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This review explores features of the origin and evolution of colicins in Escherichia 
coli. First, the evolutionary relationships of 16 colicin and colicin-related proteins 
are inferred from amino acid and DNA sequence comparisons. These comparisons 
are employed to detail the evolutionary mechanisms involved in the origin and 
diversification of colicin clusters. Such mechanisms include movement of colicin 
plasmids between strains of E. coli and subsequent plasmid cointegration, trans- 
position- and recombination-mediated transfer of colicin and related sequences, 
and rapid diversification of colicin and immunity proteins through the action of 
positive selection. The wealth of information contained in colicin sequence com- 
parisons makes this an ideal system with which to explore molecular mechanisms 
of evolutionary change. 

Introduction 

Colicins are toxic proteins produced by and active against Escherichia coli and 
related bacteria. Nineteen colicins have been described in E. coli, distinguished by the 
absence of cross-immunity between the producing strains (Fredericq 1957; Nomura 
1967; Pugsley 1984, 1985). Although colicins differ in their precise mode of killing, 
they share ( 1) a similar genetic structure, including the usual presence of three colicin- 
related genes- a colicin, a lysis, and an immunity gene, termed a “colicin cluster”; 
(2) the lethality of colicin release from the cell; (3) the specific protection afforded by 
the immunity protein; and (4) carriage on plasmids (Hardy 1975; Pugsley 1984; Luria 
and Suit 1987). 

The biochemistry and molecular biology of colicins have been studied in great 
detail (reviewed in Konisky 1982; Luria and Suit 1987). Indeed, numerous colicin 
clusters have been sequenced, and the biochemical details of the encoded proteins 
have been deduced. In contrast, little is known about their ecological function. Colicin 
production may be involved in bacterial competition and virulence determination 
(Branche et al. 1963; Ikari et al. 1969; Kelstrup and Gibbons 1969; Smith 1974; Hardy 
1975; Chao and Levin 198 1; Pugsley 1984); however, the data supporting these claims 
are limited and often conflicting (Hardy 1975; Pugsley 1984). 

Regardless of their exact role, colicins occur in appreciable frequencies in E. coli 
populations. Thirty percent of the gram-negative bacteria isolated from a river in 
France were characterized as colicinogenic (Pugsley 1984). Similar estimates have 
been obtained in surveys of 372 strains of E. coli isolated from man and from domestic, 
zoo, and wild animals (Riley and Gordon 1992; author’s unpublished data). 

The most obvious phenotype associated with the presence of colicins in bacterial 
populations is that, under stress conditions, a small fraction of colicinogenic bacteria 
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produce colicin proteins. The release of colicins from the cell, mediated by the action 
of the lysis protein, is lethal for both the producing cell and any bacteria not immune 
or resistant to that colicin. Immunity is conferred by the presence of the immunity 
protein, which inactivates the corresponding colicin by interacting with a specific 
region of the protein (Nomura 1967; Pugsley 1984). 

Colicins gain entry into a susceptible cell by absorption to a specific outer-mem- 
brane receptor. At least five cell-surface receptors are recognized by colicins, including 
those encoded by btuB, fepA, and ompF genes. Most of these receptors are also involved 
in nutrient uptake (Konisky 1982), and many are used by bacteriophage to gain entry 
into the cell. Having gained access to the cell interior, colicins kill their targets in one 
of four ways: (1) formation of ion-permeable channels in the cytoplasmic membrane, 
(2) nonspecific degradation of cellular DNA, (3) inhibition of protein synthesis through 
the cleavage of 16s ribosomal RNA, and (4) cell lysis resulting from inhibition of 
peptidoglycan synthesis (Konisky 1982; Pugsley 1984). 

Colicin clusters are found exclusively on plasmid replicons. The sizes of these 
colicin plasmids (Co1 plasmids) range from 6 kb (e.g., Co1 El plasmid) to >75 kb (e.g., 
Co1 Ia plasmid). Little is known about the evolutionary relationship between colicin 
clusters and their plasmids. However, limited data suggest that several colicin clusters 
maintain long-lived associations with particular plasmid backgrounds while others are 
quite mobile and are found associated with multiple, unrelated plasmids (Waters and 
Crosa 199 1; Riley and Gordon 1992). 

This review explores the molecular mechanisms of colicin cluster evolution. The 
first section details the evolutionary relationships of colicin, lysis, and immunity pro- 
teins as inferred from amino acid and DNA sequence comparisons. The second section 
employs these comparisons and the resulting phylogenetic framework to infer the 
molecular mechanisms involved in the origin and diversification of colicin clusters. 

Colicin, Lysis, and Immunity Protein Relationships 

The 16 colicin clusters included in this review are listed in table 1, which also 
indicates the killing function of the encoded colicins, their modes of entry into the 
cell, the size of plasmid on which the colicin clusters are found, and the availability 
of DNA sequences for the colicin, lysis, and immunity genes. The organization of 
each of the colicin clusters is depicted in figure 1. For ease of presentation, five groups 
of colicin clusters are distinguished in figure 1. The basis for this division is described 
below. Colicin B is included in groups 1 and 2 (see below). All DNA and protein 
sequence alignments (described below) were made with the CLUSTAL V multiple- 
sequence alignment program (Higgins et al. 1992). Protein-sequence-similarity as- 
sessment is based on the similarity matrix of Dayhoff et al. (1978). The phylogenetic 
trees described in the present study are unrooted and were done by using maximum 
parsimony, as implemented in PAUP (phylogenetic analysis using parsimony, version 
3.0d; Swofford 1989). 

