
J Mol Evol (1994) 39:129-133 Journal 
of Molecular 
Evolution 
© Springer-Verlag New York Inc. 1994 

Genetic Variation in IncI1-ColIb Plasmids 

Francisco Jos6 Ayala, Dan E. Krane,* Daniel L. Hartl 

Department of Organismic and Evolutionary Biology, Harvard University, 16 Divinity Avenue, Cambridge, MA 02138, USA 

Received: 17 December 1993 / Revised and accepted: 7 February 1994 

Abstract. Nucleotide sequences of portions of three 
plasmid genes (cib, cir, and abi) present in IncI1-ColIb 
colicin plasmids obtained from strains of Salmonella ty- 
phimurium isolated in either 1974 (Barker strains) or be- 
tween 1935 and 1941 (Murray strains) were examined 
along with sequences of the chromosomal gene for 6- 
phosphogluconate dehydrogenase (gnd). Our principal 
findings were: (1) The plasmid genes were virtually 
identical to those in IncIl-ColIb plasmids from E. coli, 
suggesting that Salmonella and E. coli share overlapping 
pools of these plasmids. (2) The plasmid genes were 
much less polymorphic than gnd or any other known 
chromosomal gene from Salmonella, further suggesting 
horizontal transfer with rapid transmission and turnover. 
(3) No characteristic differences were found in either the 
plasmid genes or the chromosomal gene between the 
1974 isolates and the Murray strains, indicating that 
these plasmids have been stable for at least several 
decades. (4) There was an excess of amino-acid re- 
placement polymorphisms, relative to synonymous poly- 
morphisms, in the plasmid genes, which is consistent 
with the hypothesis of diversifying selection among co- 
licin-producing plasmid families. (5) The abi (abortive 
infection) gene present in each of the plasmids con- 
tained two single-nucleotide insertions relative to the 
published sequence. These result in a putative abi pro- 
tein of 114 amino acids instead of 89. 
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Introduction 

The colicin plasmids comprise a diverse group of plas- 
raids containing genes that code for proteins toxic to 
bacteria as well as genes conferring specific immunity 
to the host which produces those toxins (Konisky 1982). 
The distribution and abundance of colicin plasmids have 
been characterized in both S. typhimurium (Barker 1980) 
and E. coli (Riley and Gordon 1992). Approximately 
12% of natural isolates of S. typhimurium (Barker 1980) 
and 35% of a reference collection of natural isolates of 
E. coli (Riley and Gordon 1992) produce colicins; 
among the most frequent colicin classes are ColIa and 
ColIb. Colicins specifying related bacterial toxins are 
identified by the presence of crossqmmunity. At present, 
approximately 20 distinct types of colicins have been 
identified (Pugsley 1985; Riley 1993a). 

Colicins that are related physiologically are encoded 
in genes that are similar in nucleotide sequence. Com- 
parisons of pairs of related colicin operons in three dif- 
ferent colicin families (colicins E3 vs E6, E2 vs E9, and 
Iavs Ib) yielded nucleotide-sequence identities ranging 
from 85 to 96% (Riley 1993b). In comparing the rates 
of synonymous, nonsynonymous, and intergenic nu- 
cleotide substitution in these three pairs of closely re- 
lated colicins, Riley (1993b) observed an excess of non- 
synonymous substitutions in the immunity gene and in 
the immunity-binding domain of the colicin gene. The 
excess of amino acid replacements, relative to synony- 
mous nucleotide substitutions, was hypothesized to re- 
sult from selection for diversity inthe immunity protein 
and in the immunity-binding region of the colicin (Ri- 
ley 1993a,b). 

