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To examine the hypothesis that colicin proteins are subject to diversity-enhancing
selection, we studied the rates of synonymous, nonsynonymous, and intergenic
nucleotide substitution in three pairs of closely related colicin clusters. The results
indicate that the immunity gene and the immunity-binding domain of the colicin
gene, which interact to provide specific immunity from the lethal action of the
colicin toxin, accumulate substitutions at synonymous and nonsynonymous sites
several times more rapidly than does the remainder of the colicin cluster. We suggest
that this increased level of divergence, centered at the immunity protein, may be
the result of the combined action of recombination and positive selection acting
to increase colicin diversity in natural populations of Escherichia coli.

Introduction

Colicins are toxic proteins produced by and active against Escherichia coli and
related bacteria. More than 20 colicins have been described in E. coli, distinguished
by the absence of cross-immunity between the producing strains (Fredericq 1957;
Nomura 1967; Pugsley 1985). Colicins are encoded on a diverse group of colicin
plasmids (Col plasmids), which usually encode at least two additional colicin-related
proteins: an immunity protein, conferring specific immunity to the host and against
that colicin, and a lysis protein, involved in lysing the host cell and in releasing colicin
into the environment. This group of genes is called a “colicin cluster.”

Colicins are abundant in natural populations of E. coli. Thirty percent of the 72
strains in the ECOR collection, which comprises E. coli isolates from man and domestic
and zoo animals, possess one or more colicins (Riley and Gordon 1992). Although
the ecological role of colicins is unclear, several studies suggest that they play a role
in bacterial competition and invasion ( Branche et al. 1963; Ikari et al. 1969; Kelstrup
and Gibbons 1969; Smith 1974; Hardy 1975; Chao and Levin 1981).

Under conditions of stress, a small fraction of colicinogenic cells are induced to
produce colicin and lysis proteins, an action mediated by the SOS response. The
production of lysis protein results in the lysis of the host cell and in the release of
colicin. The colicin protein attaches to specific cell surface receptors on nearby E. coli
cells and kills the invaded cell by one of four mechanisms, which include DNA and
rRNA degradation. If the invaded cells possess the same Col plasmid, they will be
immune to the effects of the colicin, through a specific interaction between the im-
munity and colicin proteins (Pugsley 1984).

Numerous colicins and their associated immunity and lysis genes have been
sequenced, and the biochemical details of the encoded proteins have been deduced
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(reviewed in Konisky 1982; Luria and Suit 1987). These DNA and protein sequences
have been employed in investigations into the evolutionary origins and phylogenetic
relationships of colicin and related proteins recently reviewed by Riley (accepted).
Such studies reveal five families of related colicin proteins, with little or no sequence
similarity observed between them.

The level of sequence similarity observed within a colicin family is variable (Riley,
accepted). For example, colicins Ia and Ib belong to the same colicin family, and
their DNA sequences differ by only 15% over a 3.7-kb region that includes the colicin
and immunity genes as well as two open reading frames (ORFs). In contrast, colicin
El, considered a member of the same colicin family, can be aligned with colicins Ia
and Ib only over the C-terminal 300 residues of the colicin protein and shows only
37% amino acid similarity in this restricted region. No further amino acid or DNA
sequence similarity is observed between the E1 cluster and the Ia/Ib clusters. Further,
if comparisons are restricted to closely related members of a colicin family, in which
reliable DNA sequence alignments are possible, the level of similarity is observed to
vary considerably across the colicin cluster. The immunity gene and the immunity-
binding portion of the colicin gene accumulate substitutions many times more rapidly
than does the remainder of the cluster (Riley, accepted).

In a recent review of these data, Riley (accepted ) hypothesized that the rapidly
evolving immunity gene and colicin-binding region may be under the influence of
positive selection for increased immunity diversity. In order to address this hypothesis,
I provide here an analysis of the levels and patterns of divergence between closely
related colicin, immunity, and lysis genes. These data confirm the original observation
by Riley (accepted) and provide further insight into the evolutionary mechanisms
promoting colicin diversity in E. coli.