Colicin Proteins 

A feature common to all colicin proteins is their organization into four functional 
domains (fig. 2) (Ohno-Iwashita and Imahori 1980; Mock and Pugsley 1982; Pugsley 
1984; Roos et al. 1989). Information required for movement across the cell membrane 
is found in the N-terminal 25% of the colicin protein. The central portion (N 50% of 
the protein) is involved in receptor recognition and interaction, while the C-terminal 



1382 Riley 

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

DNA SEQUENCES~ 
MODE OF COLICIN PLASMID 

ACTION a RECEPTOR SIZE b Colicin Lysis Immunity REFERENCE(S) d 

A . . . 

B . . 

D . 
DF13 . . . 

El . . . . . 
E2 . 
E3 . 

E5 . . 
E6 . 

E8 . 

E9 . 
Ia . 
Ib . . . . . . 
M . . . . . . 

N . . . . . . 
v . . 

1 

1 

2 
2 

1 
3 
2 

2 
2 

3 

3 
1 
1 
4 

1 
1 

OmpF/BtuB LMW 

FepA HMW 

FepA LMW 
Iut LMW 

BtuB LMW 
BtuB LMW 
BtuB LMW 

BtuB LMW 
BtuB LMW 

BtuB LMW 

BtuB LMW 
Cir HMW 
Cir HMW 
FhuA HMW 

OmpF LMW 
Cir HMW 

+ 

+ 

+ 
+ 

+ 
+ 
+ 

+ 
+ 

+ 

+ 
+ 
+ 
+ 

+ 
+ 

+ + 

+ 

+ 
+ + 

+ + 
+ + 
+ + 

+ + 
+ + 

+ + 

+ + 
+ 
+ 
+ 

+ + 
+ 

Lloubes et al. 1984, 
Cavard et al. 1985 

Schramm et al. 1987, 
1988 

Roos et al. 1989 
van den Elzen et al. 

1983 
Chan et al. 1985 
Cole et al. 1985 
Chak and James 1984, 

Toba et al. 1986 
Curtis et al. 1989 
Cole et al. 1985, 

Akutsu et al. 1989 
Uchimura et al. 1987, 

Toba and Ohta 
1988 

James et al. 1987 
Mankovich et al. 1986 
Mankovich et al. 1986 
Kock et al. 1987, 

Oschlager et al. 
1987 

Pugsley 1987, 1988 
Gilson et al. 1990 

’ 1 = formation of channels in cytoplasmic membrane; 2 = 16s rRNA cleavage; 3 = nonspecific DNA degradation; 
and 4 = inhibition of murein biosynthesis. 

b LMW = -2-40-kb; and HMW = -5O-200-kb. 
’ DNA sequences available from the literature. 
d For DNA sequences. 

25% contains both the killing function and sequences that interact with the immunity 
protein (Konisky 1982). 

Colicin proteins display varying levels of sequence similarity across these func- 
tional domains. For example, colicins Ia and Ib employ identical modes of entry into 
the cell and identical killing functions but have different immunity specificities (Man- 
kovich et al. 1986). They differ at only 1% of the N-terminal 430 amino acid residues, 
whereas in the immunity binding region 64% of the C-terminal residues differ. As 
depicted in figure 1, with the exception of the immunity genes, the DNA sequence 
identity extends throughout the region sequenced. In figure 1 the shaded regions of 
the Ia and Ib clusters have 85% sequence identity. This high level of sequence identity 
argues that these two colicin clusters have recently shared a common ancestor. 

Colicins A, B, El, and N employ a killing function similar to that of Ia and Ib; 
however, genetic and biochemical studies indicate that they have different methods 
of entry into the cell and different immunity proteins. Comparisons of these colicin 
sequences reveal reduced levels of protein sequence similarity relative to that observed 
for colicins Ia and Ib, with similarity restricted to the C-terminal killing domain (Morlon 
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A B 

Col la 11111111111111 M orf-col-imm-orf 

Col lb 1 orf-col-imm-orf 

Col El III col-imm-lys 

Col N I II’ col-imm-lys 

Col A I I I k&W col-imm-lys 

Col B col-imm 

Col D col-imm-lys 

Col E3 col-imm-imm-lys 

Cal E6 col-imm-imm-lys 

Col DF13 col-imm-lys 

Col E2 col-imm-lys 

Cal E8 col-imm-lys 

Col E9 col-imm-lys-col-imm-lys 

Col ES col-imm-lys 

Cal M I u 1 col-imm 

Cal v I II J-l i-l 1 lys 1 -lysZ-col-imm 

H 300 b.p. 