The present analysis was carried out, in part, to de- 
termine whether independent plasmid isolates coding for 
a particular type of colicin also show an excess of 
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amino-acid replacement  polymorphisms,  relative to syn- 
onymous  po lymorphisms .  The study also addresses the 
issue of  nucleot ide  divers i ty  among genes present  in 
p lasmids .  Mos t  previous  work  on p lasmid  po lymor -  
phisms has been b iased  toward  f inding divers i ty  be- 
cause the studies have focused on isolates of  p lasmids  
that differ  in one or more phenotypic  attributes. For  
example ,  regions of  several  genes suspected to be re- 
sponsible  for the divers i ty  of  p lasmid  phenotypes  have 
been sequenced and compared  f rom a wide range of  F- 
related p lasmids  (Finlay et al. 1986a-c) .  The level  of  
D N A  sequence identi ty in these regions ranged from 68 
to 100%. These data contrast  with studies of  several  

types  of  t r ansposab le  inser t ion  sequences  (IS) indi-  
ca t ing  l i t t le  or no gene t ic  va r i a t i on  wi th in  spec ies  
(Lawrence et al. 1992; Bisercic  and Ochman 1993), a 
result  at tr ibuted to rapid  turnover  and p lasmid-media t -  
ed horizontal  t ransmission of  IS e lements  (Lawrence et 
al. 1992). Hence,  a reduced level  of  genetic variat ion in 
plasmid genes, relative to chromosomal  genes, might al- 
so be expected.  

We have examined  nucleot ide-sequence  var ia t ion in 
three genes in conjugat ive  p lasmids  of  the incompat i -  
bi l i ty  group IncI1 containing the ColIb col icin operon. 
The plasmids  were present  in strains of  Salmonella ty- 

phimurium obtained as natural isolates either from Scot- 
land in 1974 (Barker 1980; Barker  et al. 1980) or from 
g e o g r a p h i c a l l y  d i v e r s e  l o c a t i o n s  and c o l l e c t e d  by  
E.D.G. Murray  in 1935-1941 (Hughes and Datta  1983; 
Jones and Stanley 1992). The lat ter  strains represent  
those of  the preant ibiot ic  era and so provide  an oppor-  
tunity to detect  evolut ionary  changes in p lasmid  genes 
over  a per iod  of  approximate ly  40 years.  The p lasmids  

were chosen solely because  they were IncI1-Col lb  and 
so have not been prese lec ted  for phenotypic  or genetic 
diversi ty.  The loci  analyzed were cib, cir, and abi. The 
cib and cir loci  are t ight ly l inked and code for the co- 
l i c in  Ib tox in  and i m m u n i t y  p ro te ins ,  r e s p e c t i v e l y  
(Mankovich  et al. 1986); the abi locus codes for the 
abortive-infection protein that is responsible for abortive 
infect ion by the bacter iophages  BF23 or T5 (Gupta and 
McCorquoda le  1988). W e  also examined  sequences of  
the chromosomal  gene, gnd, coding for 6-phosphoglu-  
conate dehydrogenase ,  from the same bacter ia l  strains. 

Materials  and Methods  

Bacterial Strains and Plasmids. S. typhimurium strains M102, M140, 
M303, M496, M498, and M501 from the Murray collection were ob- 
tained from Dr. John Stanley and the National Collection of Type Cul- 
tures, London. M140 was added to the Murray collection in 1935; the 
other strains were added in 1941. The Murray strains are sometimes 
referred to as preantibiotic era (PAE) strains (Hughes and Datta 1983; 
Jones and Stanley 1992). The IncI1-ColIb plasmids in the strains 
were identified by Jones and Stanley (1992). More recent S. ty- 
phimurium strains 205/74 (biotype 17g) and 375/74 (biotype 9f) were 
collected in 1974 from water in Glasgow and from a cattle farm in 

Wigtownshire, respectively, and characterized by Barker et al. (1980). 
These strains were provided by Dr. Jordan Konisky. 

DNA Amplification. Oligonucleotide primers for the polymerase 
chain reaction (PCR) and for DNA sequencing were designed from 
published sequences of cib and cir (Mankovicb et al. 1986), abi 
(Gupta and McCorquodale 1988), and gnd (Reeves and Stevenson 
1989) using the OLIGO 4.0 program for Macintosh (Rboads and 
Rychlik 1989). The following PCR primers were used: for the region 
containing parts of the cib and cir loci, 5'-AAGCAGTTAATTC- 
ATTTGTTT-3' and 5'-ACAGGAGCACCTCCGTTCCAT-3'; for the 
abi locus, 5'-ACAGGAGGATGCGAATGAACA-3' and 5'-GCGT- 
TGCGGCTACTTACTTTA-3'; and for the grid locus, 5'-GAGTAT- 
GTAATGTCCAAGCAA-3' and 5'-CTCAGCTCGCCGTTATTC- 
CAC-3'. 