Material and Methods

Table 1 lists the colicins included in this study and indicates the killing function
of the colicins, their modes of entry into the cell, and the size of plasmid on which
they are found. DNA and protein sequence alignments were made by the CLUSTAL
multiple-alignment program of Higgins et al. (1992). DNA sequence divergence was
estimated after correction, for multiple substitution events, by the method of Jukes
and Cantor (1969).

Table 1
Colicin, Lysis, and Immunity Sequences Included in the Present Study

DNA SEQUENCES®

MODE OF COLICIN PLASMID

ACTION®  RECEPTOR Size® Colicin Lysis Immunity REFERENCE?
E2 ... 3 BtuB LMW + + + Cole et al. 1985
E3 ... 2 BtuB LMW + + + Masaki and Ohta 1985
E6 ... 2 BtuB LMW o+ + + Akutsu et al. 1989
E9 ... 3 BtuB LMW + + + Curtis et al. 1989
la ... 1 Cir HMW + + Mankovich et al. 1986
Ib ... 1 Cir HMW + + Mankovich et al. 1986

® 1 = formation of channels in cytoplasmic membrane; 2 = 16s rRNA cleavage; and 3 = nonspecific DNA degradation.
® LMW = low-molecular-weight plasma; and HMW = high-molecular-weight plasmid.

° DNA sequences available from the literature.

9 For DNA sequences.
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Results and Discussion

Figure 1 illustrates the genetic organization of the three pairs of colicins (E3/E6,
E2/E9, and Ia/Ib) included in this investigation. These colicins were chosen because
each pair is closely related, allowing reliable alignments of long stretches of DNA, and
they represent three levels of protein and DNA sequence divergence. Colicins E3 and
E6 are 96% identical in DNA sequence over a 2.9-kb region that includes the colicin,
lysis, and two immunity genes. Colicins E2 and E9 are 90% identical in sequence over
a 2.2-kb region that includes the colicin, immunity, and lysis genes (Riley, accepted ).
Colicins Ia and Ib are identical at 85% of their base pairs over a 3.7-kb region that
includes the colicin and immunity genes as well as two ORFs (Mankovich et al. 1986).

The average number of substitutions per site, corrected for multiple substitution
events by the Jukes and Cantor (1969) method, is given for each pair of colicins, in
table 2. Total, synonymous, and nonsynonymous sites are considered separately. For
each pair of colicins, clear differences in the level of substitution are observed across
the regions compared. In each case, the level of substitution per site peaks in the region
encompassing the 3’ end of the colicin gene, which encodes the immunity-binding
function, through the immunity gene. This segment of DNA is referred to as the
“immunity region.” Figure 2 illustrates this variable pattern of substitution across
each of the colicin pairs. The same pattern of increased substitution in the immunity
region is observed for total, synonymous, and nonsynonymous sites.

The significance of the observed differences in substitution levels across the regions
compared was assessed with G-tests for homogeneity (table 3). This form of a G-test
(Kreitman and Hudson 1991), which includes evolutionary variance as well as sam-
pling variance and is thus a conservative test, is expected to be approximately ¥ >
distributed when there is both no recombination within the regions and free recom-
bination between the regions. The G-tests treat total, synonymous, and nonsynonymous
sites separately and divide the sequences into functional blocks as delineated in table
1. All G-tests were significant at the 0.001 level, indicating significant departure from

A B

E8B(E3)
Col E3 —— W cok-imm-imm-lys
Col E6 — — T — colimm-imm-ys

E8(E6)
Col E2 . g ES(E9) col-imm-lys
/1N
Col E9 [ 1 B S B cokimm-lys-cokimm-lys
Colla [C 1] orf-col-imm-orf
Collb [CI— RN orf-col-imm-orf

FiG. 1.—Colicin cluster organization. A, Colicin clusters drawn to scale. Rectangles indicate coding
sequences, and connecting lines indicate spacer sequence. B, Gene order for each cluster. orf = open reading
frame; col = colicin gene; imm = immunity gene; and lys = lysis gene. An additional immunity gene E8(E3)
is located in the E3 and E6 clusters. An additional colicin, immunity, and lysis gene, E5(E9), is located in
the E9 cluster.
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Table 2
Average Number of Substitutions between Colicins

AVERAGE NO. OF SUBSTITUTIONS PER SITE"