FIG. 1 .-Colicin cluster organization. A, Colicin clusters drawn to scale. Regions of >80% DNA sequence 
identity between genes and spacer regions are indicated with matching hatching (angled and vertical lines). 
Rectangles indicate coding sequences, and connecting lines indicate spacer sequence. Bars on left border 
and corresponding numbers indicate colicin groups (as described in text). B, Gene order for each operon. 
orf = open reading frame; co1 = colicin gene; imm = immunity gene; and lys = lysis gene. 

et al. 1983; Pattus et al. 1983; Lloubes et al. 1984; Pugsley 1987, 1988; Schramm et 
al. 1987; Parker et al. 1989). Levels of similarity in this domain range from 50% among 
colicins A, B, and N to 32% between colicin E 1 and Ia or Ib. No similarity (i.e., >30%) 
is detected in the N-terminal two-thirds of these colicins. Further, with the exception 
of colicin B, no amino acid or DNA sequence similarity is detected between the group 
1 colicin proteins and those of any other group (fig. 1). 

A comparison of hydrophobicity plots for this group of colicins reveals that, even 
with the variable levels of amino acid sequence similarity observed, the proteins consist 
of a similar distribution of hydrophobic and hydrophilic domains in the C-terminus 
(Pugsley 1987; Schramm et al. 1987). The similarity in inferred protein structure in 
the killing domain suggests that the proteins have either (a) shared a more recent 
common ancestor in this region, relative to the more divergent N-terminal domains, 
(b) shared a distant common ancestor and experienced similar functional constraints 
associated with the killing function while the remaining functions have been free to 
diverge, or (c) converged on a similar array of amino acids in their killing domain. 

A phylogeny for the group 1 colicins is given in figure 3A. The tree in figure 3A 
is based on the C-terminal 100 amino acids. Three clusters can be distinguished in 
the tree: colicin A; colicins E 1, Ia, and Ib; and colicins B and N. 
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Colicin protein 

FIG. 2.-Colicin protein functional domains. Arrows above the box indicate the limits of each domain 
within the colicin protein. The names of the domains are indicated above the arrows. 

A second group of colicins comprises colicins B and D. These two colicins share 
the same receptor specificity and are both dependent on tonB for uptake into the cell 
(Schramm et al. 1987; Roos et al. 1989). However, they differ both in their killing 
mechanisms and in their immunity specificities (table 1). The first and second domains 
of these colicins differ at only 10% of the N-terminal 400 residues (Roos et al. 1989), 
whereas the C-terminal domains cannot be aligned. At the DNA level, this similarity 
is reflected in 94% identity over the 5’ 1,000 nucleotides compared, with no similarity 
observed either 3’ to this region or with any other colicin proteins, save the previously 
mentioned similarity observed between colicin B and the group 1 colicins (fig. 1). This 
great DNA sequence identity argues that colicins B and D have shared a more recent 
common ancestor in the 5’ portion of their colicin genes than in the remainder of the 
clusters, presumably through some form of recombination or gene conversion. The 
presence of such long stretches of DNA sequence identity argues against either con- 
vergence onto similar function in the N-terminal domains or ancient shared common 
ancestry and subsequent divergence of the remainder of the cluster. 

Colicins E2, E3, E5, E6, E8, E9, and DF13 make up a third group of colicins. 
The E-series members of this group share a similar mode of entry into the cell. Colicin 
DF13 differs in receptor recognition; however, it has the same killing function as do 
E3, E5, and E6: cleavage of ribosomal RNA (Curtis et al. 1989). Colicins E2, E8, and 
E9 kill by degrading DNA (Pugsley 1985; Akutsu et al. 1989; Curtis et al. 1989) (table 
1). With one exception (DFl3), those group 3 colicins for which there are complete 
amino acid sequences available (E2, E3, E6, and E9) are 97% identical in sequence 
over the first 400 amino acid residues. The C-terminal 100 amino acids are more 
divergent, averaging 49% similarity. DF13 is the most divergent member of this group, 
with an average of 50% amino acid similarity over the length of the protein, compared 
with the remaining E-series colicins (Cole et al. 1985; Masaki and Ohta 1985). The 
similarity detected in the group 3 colicin proteins is mirrored at the DNA level and 
extends into the 5’ and 3’ flanking genes and spacer regions of these operons (fig. 1). 

A second incomplete colicin sequence was detected on the Co1 E9 plasmid (Curtis 
et al. 1989). This partial sequence shows similarity to a partial sequence available for 
colicin E5 and has been labeled “colicin E5(E9)” to distinguish it from the native E9 
and the “true” E5 colicins (fig. 1). 

The inferred phylogenetic relationship for the group 3 colicins is presented in 
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A. B. 

F13 

la IE3 

lb 
2 

F9 
-1 F5 

C. 
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F3 
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SE9 Genetic distance 
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D. 

3 

FIG. 3.-Maximum-parsimony trees relating colicin, lysis, and immunity proteins. Distance (in sub- 
stitutions/100 sites) is indicated along the branches. Numbers with arrows indicate bootstrapping values 
based on 1,000 replications. A, Group 1 colicin proteins. B, Group 2 colicin proteins. C, Group 2 immunity 
proteins. D, Group I and 2 lysis proteins. 

figure 3B. This tree distinguishes three subgroups: (1) colicins E3, E6, and E5; (2) 
colicin DF 13; and (3) colicins E2, E8, and E9. The same branching patterns are obtained 
if colicin DF13 is removed from the analysis. 