The optimal annealing temperature of each primer pair was esti- 
mated using the OLIGO-4.0 program. Following amplification (Sai- 
ki et al. 1988), the PCR products were purified by diluting the 30-~tl 
reaction volume to a final concentration of 100 gl with distilled and 
dionized HaO, followed by phenol extraction, precipitation in the 
presence of 2.5 M sodium acetate and one volume of absolute ethanol, 
and washing with 70% ethanol (Sambrook et al. 1989). 

DNA Sequencing. Sequencing of PCR products was performed 
with an Applied Biosystems model 373A automated DNA sequenc- 
ing system using the Taq DyeDeoxy terminator cycle-sequencing kit 
using reaction conditions and other methods recommended by the 
manufacturer. Organic contaminants were removed by means of the 
phenol-chloroform extraction protocol provided with the sequencing 
kit. Both strands of all regions were sequenced in their entirety. Se- 
quences were aligned and analyzed by hand. 

Nucleotide sequences from the following regions (numbered ac- 
cording to the published sequences) were determined: for the cib lo- 
cus, sites 1399-1519, 1640-1716, 2244-2520, 2568-2598, and 
2601-2621 (total 527 bp); for the cir locus, sites 3057-3163 and 
3201-3260 (total 167 bp); for the abi locus, sites 1343-1508 (total 166 
bp); and for the gnd locus, sites 235-385 (total 151 bp). All strains 
were sequenced in these regions except strain 205/74, in which the 
abi and gnd regions were not analyzed. Nucleotide sequence was al- 
so determined for the abi locus between sites 1509 and 1617 in strain 
M140 and sites 1509-1596 in strain M496. 

Results 

Nucleotide-Sequence Variation 

Analysis  of  nucleotide variat ion in the IncI 1-ColIb plas- 
raids was based  on approx imate ly  7 kb of  sequence 
from three p lasmid  genes in IncI1 p lasmids  present  in 
two strains isolated in 1974 as well  as in I n c l l  plasmids 
present in six Murray strains isolated in 1935-1941. The 
sequenced regions included 527 nucleot ides  of  cib (the 
colicin Ib structural gene), 167 nucleot ides  of  cir (the 
col icin Ib immuni ty  gene), and 166 nucleot ides  of  abi 

(abort ive infect ion gene). For  comparison,  a region o f  
approximate ly  150 nucleot ides  was de termined for the 
chromosomal  gene gnd, coding for 6-phosphogluconate  
dehydrogenase ,  in the same strains. 

The po lymorph ic  nucleot ides  in each of  the three 
plasmid loci, as well  as in the gnd locus, are summarized 
in Fig. 1, in which the nucleot ides  are classif ied ac- 
cording to posit ion,  type of  nucleot ide change, and ef- 
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Locus 

cib 

Ztrain 

M M M M M M 
2 3 1 1 3 4 4 5 

0 7 0 4 0 9 9 0  

Site 5 5 2 0 3 6 8 1 Type 
1404 C . . . . . . .  A Rep 
1655 G A . . . . .  Syn 
2420 T . . . .  C Syn 
2428 T . . . . .  C Rep 
2432 T C C C C Syn 
2455 A G . . . . . . .  Rep 
2484 G T . . . .  Rep 
2514 G A . . . .  Rep 
2570 A T T T T T T T T Rep 
2597 A C . . . .  Rep 

Table 1. Genetic variation in Incll-ColIb plasmid genes and grid 

Locus K a ~+ SE ~b + SE 

cib 0.019 ± 0.006 0.005 ± 0.039 
cir 0.030 _+ 0.013 0.009 + 0.056 
abi 0.018 _4- 0.010 0.005 ± 0.049 
gnd 0.080 -+ 0.022 0.030 -+ 0.105 

a Proportion of polymorphic nucleotides in the sample _+ binomial 
standard error 
b Average number of nucleotide differences per site between ran- 
domly chosen pairs of alleles _+ standard error (Nei 1987, p 276) 

cir 

abi 

gnd 

3063 

3084 

3103 

3126 

3139 

>1354 

1366 

1442 

237 

240 

252 

261 

276 

282 

300 

330 

353 

371 

378 

A . . . . .  G Rep 
T C . . . . . . .  Rep 
A C C C Rep 
A C . . . . . . .  Rep 
T C . . . . . . .  Syn 

