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ABSTRACT 
The distribution of plasmids related to the fertility factor F was examined in the ECOR reference 

collection of Escherichia  coli. Probes specific for four F-related genes were isolated and used to survey 
the collection by DNA hybridization. To estimate the genetic diversity  of genes in F-like plasmids, DNA 
sequences were obtained  for  four plasmid genes. The phylogenetic relationships among the plasmids 
in the ECOR strains is very different from that of the strains themselves. This finding supports the view 
that plasmid transfer has been frequent within and between the major groups of  ECOR. Furthermore, 
the sequences indicate that recombination between genes in  plasmids  takes place at a considerably 
higher frequency than  that observed for chromosomal genes. The plasmid genes, and by inference the 
plasmids  themselves, are mosaic  in structure with different regions acquired from different sources. 
Comparison of gene sequences from a variety  of naturally occurring plasmids suggested a plausible 
donor of some of the  recombinant regions as  well  as implicating a chi site in  the mechanism of genetic 
exchange. The relatively high rate of recombination in  F-plasmid genes suggests that conjugational gene 
transfer may  play a greater role in bacterial population structure than previously appreciated. 

N ATURAL isolates  of Escherichia coli typically harbor 
some one to five small plasmids and  one to two 

large plasmids (J~ARTL et al. 1986; SELANDER et al. 1987). 
The small plasmids are usually smaller than 7.5 kb, and 
the large ones  range from 40 to 200 kb. Among the 
large plasmids are  the fertility factor F  and  the related 
R plasmids, which are - 100 kb. The laboratory version 
of F is notable  among plasmids for to its ability, when 
integrated  into  the  chromosome, to support  the conju- 
gational transfer of chromosomal genes (reviewed  in 
WILLETTS and SKURRAY 1987). Soon after bacterial re- 
combination was first described, natural isolates  were 
examined  for  their ability to transfer chromosomal 
genes  into  the laboratory strain K-12 (CAVALLI and HES 
LOT 1949; LEDERBERG et al. 1952; LEDERBERG and TA- 
TUM 1953). In these experiments, between 3 and 14% 
of tested isolates  were found to yield recombinants. In 
retrospect,  the results of the recombination experi- 
ments are very difficult to interpret because of compli- 
cations discovered since the tests  were performed. For 
example,  F is not the only  plasmid capable of chromo- 
somal integration and conjugation. In  addition, most 
naturally occurring  F plasmids are  not as efficient in 
conjugational transfer as the laboratory F. The naturally 
occurring  F plasmids  have their transfer functions re- 
pressed owing to the action of the fertility inhibition 
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gene $no, which in laboratory F is interrupted  and 
inactivated by an insertion of  IS3. Furthermore,  the 
classical experiments  detected recombination from all 
sources including transduction and sexduction. Still an- 
other  potential bias comes from DNA restriction-modi- 
fication systems, the incompatibility of  which can 
greatly reduce or eliminate the recovery  of recombi- 
nants between otherwise fertile strains. 

Hence,  the  true prevalence of  F-related  plasmids 
among  natural isolates remains a  matter of speculation. 
In this paper, we have used current  methods of  DNA 
hybridization along with  PCR and DNA sequencing to 
detect and study  F-related  plasmids among  natural iso- 
lates comprising the ECOR reference collection of E. 
coli ( OCHMAN and SELANDER 1984). Previous studies of 
plasmids  in natural isolates  have focused on  the diverse 
set of  plasmids that  produce colicins and, in particular, 
on  the colicin and immunity genes themselves (RILEY 
1993a,b; AYU et al. 1994; RILEY et al. 1994). In surveys 
of natural isolates  of E. coli, 35% of the ECOR collection 
of 72 reference strains (RILEY and GORDON 1992) and 
51% of 234 pathogenic isolates (ACHMAN et al. 1983) 
were found to possess  colicin  plasmids. 