The two remaining colicins, M and V, bear no detectable amino acid sequence 
similarity (i.e., ~30%) to each other or to any other sequenced colicin (Dreher et al. 
1985; Kock et al. 1987; Gilson et al. 1990; Waters and Crosa 199 1). Colicin M is 
unusual in being the only known colicin that kills by inhibiting murein biosynthesis 
(Dreher et al. 1985). Colicin V forms channels in the cytoplasmic membrane, as do 
the group 1 colicins; however, no amino acid or DNA sequence similarity is detected 
between the killing domain of colicin V and that of the group 1 colicins (Waters and 
Crosa 199 1). 

Several of the colicins share additional short stretches of similarity. For those 
colicins dependent on tonB, including colicins B, D, Ia, Ib, and M, a short sequence 
of four amino acids, called the “tonB box,” has been determined in the amino terminus 
(Kock et al. 1987; Roos et al. 1989). This sequence is required for colicin uptake by 
the cell receptor (Kock et al. 1987; Roos et al. 1989). Colicin proteins A and El have 
short regions of similarity that have been implicated in btuB receptor recognition 
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(Morlon et al. 1983; Cole et al. 1985). However, other colicins that recognize the btuB 
receptor do not share this region of sequence similarity. Thus, colicins that recognize 
the same receptor may do so through interactions with different regions of the colicin 
and receptor proteins (Pugsley 1984; James et al. 1987). 

In summary, examination of colicin proteins reveals a similarity in the organi- 
zation of four functional domains within the proteins. Further, protein sequence com- 
parisons reveal five distinct groups of colicins (group l-A, El, Ia, Ib, N, and B; group 
2-B and D; group 3-E2, E3, E5, E6, E8, E9, and DF13; group 4-M; and group 
5-V). Members of a group have either (a) shared a recent common ancestor (e.g., 
all of the E series colicins of group 3), (b) shared a distant common ancestor with 
portions of the colicin free to diverge while other portions have been constrained (e.g., 
DF13 compared with the remaining group 3 colicins), or (c) evolved a similar array 
of amino acids in particular domains (e.g., the killing domains of the group 1 colicins). 
Further, a mosaic pattern of colicin protein sequence similarity is observed with blocks 
of between-colicin similarity that correspond to functional domains of the proteins 
(e.g., the domains of colicins B and D). 

Immunity Proteins 

The immunity proteins confer specific immunity to the corresponding colicin. 
Mechanisms for the activity of several immunity proteins have been deduced (Hardy 
1975; Konisky 1982; Lloubes et al. 1984; Pugsley 1984, 1988; Akutsu et al. 1989). 
These mechanisms involve a high affinity binding of the immunity protein to the 
immunity-binding region located in the C-terminus of the colicin protein. Three of 
the E-series Co1 plasmids have more than one immunity gene. The Co1 E3 plasmid 
and the Co1 E6 plasmid each possess a second immunity gene 5’ to their lysis genes, 
which encode proteins similar in sequence to the E8 immunity protein; these immunity 
genes are labeled, respectively, “immunity E8(E3)” and “immunity E8(E6)” (Chak 
and James 1984) (fig. 1). The Co1 E9 plasmid has a second immunity gene, 3’ to its 
partial E5(E9) colicin gene and similar in sequence to the E5 immunity gene; this 
second immunity gene is labeled “immunity E5(E9)” (James et al. 1987) (fig. 1). 

The immunity proteins are the most variable of the colicin-related sequences. 
Most pairwise comparisons of immunity proteins reveal no detectable amino acid 
sequence similarity. The exceptions are immunity proteins A and B (Schramm et al. 
1988) and the group 3 immunity proteins. At 39% of its residues immunity protein 
A is identical with immunity B, and it is similar at an additional 32%. At the DNA 
level, the identity between A and B is restricted to the immunity gene and to the 
killing domain of their colicin proteins (see above). The group 3 immunity proteins 
range from being nearly identical, e.g., the E5 and E5(E9) immunity proteins, which 
differ by a single amino acid replacement, to similar, e.g., E2, E8, and E9 immunity 
sequences, which are similar at 54%-97% of their residues. 

Figure 3C provides a phylogeny for the group 3 immunity proteins, including 
the extra immunity proteins encoded in the E3, E6, and E9 colicin operons. The 
proteins are labeled according to the colicin operons with which they are associated. 
Visual comparison of group 3 colicin and immunity trees (fig. 3B and C) reveals a 
similar phylogeny for the two proteins. 

In summary, this analysis reveals that the immunity proteins, although apparently 
quite similar in function, are more divergent in amino acid sequences than are the 
colicin and lysis proteins (see below). Even those colicin operons showing extensive 
protein and DNA sequence similarity, e.g., colicins Ia and Ib and the E-series colicins 
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of group 3, display little or reduced immunity-protein similarity relative to the re- 
mainder of the operons. As the phylogenies inferred for the group 3 immunity and 
colicin proteins agree in broad outline, it is likely that the different levels of divergence 
observed in these two proteins are an indication that they experienced quite different 
forms of natural selection, rather than being an indication that the colicin proteins 
share a more recent common ancestor than do the immunity proteins (see below). 