- T T T T T T T 
T A . . . .  Rep 
T G G G . . . .  Rep 

T . . . . . .  C Syn 
. . . . . .  C Syn 

C . . . . .  T Syn 
G C C Syn 
A T T Rep 
C T T Syn 
C T T T Syn 
T C . . . . . .  Syn 
A . . . . . .  G Rep 
G . . . . .  C Rep 
T G . . . . . .  Sy n 

381 T G G . . . .  Syn  

Fig. 1. Site refers to the numbering of the nucleotides in the pub- 
lished sequences of Mankovich et al. (1986) for cib and cir, Gupta and 
McCorquodale (1988) for abi, and Nasoff et al. (1984) for gnd. Nu- 
cleotides identical to the published sequences are indicated by dots. 
Type (replacement of synonymous) refers to the effect on the amino 
acid sequence. The symbol >1354 in the abi gene indicates a single 
nucleotide insertion following site 1354. 

fect on amino acid sequence (replacement difference vs 
synonymous difference). The proportion of polymorphic 
nucleotides (K) in each gene is summarized in the sec- 
ond column in Table 1. All three plasmid genes are 
polymorphic: taken together, the three plasmid genes 
have K = 0.021 + 0.005. The third column in Table 1 
summarizes the polymorphism data in terms of  the nu- 
cleotide diversity, r~, which is the average number of nu- 
cleotide differences per site between two randomly cho- 
sen alleles. The nucleotide diversity has the convenient 
property that it is independent of  both sample size and 
total number of sites (Nei 1987, p 256). The weighted 
average ~ for the three plasmid loci (weighted by the 
reciprocal of  the estimated variance) is 0.007 l. 

There is a difference in character of  the polymor- 
phisms, as well as in the level, between the plasmid and 
chromosomal genes. In particular, the proportion of re- 
placement polymorphisms is significantly greater in the 
colicin genes cib and cir than in the chromosomal gene 
gnd (Fig. 1; X 2 = 6.2, P < 0.02). This difference sug- 
gests either relaxed selective constraints on the amino 

acid sequence of the colicin genes or positive selection 
for amino acid diversity. 

Plasmids from 1935-1941 Isolates vs 1974 Isolates 

There are some pairs of  duplicates in the Murray strains 
(Hughes and Datta 1983), and so a serious considera- 
tion a priori was whether the strains added to the col- 
lection at the same time and with similar numbers might 
be duplicates of  the same isolate. This consideration 
would especially include strains M496, M498, and 
M501, which were all added to the collection in 1941. 
However, the D N A  sequencing results clearly indicate 
that the strains are different. Not only does the gnd 
gene differ in all three strains, but so does cib (cir also 
differs between M496 and M498/M501). 

There are no characteristic differences in any of  the 
plasmid genes between the 1974 Scotland isolates and 
the Murray strains. For example, dendrograms of the 
strains constructed from the plasmid genes by means of  
the unweighted pair-group method using arithmetic av- 
erages (UPGMA), as implemented in the Clustal V pro- 
gram (Higgins et al. 1992), showed no grouping of the 
1974 isolates apart from the Murray isolates (data not 
shown). 

The UPGMA dendrograms also showed no tenden- 
cy to group the plasmid gene sequences determined for 
IncI1-ColIb plasmids derived from E. coli apart from the 
plasmid-gene sequences determined for IncI1-ColIb 
plasmids derived from S. typhimurium (data not shown). 
This observation provides evidence that the Incll-ColIb 
plasmid pools in E. coli and S. typhimurium are not dis- 
tinct, genetically divergent plasmid subpopulations. 