REGION® Total Synonymous Nonsynonymous

A. Colicins E3 and E6:

5 Flanking ....... 0.012 = 0.00
§'Colicin ........ 0.004 + 0.00 0.015 £ 0.00 0.000 + 0.00
3 Colicin ........ 0.143 £ 0.00 0.457 £ 0.01 0.058 £ 0.00
Intergenic ........ 0.033 + 0.00
Immunity ........ 0.126 = 0.00 0.339 + 0.02 0.066 = 0.00
Intergenic ........ 0.024 + 0.00
Immunity ........ 0.030 = 0.00 0.200 + 0.00 0.030 £+ 0.00
Intergenic ........ 0.036 £ 0.00
Lysis ............ 0.079 £ 0.00 0.182 £ 0.01 0.038 + 0.00
B. Colicins E2 and E9:
5 Flanking ....... 0.008 + 0.00
5§ Colicin ........ 0.051 £ 0.05 0.090 £ 0.20 0.037 £ 0.04
3 Colicin ........ 0.208 + 0.00 0.556 £ 0.01 0.118 £ 0.00
Immunity ........ 0.776 £ 0.03 0.258 £ 0.00 0.360 + 0.00
Intergenic ........ 0.048 + 0.00
Lysis ............ 0.000 £ 0.00 0.000 + 0.00 0.000 + 0.00
C. Colicins Ia and Ib:
SORF .......... 0.001 = 0.00 0.00 +0.00 0.002 + 0.00
Intergenic ........ 0.023 = 0.00
§Colicin ........ 0.013 £ 0.00 0.048 + 0.00 0.005 + 0.00
3 Colicin ........ 0.560 + 0.00 1.771 = 0.06 0.424 + 0.00
Intergenic ........ 1.134 + 0.18
Immunity ........ 1.281 + 0.02 1.144 + 0.06 1.335+0.03
Intergenic ........ 0.213 £ 0.00
JORF .......... 0.020 + 0.00 0.039 +0.00 0.013 +0.00
3'Flanking ....... 0.048 £+ 0.00

2 Regions correspond to functional domains delineated in fig. 1.
b Corrected by the Jukes and Cantor (1969) method.

the null hypothesis of equal substitution rates across the gene clusters. The G-tests
revealed significant deviations in substitution rates for total, synonymous, and non-
synonymous sites.

How do we account for the varying levels of substitution across the colicin clusters?
Variable rates of nonsynonymous substitution in the different genes may simply reflect
the different levels of functional constraint experienced by the encoded colicin, im-
munity, and lysis proteins. According to the neutral mutation hypothesis (Kimura
1983, pp. 149-214), proteins that experience more stringent functional constraints
will accumulate neutral nonsynonymous substitutions more slowly than will proteins—
or domains within a protein—experiencing fewer constraints. However, relaxing func-
tional constraints at the protein level—and, therefore, at nonsynonymous sites—should
not effect the rate of substitution at synonymous and intergenic sites (Kimura 1983,
pp. 149-214). Thus, any explanation for the increased level of substitution in the
immunity region must account for the increased substitution rates at apparently func-
tionless sites (i.e., synonymous and intergenic positions).

Figure 3 provides a schematic alignment of 2,664 bp between colicins E3 and
E6, including the entire colicin, immunity, and lysis gene region. This figure illustrates
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the clustered nature of the substitutions observed between these two colicins. Outside
the immunity region the sequences are nearly identical, and the few differences en-
countered are apparently randomly distributed across the sequences. Within the im-
munity region the differences are clustered into pockets of substituted sites separated
by long stretches of identical base pairs. This same pattern is observed in an alignment
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F1G. 2.—Distribution of nucleotide substitutions along the colicin cluster region for three pairs of
colicins. The average number of substitutions, corrected for multiple substitution events by the Jukes and
Cantor (1969) method, is plotted for the functional domains depicted along the Y-axis. Total, nonsynonymous,
and synonymous sites are considered separately.

of colicins E2 and E9 (Curtis et al. 1989); however, the number of substitutions within
each cluster in the immunity region is increased. In the Ia and Ib alignment (Mankovich
et al. 1986), the immunity and colicin-binding region of the aligned sequences has
accumulated even more substitution, to the point that synonymous sites have reached
saturation and nonsynonymous substitutions are close to saturation.