In  the  present study, the ECOR collection was exam- 
ined  for  the  presence of  DNA sequences  found in the 
F-related plasmids F and R1. The genes  werefino, tray 
(F type), tray (R1 type), t r d ,  and repA. The fin0 gene 
is the fertility inhibition  gene  that, when interrupted, 
derepresses  the  transfer  functions. The transfer genes 
tray (F)  and tray (Rl) code  for  a component of conju- 
gational DNA metabolism and differ substantially in 
sequence in F and R1 plasmids. The transfer  function 
traD is also implicated in conjugational DNA metabo- 
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TABLE 1 

Plasmid genes and PCR primers 

Gene Map“ Function  Primer sequenceb 

f ino  99.5-100/0 Repression of transfer F: 5’-GAAGCGACCGGTACTGACACTG3’ 
R 5’-GCCTGAAGTTCTGCCATCCG3‘ 

t r d  90.9-92.1 Conjugational DNA metabolism F: 5‘-CAGATTGCGTCCATGCGTATCG3‘ 
R 5‘-ATCACCACaCATATCACCGCGC-3’ 

tray (F) 68.2-68.8 Conjugational DNA metabolism F: 5’-AAGAlTTGGTACACGTTCTGC-3’ 

tray (Rl) 53.8-53.1 Conjugational DNA metabolism F: 5‘-GTGAGGAGGCGTAACGCGAG3‘ 
R 5’-CTTCCTCTTTATCTGCCTCCC-3’ 

R 5‘-GTTGACTCGTTCTCTTCGATC3‘ 
repA 38.0-39.9 RepFIB replicon F: 5’-TCGCTGCAAACCTTGTCACT-3’ 

R 5‘-GGAGATCCTGCGTACACTGCCT-3‘ 

a Except for tray (Rl ) ,  the position of the  gene in the laboratory  F plasmid; for tray (Rl),  the position refers to  the R1 plasmid. 
F, forward primer; R, reverse primer. 

lism but has a similar sequence in F and R plasmids. 
Finally, repA is a component of the RepFIB region  that 
serves as a secondary replicon of F, functionally dis- 
tinct  from  the primary replicon RepFIA.  RepFIB  is 
present widely among  multireplicon plasmids in the 
IncF groups (BERGQUIST et al. 1986; GIBBS et al. 1993). 
For the  probes  examined,  the  proportion of  ECOR 
strains showing hybridization ranged from 7% with 
tray (F) to 38% with $no. A total of 11 strains (15%) 
harbored  an F-related plasmid as judged from hybrid- 
ization with probes  forjinO, tral), repA, and  either tray 
(F)  or tray (Rl).  One strain  contained two distinct F- 
related plasmids. 

DNA sequence variation was also examined in por- 
tions of the $no, tray, tral), and repA regions. Compari- 
son of the relationships among  the plasmid genes with 
the relationships among  the host bacteria, as estimated 
from electrophoresis of  35  enzymes (HERZER et al. 
1990), indicates relatively frequent horizontal transfer 
of F and R  among  natural isolates. The  sequence  data 
also indicate that  the plasmid genes are mosaics formed 
by multiple recombination events between  diverse an- 
cestral genes. The  number of recombination events de- 
tected among  the plasmid genes is considerably greater 
than  that observed in chromosomal genes, hence conju- 
gational transfer and recombination is an important 
determinant of the disposition of genetic variation 
among plasmids. 

MATERIALS  AND METHODS 

Bacterial strains: The ECOR strains (OCHMAN and SEL 
ANDER 1984) were from  the set originally provided to C.W.H. 
by  R. K. SELANDER and  T. S. WHITTAM. The wild-type E. coli 
K-12 strain,  designated CGSC4401, contains an F  factor and 
is lysogenic for  phage lambda. 

PCR amplification: Primers for PCR (Table 1) and DNA 
sequencing were designed from  the known sequences ofjinO 
(MCINTIRE and DEMPSEY 1987), t r d  ( JALAJAKUMARIL and 
MANNING 1989), tray (Rl) (FINLAY et al. 1986a), tray (F) (Gen- 
Bank U01159), and  the repA gene of the RepFIB replicon 
(GIBBS et al. 1993). Following amplification, the PCR products 
were purified using the Qiaquick PCR purification kit. 

Southern blot analysis: DNA probes for each of the genes, 

fino, t r d ,  tray (Rl ) ,  tray (F) and @A, were obtained by  PCR 
and used to screen the ECOR collection by  DNA hybridiza- 
tion. The  /in0  and tray (Rl) probes were prepared using 
DNA from ECOR50 as template, whereas the  others were 
prepared using DNA from K-12  as template. The probes were 
labeled with fluorescin-conjugated  nucleotides and after hy- 
bridization were detected by the ECL  system of Amersham 
(Arlington  Heights, IL). Genomic DNA  was extracted using 
GNome DNA isolation kits from BiolOl (Vista, CA). 

DNA from the 72 ECOR strains was digested with  MluI and 
the fragments separated by agarose gel electrophoresis. The 
DNA fragments were transferred to Hybond-N nylon mem- 
branes (Amersham) for hybridization at 60” in 5X  SSC, 0.1% 
SDS and  5%  dextran sulfate. 