Extended Open Reading Frame in the abi Gene 

Unexpectedly, all of  the abi sequences determined in 
this study differed in a significant way from the pub- 
lished sequence, and also from a Salmonella IncI1- 
ColIb plasmid (Gupta and McCorquodale 1988). In 
particular, all sequences contain a single-nucleotide in- 
sertion relative to the published sequence, following 
nucleotide site 1354. The resulting frameshift generates 
a termination codon 33 amino acid residues from the 
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published putative initiation codon. Downstream se- 
quence determined for abi in the Murray strains M140 
and M496 revealed another single-nucleotide inser- 
t ion- -a  guanosine following nucleotide site 1 5 7 0 -  
which extends the published open reading frame by 42 
codons. The structure of the abi gene proposed by Gup- 
ta and McCorquodale (1988) was determined on the 
basis of analyses of open reading frames and the loca- 
tion of appropriate promoter signals within a 0.8-kb re- 
striction fragment known from deletion-mapping ex- 
periments to overlap the abi locus in an IncI1-Collb 
plasmid. Based on our data indicating an additional nu- 
cleotide following sites 1354 and 1570, we propose that 
the abi coding region extends from the methionine at 
site 1357 to the UAA stop codon at site 1698 (numbered 
as in Gupta and McCorquodale 1988). This open read- 
ing frame codes for a putative abi protein about 30% 
longer than that suggested by Gupta and McCorquodale 
(1988), yielding 114 amino acids vs 89. It is preceded 
by a Shine-Dalgarno sequence (GGAGG) five nu- 
cleotides upstream from the putative initiating methio- 
nine and overlaps, in frame, the proposed reading frame 
of Gupta and McCorquodale (1988) by 71 codons. Com- 
puter searches of both protein and nucleic acid databases 
performed at the National Center for Biotechnology In- 
formation using the BLAST network service failed to re- 
veal any significant homologies with the proposed al- 
ternative coding sequence for the abi gene. 

Discussion 

An analysis of genetic variation among IncI1-ColIb 
plasmids was undertaken to elucidate factors affecting 
plasmid evolution as well as the evolutionary relation- 
ships between plasmids in strains collected in 1935- 
1941 vs 1974 and those between IncI1-ColIb plasmids 
in Salmonella and E. coli. To assess the levels of nu- 
cleotide polymorphism in plasmid strains, we deter- 
mined the DNA sequences of three loci--cib, cir and 
abi--present in IncI1-Collb plasmids in isolates of S. ty- 
phimurium from 1974 and from the Murray strains. 

The level of genetic variation among the plasmid 
genes averaged K = 0.021 for the proportion of poly- 
morphic nucleotides and ~ = 0.0071 for the pairwise 
number of nucleotide differences per site. These values 
are substantially smaller than those for chromosomal 
genes in Salmonella: estimates of ~x and K for the 6- 
phosphogluconate dehydrogenase gene are rt = 0.030, 
K = 0.080 (present study); those for the glyceraldehyde- 
3-phosphate dehydrogenase gene from 16 isolates are ~t 
= 0.037 and K = 0.128 (Nelson et al. 1991); and those 
for the proline permease from 16 isolates are zt = 0.046 
and K = 0.147 (Nelson and Selander 1992). A reduced 
level of nucleotide polymorphism in plasmid genes, 
relative to chromosomal genes, would be expected from 
a high rate of plasmid turnover and horizontal trans- 

missibility. This effect is observed dramatically in the 
remarkable homogeneity of insertion sequences in E. 
coli (Lawrence et al. 1992). On the other hand, the re- 
duction may be smaller than first appears because the 
chromosomal genes that have been sequenced are 
among the most polymorphic. In general, isolates of S. 
typhimurium have limited genetic variation compared 
with E. coli (Beltran et al. 1991; Ochman and Selander 
1984), as evidenced by the fact that 76% of isolates of 
S. typhimurium have an identical electrophoretic pattern 
for each of 20 polymorphic enzyme loci (Beltran et al. 
1991). 