Lysis Proteins 

Lysis proteins facilitate the release of colicins through the cytoplasmic membrane 
(Pugsley and Schwartz 1984; Thum et al. 1988). Although the precise mechanism of 
cell lysis is unknown, all lysis proteins examined to date possess an N-terminal signal 
peptide and a cysteine residue located after the signal peptide cleavage site (Wu and 
Tokunaga 1986; Pugsley 1988). Immediately following the signal peptide is a conserved 
block of amino acids corresponding to the lipoprotein box found in precursors of 
bacterial lipoproteins (Vlasuk et al. 1983; Wu and Tokunaga 1986; Pugsley 1988). 
Several colicins apparently have no lysis-like protein, e.g., colicins Ia, Ib, B, and M 
(Thum et al. 1988). In contrast, colicin E9 has an additional lysis gene, lysis E5(E9), 
positioned 3’ to the ES-like immunity sequence (fig. 1). Colicin V possesses two proteins 
that function in cell lysis that are not homologous to the lysis proteins encoded by the 
remaining colicin operons (Waters and Crosa 199 1). 

With the exception of colicin V, lysis proteins average 45% amino acid sequence 
identity over all lysis protein comparisons (Cavard et al. 1985; Chan et al. 1985; Cole 
et al. 1985; Toba et al. 1986, 1988; Pugsley 1988; Thum et al. 1988). This comparison 
includes lysis proteins from different colicin cluster groups. 

A maximum-parsimony tree relating the lysis proteins is given in figure 3D. The 
lysis genes are identified by the name of the colicin cluster with which they are asso- 
ciated. Colicin, immunity, and lysis sequences are not available for all of the colicin 
operons. If we allow for this limitation, with the exception of lysis DF13 the lysis 
proteins from group 1 and 3 colicin clusters are easily distinguished, as are their colicin 
and immunity sequences. Lysis DF 13, a member of the group 3 colicin clusters, un- 
expectedly shares 76% of its residues with lysis El and, on average, only 44% with the 
group 3 lysis proteins. In addition, lysis proteins E2 and E3 are identical and thus fall 
together on the lysis tree, while the corresponding E2 and E3 colicin and immunity 
proteins are well separated on their respective trees. These discrepancies between the 
lysis, colicin, and immunity trees are suggestive of recombination events moving lysis 
genes between colicin clusters. 

Two features of lysis-protein evolution are revealed in this analysis. First, lysis 
proteins are more conserved over all groups of colicin clusters when compared with 
the colicin and immunity proteins. Although certain pairs of colicin proteins may 
show higher levels of sequence similarity than does the average pair of lysis proteins, 
all of the lysis-protein sequences, save those of colicin V, can be aligned. In contrast, 
in only one case can colicin proteins from different groups be aligned. This suggests 
either that the lysis proteins have shared a more recent common ancestor than have 
the immunity and colicin proteins or that the lysis proteins have experienced very 
similar selective constraints resulting in the maintenance of a common core of amino 
acids. If we allow for the caveat that the colicin, immunity, and lysis trees were not 
constructed with the same set of sequences, the phylogenies indicate several instances 
in which recombination has apparently occurred between colicin clusters, resulting 
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in the movement of lysis genes between clusters. There are two instances (lysis 
E 1 /DFl3 and lysis E2/E3) where significant disparity between the trees occurs. 

Molecular Mechanisms of Colicin Cluster Evolution 

Three conspicuous features of colicin cluster evolution are revealed by the se- 
quence comparisons described above. First, although the phylogenies for the colicin, 
lysis, and immunity proteins broadly agree, several discrepancies between the lysis 
and colicin trees suggest that recombination or some other mechanism of rearrange- 
ment of the colicin-related genes occurs. The observation of additional colicin, lysis, 
and immunity sequences flanking the E-series colicin clusters supports this suggestion. 
Second, the patterns of domain-restricted sequence similarity and differences among 
colicin proteins implicate a more restricted form of transfer, i.e., intragenic recom- 
bination, generating novel colicin functions. Finally, in light of the varying levels of 
sequence conservation observed for the three proteins, natural selection has acted 
quite differently on these proteins. 

The second half of this review explores the molecular mechanisms underlying 
these and related features of colicin evolution. These mechanisms are shown to include 
those acting (1) at the level of the plasmid, e.g., plasmid transfer between hosts, and 
subsequent plasmid cointegration; (2) at the level of the cluster, e.g., transposition- 
and recombination-mediated movement of genes and clusters; (3) at the level of the 
gene, e.g., intragenic recombination between colicin domains; and (4) at the level of 
the protein, e.g., positive selection for colicin diversification. 

Co1 Plasmid Transfer 

Many Co1 plasmids encode the information required for movement between 
strains of Escherichia coli (Pugsley 1984). With few exceptions, the high-molecular- 
weight (HMW) Co1 plasmids (e.g., Co1 Ia, Co1 V, and Co1 M plasmids) are self-trans- 
missible through conjugation mechanisms. The low-molecular-weight (LMW) Co1 
plasmids (e.g., Co1 E 1, Co1 E2, and Co1 A plasmids) often encode mobilization factors 
that enable them to transfer during the conjugation process governed by HMW plas- 
mids. Although the presence of these transfer systems implies that Co1 plasmids can 
move between host strains, there are few documented cases of Co1 plasmid movement 
outside laboratory settings. One study (Riley and Gordon 1992) suggests that certain 
classes of Co1 plasmids may exist in a long-term stable association with particular 
hosts. Thus, the frequency of successful Co1 plasmid movement may be quite low. 