In the case of Ia/Ib a single recombination event between either colicin and some
highly divergent colicin cluster serving as the template could produce the observed
marked transition between similar and divergent sequences across the cluster. The
effect of recombination on the different classes of sites within the immunity region
would be the same; that is, all would show elevated levels of substitution relative to
the regions that have not experienced recombination. This same explanation will not
account for the pattern of substitution observed in the E3/E6 or E2/E9 alignment.
Multiple recombination events, comprising short regions of exchange, superimposed
across the immunity region of E3/E6 and E2/E9 could result both in increased levels
of divergence in this region, relative to the 5’ and 3’ regions, and in the clusters of
divergent sequence.

In all scenarios involving recombination, the sequences must recombine within
the colicin gene, in frame, to introduce a novel immunity-binding function. Further,
in the case of E3/E6 and E2/E9, multiple recombination events are required that
must occur over a very short time frame, to account for the near identity of the
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Table 3
G-tests of Homogeneity, in Substitution Levels, across Colicin Sequences

AVERAGE NO. OF SUBSTITUTIONS PER SITE

Total Synonymous Nonsynonymous

A. E3 and E6:

G .. 187.26 117.53 38.23

Degrees of freedom . . . 7 4 4

P <0.001 <0.001 <0.001
B. E2 and E9:

G ... 206.60 68.56 81.64

Degrees of freedom . .. 5 3 3

P <0.001 <0.001 <0.001
C. Iaand Ib:

G ... 1,134.27 266.45 785.49

Degrees of freedom . .. 8 4 4

P <0.001 <0.001 <0.001

flanking sequences. If the recombination rate in bacteria is on the order of—or, more
likely, less than—the mutation rate (Whittam and Ake 1992 ) during the time required
for multiple successful recombination events to have occurred within the immunity
region, then the synonymous and intergenic regions outside this region should have
accumulated neutral substitutions. However, in the three comparisons presented here,
the sequences flanking the immunity region have significantly reduced levels of syn-
onymous and intergenic substitution. Given that (a) Col plasmids are found in <30%
of natural isolates of Escherichia coli (Riley and Gordon 1992), (b) estimates of
plasmid transfer in E. coli are on the order of 107'?-107'? transfers/cell /generation
in natural isolates (Gordon 1992), and (¢) estimates of the recombination rate in E.
coli are on the order of the mutation rate, 10~° (Whittam and Ake 1992), recombi-
nation seems an unlikely explanation for the patterns of divergence observed.

DNA sequences that stimulate genetic recombination have been identified in a
number of organisms (Voelkel et al. 1987). It is possible that some as yet uncharac-
terized sequences are acting to increase the rate of recombination in the immunity-
gene region. However, these sequences would have to occur in unrelated colicin clusters
that exhibit no protein or DNA sequence similarity. Even if the rate of recombination
is increased, one still has to account for the availability of the appropriate template.
In light of both the specific function of the immunity protein and the requirement for
binding between it and the binding region of the colicin protein, there must exist
limitations as to what can serve as donor sequences in this sort of “diversification by
recombination” mechanism.

In addition, it is unlikely that some very restricted mutator phenomenon can
account for the pattern observed. Mutator genes come in two basic forms (Cox 1976):
(1) those that act genome wide, e.g., by increasing the rate of transitions over trans-
versions, and (2) those that are sequence and/or locus specific, which generally involve
transposable elements. The genome-wide mutators clearly cannot account for the
pattern observed. Further, although effort has been made to identify transposons as-
sociated with colicin and related sequences, the presence of only a single case has been
reported. A degenerate transposon-like structure has been observed in Col E9 (Curtis
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FiG. 3.—Schematic DNA sequence alignment of colicin E3 and E6. The aligned region includes the
colicin, immunity, immunity (E8), and lysis genes. Rectangles indicate coding sequences, and connecting
lines indicate intergenic regions. Vertical lines indicate the position of substitutions between E3 and E6
colicin clusters.

et al. 1989). There are no additional indications of transposons in the colicin cluster
region.