The average level of nucleotide-sequence divergence 
between homologous chromosomal genes in Salmonel- 
la and E. coli is 15.6% (Bisercic and Ochman 1993); 
however, the genes that were sequenced from the IncI1- 
Collb plasmids from Salmonella are not more similar 
to each other than they are to those from IncI1-ColIb 
plasmids from E. coli (Isaacson and Konisky 1974; 
Mankovich et al. 1986). This result would be expected 
if Salmonella and E. coli shared overlapping pools of 
IncI1-Collb plasmids. It should also be noted that some 
chromosomal copies of the transposable element IS 1 
found in Salmonella are virtually identical to the IS1 
found in E. coli (Bisercic and Ochman 1993), and it is 
thought that plasmids play a major role in the horizon- 
tal transmission of such elements among strains (Sawyer 
et al. 1987; Hartl and Sawyer 1988). Furthermore, no 
differences distinguishing the 1974 isolates from the 
Murray isolates were found in either the plasmid genes 
or the chromosomal genes. This result is consistent with 
the finding that many of the same plasmid incompati- 
bility groups are present among plasmids of 1935-1941 
as among those of 1974 (Jones and Stanley 1992; 
Hughes and Datta 1983). On the other hand, because 
there can be considerable sequence variation among 
genes in plasmids of the same incompatibility group 
(Finlay et al. 1986a-c), some differences in nucleotide 
sequence might have been expected. The lack of such 
differences implies that IncI1-Collb plasmids have been 
widespread in distribution and stable for at least a num- 
ber of decades. Although our data support intergeneric 
exchange of IncI1-ColIb plasmids, it should be noted 
that this is not necessarily true of all plasmids. For ex- 
ample, Mercer et al. (1984) found no evidence that 
common plasmids are transferred among E. coli lin- 
eages in nature, although such plasmids can readily be 
transferred in the laboratory. 

The levels of nucleotide polymorphism in the IncI 1- 
ColIb plasmids reported here are lower than might be 
expected from results of Riley and Gordon (1992). 
These authors used restriction enzyme digests to study 
polymorphisms among a set of either ColE1 plasmids 
and five ColIa plasmids isolated from a reference col- 
lection of E. coll. Based on the number of restriction- 
fragment differences pooled over four restriction en- 
donucleases, the nucleotide diversity among the ColE1 
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p lasmids  were  e s t ima ted  as ~ = 0 .204 _+ 0.059 (to be  

c o m p a r e d  wi th  an e s t ima ted  7r = 0.0071 for  the IncI1-  

C o l l b  p lasmids) .  The  d i v e r g e n c e  a m o n g  the Co l Ia  plas-  

mids  was  e v e n  greater :  each  had a un ique  pat tern  of  re-  

s t r ic t ion f ragments ,  and no c o m m o n  set o f  f r agmen t s  

was shared a m o n g  all  Co l I a  p lasmids .  H o w e v e r ,  the 

data repor ted  here  and those o f  Ri ley  and Gordon  (1992) 

are not  s t r ic t ly  c o m p a r a b l e  because ,  in our  data, the 

p la smids  were  se l ec ted  a pr ior i  for  be ing  I n c I 1 - C o l I b  

whereas ,  in their  study, the p lasmids  were  se lec ted  sole- 

ly based on co l ic in  type. P lasmids  se lec ted  sole ly  by co-  

l ic in  type  m a y  v e r y  we l l  be m o r e  d iverse  than those  se- 

l ec ted  by  m o r e  s t r ingent  cri teria.  A l t e rna t ive ly ,  Co lE1  

and C o l l a  p la smids  f r o m  E. coli  m a y  have  m o r e  gene t -  

ic var ia t ion  at the D N A  sequence  l eve l  than Co l Ib  plas-  

raids f r o m  S. t yph imur ium.  

T h e  h i g h e r  p r o p o r t i o n  o f  r e p l a c e m e n t  p o l y m o r -  

ph i sms ,  r e l a t ive  to s y n o n y m o u s  p o l y m o r p h i s m s ,  ob-  

se rved  in the co l i c in  and i m m u n i t y  genes  as c o m p a r e d  

with  gnd  suggests  e i ther  re laxed  se lec t ive  constraints  on 

the a m i n o  ac id  s equences  or  d ive r s i fy ing  se lec t ion  for  

var ia t ion in the col ic in  and immuni ty  genes.  Because  the 

same  pat tern  was o b s e r v e d  in three  pairs  o f  re la ted  co-  

l icin operons,  R i ley  (1993b) sugges ted  pos i t ive  se lect ion 

for  gene t ic  d ivers i ty .  The  excess  o f  r e p l a c e m e n t  sub- 

s t i tu t ions  in our  data  is cons i s ten t  wi th  the pos tu la ted  

p rocess  o f  d ive r s i f i ca t ion  a m o n g  the a l le l ic  ope rons  o f  

a s ing le  co l i c in  type  p resen t  in I n c I 1 - C o l I b  p lasmids .  
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