However, there are examples in which movement of Co1 plasmids between E. 
coli hosts is clearly implicated. Achtman et al. ( 1983) report several instances of multiple 
Co1 plasmids in a single E. coli host. Since these plasmids have also been found singly 
or with different plasmids in different hosts, these cases likely represent plasmid move- 
ment. A second example is provided by the Co1 B and M plasmids, which have been 
isolated both individually in separate hosts and as a cointegrate Co1 B:M plasmid 
(Thum et al. 1988). The process of cointegration requires that the plasmids coexist 
within the same host, and thus cointegration must have been preceded by the transfer 
of one or both plasmids. 

The frequency with which transfer of Co1 plasmids occurs under laboratory set- 
tings, although variable, is quite high, on the order of 1 X lop6 transfers/cell/generation 
(author’s unpublished data). However, the rate of conjugation or mobilization under 
more natural conditions is likely to be many orders of magnitude lower (Gordon 
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1992). Thus mechanisms exist enabling Co1 plasmids to move between strains of E. 
cobi, although the,frequency of successful movement remains to be established. 

Co1 Plasmid Cointegration 

The co-occurrence of Co1 plasmids in a common host provides the opportunity 
for subsequent rearrangement at the plasmid level. One form of rearrangement involves 
the cointegration of unrelated plasmids. The process of cointegration is well docu- 
mented in the evolution of antibiotic resistance-encoding plasmids (Broda 1979, p. 
16). A similar process has been invoked to explain the presence of colicins B and M 
on the same plasmid (Thum et al. 1988). Although this is the only reported example 
of Co1 plasmid cointegration, previous studies were not designed to distinguish between 
cointegration and a more localized form of recombination. Therefore, the importance 
of this mechanism in the evolution of Co1 plasmids cannot be assessed. However, the 
fact that Co1 plasmid cointegrates may be selectively maintained is suggested by data 
that indicate that the cointegrate Co1 B:M plasmid is the dominant form of these Co1 
plasmids found in natural populations of E. coli isolated from chickens (M. A. Riley 
and C. Buscher, unpublished data). Thus, cointegration may play a major role in 
generating novel combinations of colicin clusters on which selection can act. 

Transposition-mediated Movement of Colicin Cluster Sequences 

Two mechanisms exist enabling a more localized movement of colicin sequences 
between Co1 plasmids: transposition and recombination. Although efforts have been 
made to identify the presence of transposable elements flanking colicin clusters or 
individual colicin-related sequences, only a single case has been reported. A degenerate 
transposon-like structure has been observed in the Co1 E9 plasmid (Lau and Condie 
1989). This element is located within the coding sequence of the partial E5(E9) colicin 
gene present on the Co1 E9 plasmid. The authors suggest that the Co1 E9 plasmid is 
the result of a cointegration event between a Co1 E9-like plasmid and a Co1 ES-like 
plasmid. The transposable element subsequently inserted into the E5 colicin gene, 
resulting in inactivation of the protein. Thus the result of the transposition event was 
not to create a new combination of colicin-related genes but to modify a preexisting 
combination. Despite efforts to find additional evidence of transposable elements, no 
further cases have been reported. 

Recombination Within and Between Colicin Clusters 

In contrast to transposition, recombination has clearly played a role both in the 
generation of new combinations of domains within colicin genes and in the generation 
of new combinations of genes within colicin clusters (Pugsley 1987; Roos et al. 1989). 
The most dramatic example of recombination involved in the generation of novel 
colicin proteins is provided by colicin B. The N-terminal 3 13 residues of colicin B are 
almost identical to those in colicin D (Roos et al. 1989). This similarity is reflected at 
the DNA level which, with 94% of the 5’ nucleotides identical, suggests that the two 
colicins shared a common ancestor on the order of 32 Mya, if we employ both an 
estimate of 0.16 hits/synonymous site for these sequences and an estimate on the 
order of 1 X 10V9 substitutions/synonymous site/Myr for the rate of synonymous 
substitution in E. coli (Ochman and Wilson 1987). As a point of reference, E. coli 
and Salmonella are estimated to have diverged on the order of 130- 160 Mya (Ochman 
and Wilson 1987). Although this estimate of colicin divergence is clearly quite rough, 
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it is useful when comparing the relative ages of different colicins and colicin-related 
sequences. 

As sequences 5’ to the coding region in colicin D have not been determined, the 
5’ boundary of this inferred recombination event between colicins B and D cannot be 
established. However, the distinction between similar and differing regions at the 3’ 
boundary is quite pronounced. The C-terminal sequences of these clusters bear no 
detectable similarity at either the protein level or the DNA level (fig. 1). This abrupt 
transition between similar and dissimilar sequences argues for the horizontal transfer 
of sequences between the Co1 B and D plasmids. 

The pattern of recombination in colicin B is even more complex. Schramm et 
al. (1987) suggest that intergenic recombination will explain the origin of a 294-nu- 
cleotide sequence that is upstream of the structural genes of colicins B and El and 
that is 85% similar (fig. 1). The 5’ boundary of this stretch has not been established. 
The 3’ boundary occurs abruptly at the 5’ end of the colicin genes. Colicins E 1 and B 
show no detectable similarity at the protein and DNA levels over the N-terminal two- 
thirds of their sequences. The recombination event involving colicins B and El is 
estimated to have occurred on the order of 32 Mya, i.e., quite close in time to the 
event involving colicins B and D. 