Although the ecological role of colicins is unknown, it has been proposed that
they provide strains of E. coli with a competitive advantage. Several studies support
this hypothesis (Ikari et al. 1969; Smith 1974; Chao and Levin 1981; Bradley 1991);
for example, the presence of a D-like colicin in symptomatic strains of enterohemor-
rhagic E. coli is believed to be responsible for the ability of these strains to invade the
intestine and to displace the resident E. coli strains (Bradley 1991). Strains of E. coli
carrying the Col E3 plasmid were shown to displace colicin-free strains when introduced
at certain frequencies and grown on plates rather than in liquid media (Chao and
Levin 1981). Each of these studies describes one or more conditions under which
colicin production can provide a competitive advantage.

However, it is likely that there is a cost associated with colicin production. Surveys
of colicinogenic bacteria in natural populations of E. coli suggest that populations do
not become fixed for particular colicinogenic strains; rather, they suggest that these
strains exist at low or intermediate frequencies (Riley and Gordon 1992). It is thus
likely that there is a trade-off between the benefits and disadvantages of colicinogenicity,
a trade-off that may differ for different populations of E. coli and for different envi-
ronments.

If colicins do serve in bacterial competition, then a strain possessing a colicin to
which other strains are not immune would be at a competitive advantage in certain
situations. The production of such a novel immunity function could be accomplished
in several ways. Studies on colicins E3, E6, and DF13 have permitted the localization
of those residues likely involved in immunity binding (Lau and Condie 1989). These
studies narrow the candidate amino acids to eight in the binding domain of the colicin
protein and to nine in the immunity protein. This suggests that, at least for this group
of colicins, relatively few substitutions in both the immunity protein and the binding
region of the colicin protein are required to generate novel immunity functions.

The co-occurrence of mutations at one or more of these binding sites in a single
colicin cluster could result in a strain that possesses a novel colicin phenotype. However,
for the novel colicin phenotype to be viable, compensatory mutations will likely have
to occur, in both the immunity gene and the binding region of the colicin gene, that
retain binding function between the two encoded proteins. Further, only those strains
that also retain immunity to the ancestral colicin are likely to survive; since the ancestral
colicin will already be present in the population and without immunity to its ancestor,
strains carrying the novel immunity function are likely to be killed by the ancestral



1056 Riley

colicin. Several instances of partial immunity have been described between members
of the closely related family of E-series colicins (Akutsu et al. 1989).

If the novel colicin phenotype involves mutations in the immunity gene that
retain some affinity for the ancestral colicin, in addition to affinity for its own novel
colicin protein, this strain will have an immediate and large advantage in environments
where colicinogenicity provides a competitive advantage. Because of the interaction
required between the immunity protein and the immunity-binding region of the colicin
protein, the only way likely to produce these novel colicins is for selection for variants
in one protein to occur simultaneously with selection for mutations in the other protein.
I will call these “clusters” of selected sites, as it is essential that mutations occur at
both sites if the evolved colicin is to be viable. Selection would thus act on clusters of
variant sites rather than on individual sites.

In this scenario, positive selection will drive novel Col plasmids rapidly into the
population, either until some new colicin phenotype evolves from it, in yet another
round of diversification in immunity function, or until a strain carrying an unrelated
colicin invades and possibly displaces the resident colicinogenic strain(s). The result
of repeated rounds of this form of diversification of immunity function would be the
accumulation of nonsynonymous substitutions in both the immunity gene and the
binding region of the colicin gene, when closely related colicin clusters are compared.

In fact, this form of diversification in protein sequence is somewhat similar to
that envisioned, by Hughes and Nei (1988, 1989), for the immunoglobin Vh loci in
mammals. Those authors suggest that the high rate of nonsynonymous substitution
observed at this locus is likely due to overdominant selection. New mutant alleles at
the Vh loci enjoy a selective advantage until pathogens evolve a mechanism to avoid
the new antibodies produced by the novel Vh alleles. Thus, there is a constant turnover
of alleles that results in an increased level of nonsynonymous substitution at the
Vh locus. '

