one should
‘‘distinguish only between values of [the
index] that differ significantly from zero
and those that do not.”” But this recom-
mendation risks, in my opinion, confus-
ing statistical significance with biological
importance. I see no simple resolution to
this dilemma and suggest that both sta-
tistical significance and the magnitude of
any change in the index should be re-
spected when drawing inferences on pop-
ulation structure from subdivided data.

Leaving aside troubling statistical is-
sues that may arise in borderline cases,
Maynard Smith et al. (9) have demon-
strated how one can get much useful
information about the genetic structure
of microbial populations by subdividing
the data along biologically meaningful
lines. Their results support the growing
suspicion that all bacteria are not equally
clonal.
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