Indications of further recombination events for colicin B have been described. 
Schramm et al. (1988) note that 52% of the nucleotides in the A and B immunity 
sequences are identical. This similarity extends through a short intergenic region and 
into the 3’ end of the colicin genes. On average, 65% of the nucleotides are identical 
throughout this region; however, numerous indels are required to obtain this level of 
identity. No additional regions of similarity are detected 5’ or 3’ to this block of sequence. 
The unique presence of such high levels of identity has been invoked as support for 
the idea of a common origin of the carboxy-terminal domain for these two colicins 
(Pugsley 1987; Schramm et al. 1988). Colicins A and B are estimated to have shared 
a common ancestor on the order of 95 Mya, placing this recombination event prior 
to those involving colicins D and E 1. 

Thus, colicin B is composed of three segments: the El-like upstream region, the 
D-like N-terminal and central region, and the A-like carboxy-terminal region (Pugsley 
1988; Schramm et al. 1988; Roos et al. 1989). Recombination is the most likely 
explanation for this patchwork of similarities and differences. 

Recombination has also been invoked to explain the generation of new combi- 
nations of colicin, lysis, and immunity genes. The E-series colicins reflect the fluid 
nature of colicin cluster composition (Chak and James 1984; James et al. 1987; Chak 
et al. 199 1). For example, colicin clusters E3 and E6 each have an additional immunity 
gene (Chak and James 1984, 1986) which shows 93% and 97% sequence identity, 
respectively, with the E8 immunity gene. This identity ends just 5’ to the immunity 
genes in both E3 and E6 but extends in the 3’ direction through the E3 and E6 
lysis genes. 

Several additional examples of likely recombination events exist. The lysis genes 
of colicins E 1 and DF13 have 7 1% amino acid sequence identity nested within a 
several-kilobase-long region that cannot otherwise be aligned. Although lysis genes 
are, in general, highly conserved, the average pairwise comparison of lysis proteins 
reveals 45% amino acid sequence similarity. Thus, the lysis proteins for colicins El 
and DF 13 clearly reflect a more recent common ancestry, on the order of 30 Mya. 

A further example is provided by comparing the E5(E9) lysis gene on the Co1 E9 
plasmid with the “true” colicin E5 lysis gene (fig. 1). In this example, the similarity 
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between the E9 and E5 clusters extends upstream from the E5(E9) lysis gene into a 
partial E5(E9) colicin gene and downstream through the remainder of the 888 bp 
sequenced. Eighteen nucleotide differences in total are detected over this entire region. 
As mentioned previously, Lau and Condie (1989) suggest that this similarity resulted 
from a fusion of E9-like and ES-like ancestral plasmids. However, a more localized 
form of recombination cannot be rejected. Further, they suggest that the lysis gene, 
which is so highly conserved between most colicin clusters, may serve as a hot spot 
for much of the observed recombination between colicin clusters. Thus recombination 
clearly plays a role in generating colicin-cluster and colicin-protein diversity. This 
finding suggests that, even if Co1 plasmid transfer is infrequent in the wild, there is 
sufficient movement for recombination between colicin clusters to play a dominant 
role in the origin of novel combinations of colicin, lysis, and immunity genes. 

Diversifying and Purifying Selection 

Colicin, immunity, and lysis genes display quite different levels of nucleotide and 
amino acid sequence divergence. In this section the importance of diversifying and 
purifying selection in producing these wide-ranging levels of diversity is discussed. 

Colicin clusters Ia and Ib provide the most dramatic example of these two con- 
trasting forms of selection. A comparison of the rates of divergence between the Ia 
and Ib clusters is provided in figure 4A. The average number of substitutions per site 
is indicated separately for coding and noncoding regions of the cluster and, within a 
gene, for synonymous and nonsynonymous sites. On the basis of the level of substi- 
tution at synonymous sites in the 5’ half of the colicin gene, it is estimated that Ia and 
Ib shared a common ancestor on the order of 8.7 Mya. However, during that relatively 

A. 
orf colicin imm orf 

5’ 3’ 

Dt= 0.0 +o.o O.Ol+ 0.0 0.56+ 0.0 1.28+ 0.02 0.02+ 0.0 
Ds= 0.0 +o.o 0.05+ 0.0 1.77+ 0.06 1.14+ 0.06 0.04+ 0.0 
Dn= 0.0 i-o.0 O.Ol+ 0.0 0.42+ 0.0 1.33+ 0.03 O.Ol+ 0.0 

Di= 0.03+ 0.0 1.13+ 0.18 0.21+ 0.0 0.05+ 0.0 

B. 
colicin im,m imm 

5’ 3’ 
1YS 

Dt= 0.0 +o.o 0.46+ 0.0 0.13+ 0.0 0.03+ 0.0 0.08+ 0.0 
Ds= 0.2 +o.o 0.014 + 0.01 0.34+ 0.02 0.20+ 0.0 0.18+ 0.01 
Dn= 0.0 +o.o 0.06+ 0.0 0.07+ 0.0 0.03+ 0.0 0.04+ 0.0 