There are two significant differences between the form of selection envisioned
for the Vh loci and that which may be acting to produce colicin and immunity diversity.
First, in the former, selection is likely acting on a single site during a selective sweep;
thus, only those nonsynonymous sites that are mutated diverge during repeated rounds
of this sort of selection (Hughes and Nei 1989). In contrast, in the case of colicin
diversification, clusters of sites within both the immunity gene and the binding region
of the colicin gene are selected as a unit. This difference is critical to the explanation
of why synonymous and intergenic sites within the immunity region experience elevated
rates of substitution (see below). Second, the overdominant-selection hypothesis cannot
be applied directly to haploid bacterial populations. A form of frequency-dependent
selection, which will maintain colicins in intermediate frequencies once they have
successfully invaded a bacterial population, may be a more appropriate selective model.
In this case, novel colicins are initially selected for because of their competitive ad-
vantage over their ancestral forms. Having reached appreciable frequencies in the
bacterial population, these colicins are maintained by frequency-dependent selection
in those environments where colicin presence provides a competitive advantage to
the colicinogenic bacterial cells.

When a cluster of selected sites is selectively driven into the population, the entire
plasmid replicon will hitchhike with the cluster; that is, the plasmid will increase in
frequency, as a unit. Further, surveys of Col plasmid distributions suggest that this
plasmid will likely then be maintained in the population at some intermediate frequency
until either a second novel colicin arises or an unrelated colicin invades the population.
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During this time, neutral substitutions that accumulate on the plasmid replicon will
be randomly distributed across the plasmid DNA. However, if recombination occurs
between the selected Col plasmids and either the ancestral Col plasmid or any other
closely related Col plasmids, this will release the neutral polymorphisms from their
linkage with the selected sites. This process will tend to decrease the level of divergence
between the ancestral and novel Col plasmids. However, the clusters of selected sites
in the immunity and colicin-binding regions will still serve as traps for neutral poly-
morphism. Neutral mutations that occur within the trap are forced to maintain linkage
with the cluster under selection, as the clusters must remain intact if the colicin is to
be viable. The further removed the neutral polymorphisms are from the selected cluster,
the greater the chance that recombination will disrupt the hitchhiking effect.

Unlike the case discussed above for ““diversifying recombination,” which requires
homologous yet divergent templates, the present case requires closely related templates.
This requirement is met if the Col plasmids are being maintained in high frequencies
in the local population because of frequency-dependent selection. Not only will multiple
copies of the selected Col plasmid serve as templates, but any closely related Col
plasmids—e.g., the ancestral Col plasmid—will serve as well. Thus the population of
suitable templates may be quite large in the local population.

This form of molecular hitchhiking bears some similarity with that reported to
occur at the Adh locus in Drosophila melanogaster (Kreitman 1983). In this latter
case, it is the presence of a balanced polymorphism that is apparently holding particular
pairs of alleles in the population, with the concomitant result that neutral polymor-
phisms located near the selected site are also being maintained. While recombination
whittles the level of neutral polymorphism down, the further removed it is from the
selected site, those neutral polymorphisms that occur near the selected site are held
in the population longer than can be explained simply by genetic drift (Kreit-
man 1988). ’

In contrast to the recombinational diversification hypothesis discussed above,
diversifying selection can explain the slightly different patterns of divergence observed
in the three pairs of colicins examined here. Recall from figure 2 that (a) E3/E6 has
an extended tail of divergent sites centered around the immunity region, (b) E2/E9
has a slightly reduced tail of divergent sites centered around the immunity region, and
(c) Ia/Ib shows an abrupt transition between the divergent immunity region and the
flanking sequences. These different patterns may be explained by the increasing ef-
fectiveness of recombination in whittling away neutral polymorphism that falls outside
the immunity-region trap. In this scenario E3 and E6 have been diverging for a short
time, such that mutation and selection pressures exceed recombination pressures. Ia
and Ib are more divergent overall, perhaps indicating that these two colicins have
existed as separately selected units long enough for recombination to have become a
more important force in whittling away the neutral substitutions outside the immunity-
region trap.

As was noted by Tanaka and Nei (1989), very few cases of diversifying selection
have been detected at the molecular level. However, in all instances the genes implicated
are involved in mechanisms of defense (Tanaka and Nei 1989). The major histocom-
patability complex, the Vh loci, and serine proteases of mammals are involved in
defense against pathogenic microorganisms, while restriction-modification genes and
colicins in bacteria are likely involved in either defense against invasion of phage or
competition with other closely related strains or species of bacteria (Sharp et al. 1992;
Riley, accepted).
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