Di= O.Ol+ 0.0 0.09+ 0.01 o.oa+ 0.0 0.04+ 0.0 

FIG. 4.-Comparison of substitution rates across colicin clusters. Dt = average no. of substitutions/ 
site, averaged over all sites; Ds = no. of substitutions/site, averaged over synonymous sites; Dn = no. of 
substitutions/site, averaged over nonsynonymous sites; and Di = no. of substitutions/site, averaged over 
intergenic sites. All other abbreviations are as in fig. 1. Colicin clusters are not drawn to scale. Numbers in 
parentheses are the no. of base pairs compared (indels excluded). A, Colicin clusters Ia and Ib. B. Colicin 
clusters E3 and E6. 
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short period of time, the Ia and Ib immunity genes and the immunity-binding region 
of the colicin genes have diverged at a rate several orders of magnitude faster than has 
the remainder of this region (refer to fig. 4). For example, the level of synonymous 
substitution is roughly 30 times higher in the immunity gene than in either the 5’ half 
of the colicin gene or the 5’ and 3’ open reading frames (ORFs). 

How do we account for these varying levels of substitution across the cluster? 
One hypothesis is that there is a relaxation of purifying selection in the immunity 
gene and in the immunity-binding region. However, this hypothesis does not account 
for the decreased level of substitution observed in noncoding sequences 5’ to the colicin 
gene and 3’ to the lysis gene, which should show a similar relaxation of function as is 
seen in the silent sites in both the immunity gene and the immunity-binding region 
of the colicin gene and in the noncoding region between them. Further, it does not 
make biological sense, as it has been shown that the immunity protein and the im- 
munity-binding region of the colicin protein must interact to produce immunity- 
that is, functional constraints must exist in these proteins. 

Closer examination of the Ia and Ib colicin cluster sequences reveals no sharp 
boundaries between these regions of high and low sequence divergence. Thus, a single 
recombination event introducing a novel sequence in one or both clusters is also not 
a sufficient explanation for the varying levels of divergence observed between the 
colicin and immunity proteins. Multiple recombination events could generate the 
observed gradual transition between conserved and divergent sequences. However, in 
light of the 99% DNA sequence identity observed between the 5’ and 3’ flanking ORFs, 
it is unlikely that there has been enough time for multiple recombination events to 
have occurred, unless conjugation and recombination rates in natural populations are 
at least three orders of magnitude higher than anticipated (Gordon, 1992). Further, 
it is also unlikely that some very restricted mutator phenomenon, acting over a narrow 
window, can account for the pattern observed, particularly as the identical pattern is 
observed in multiple, unrelated colicin clusters (see below). 

The observed function of the immunity protein is to bind to the immunity- 
binding region of the colicin protein, providing specific immunity to the host cell. 
One can envision a form of positive selection that would preserve novel immunity 
variants as they arise in newly diverging colicin clusters. For example, in the early 
stages of divergence between Ia and Ib, mutations that generate a distinct immunity 
function in the Co1 Ia plasmid and/or the Co1 Ib plasmid would be selected for. Sub- 
sequent mutations in both the immunity gene and immunity-binding region of the 
colicin gene, mutations that exaggerate differences in immunity function and ensure 
proper binding to the colicin, would likewise be selected for. I will call these “clusters” 
of selected sites, as it is essential that they occur almost simultaneously to ensure 
proper immunity function. This form of positive selection would likely be quite strong 
during the early stages of diversification, when the colicin clusters are most similar, 
resulting in a very rapid accumulation of clusters of substitutions at nonsynonymous 
sites in both the immunity gene and immunity-binding region. Further, mutations 
that occur at synonymous and noncoding positions in this region will accumulate at 
elevated levels because of to a hitchhiking effect; that is, as clusters of mutations are 
held in the population by positive selection, neutral mutations in the region will ac- 
cumulate because of their tight linkage to the selected sites (Strobeck 1983). This form 
of accelerated divergence is analogous to the diversifying selection hypothesized at 
histocompatability loci in mammals (Hughes and Nei 1988, 1989). This form of se- 
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lection cannot simply involve selection for rare variants, as this process would result 
in decreased, rather than increased, levels of divergence at silent and noncoding sites. 

A second example of this same form of positive selection is illustrated by colicin 
clusters E3 and E6, which are 93% identical over a region including the colicin, im- 
munity, and lysis genes. The E3/E6 sequences display the same pattern of increased 
levels of divergence in the immunity gene and immunity-binding region as are observed 
for Ia and Ib (fig. 4B). Indeed, the remaining E-series colicin clusters reveal the same 
pattern of divergence (not shown). 

This pattern of accelerated divergence of the immunity gene and the immunity- 
binding region of the colicin gene suggests that some form of positive selection has 
played a role in the origin and diversification of colicin clusters. Further, because of 
the presence of the conserved sequences flanking the regions under selection, it seems 
reasonable to assume that this process of divergence occurs quite rapidly. Thus, a 
combination of (a) frequent recombination events generating novel combinations of 
colicin functional domains and colicin clusters and (b) their subsequent, rapid diver- 
gence through the action of positive selection may help to explain the diversity of 
colicins in natural populations of E. coli. 
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