DNA sequences: From the  fin0  gene, 480 bp were se- 
quenced  for each of 16 ECOR strains; from t r d ,  540 bp  for 
each of 14 strains; from tray (F), 326 bp  for each of five 
strains; from tray (Rl ) ,  171 bp for each of 12 strains; and, 
from repA, the first 381 bp as  well  as 249 bp of the upstream 
region were sequenced for  each of 12 strains. Sequencing of 
the PCR products was performed with an Applied Biosystem 
model 373A automated DNA sequencing system using the 
DyeDeoxy terminator cycle sequencing kit. For the all genes, 
both strands were sequenced. 

Computer  analysis. DNA sequence data were assembled 
and  edited with the  Sequencher  program.  The phylogenetic 
analysis was conducted using MEGA (KUMAR et al. 1993),  and 
additional  programs were written and provided by T. S. WHIT- 
TAM. The  gene sequences  for  $no, t r d ,  repA, tray (R1) and 
tray (F) are available through Gen Bank accession numbers 
U50650-U50706. 

RESULTS 

DNA hybridization results: The ECOR collection of 
72 strains was initially screened by  DNA hybridization 
for  the presence of three genes characteristic of plas- 
mids related to the fertility factor F,  namely, $no, tral), 
and tray (F). Among DNA samples from the ECOR 
strains, 27 (38%) hybridized with the $no probe (Fig- 
ure 1). ECOR37 yielded two strong bands after the DNA 
was digested with either MZuI (Figure 1) or EcoRV (data 
not  shown), suggesting the possible existence of two 
F-related  plasmids. Hybridization with the tral) probe 
yielded 20 positives,  all  of  which  were  also  positive  with 
$no, but among these there were  only  five samples that 
scored positive for tray (F). This result suggested that 
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FIGURE 1.-DNA  hybridization of DNA from  72  ECOR 
strains  digested with MluI and probed with afinO PCR prod- 
uct. Lanes 1-72 contain digests of DNA from the ECOR 
strains  (EC1-EC72). A sample  from E. coli K-12 is also  in- 
cluded. 

plasmids bearing genes similar to those of F  are com- 
mon among  the ECOR strains but  that  the plasmids are 
not identical. 

Because certain resistance transfer factors, such as 
R1,  have a f in0 gene closely related  to that of F but 
have a traygene  that is not only much  more  divergent 
but also of a  different size, PCR primers were used to 
amplify a  segment of the  tray  (Rl)  gene  and used to 
probe  the ECOR DNA samples. In  a further effort  to 
determine  the  relationship of the putative conjuga- 
tional plasmids present in these  strains, hybridization 
with a probe  for  the repA gene of the RepFIB second- 
ary replicon was also carried  out. The  tray  (Rl)  probe 
gave a positive signal with 13 (18%) of the ECOR 
strains, all of which had also tested positive for  fino. 
The strain ECOR37, which had given evidence of two 
fin0 genes, tested positive for  both  tray  (F)  and  tray 
(Rl) ; this strain  apparently has two F-related plasmids. 
No other strains tested positive for  both  tray  (F)  and 
tray (Rl). Relative to the repA gene of  RepFIB,  20 
strains (28%) were positive, and all of these were also 
positive for  fino. 

The hybridization data  are summarized in Figure 2. 
As additional evidence for  the presence of the plasmid 
sequences detected by hybridization, DNA samples 
from the ECOR strains were  used  as templates in PCR 
for each of the probes. The results were  completely 
concordant with the hybridization results  in Figure 2 
except that DNA from strain ECOR70 did not  support 
amplification with the f in0 primers, possibly  because 
the fin0 gene in this strain has excessive mismatches 
with the primers. 

For the sake  of concreteness, we will designate plas- 
mids that  are positive for the  probesfino, tray (F), t r d ,  
and repA as “F” and those that  are positive for the 
probes fino, tray (Rl), t r d ,  and repA as  “R.” These 
designations are not  intended  to be definitive for each 
type  of  plasmid but serve  only to identify  which  type  of 
tray  gene it contains, either  tray (F) or tray Rl). In 
terms of this restricted operational definition of F  and 
R plasmids, the ECOR collection contains four  F  and 
eight  R plasmids  in 11 strains (ECOR37 contains one 
representative of each).  The prevalence of F  and R 
plasmids is therefore 6 and 1196, respectively,  in the 
ECOR collection. Four strains contained plasmids that 
scored positive forfin0, t r d ,  and repA but were  negative 
for both tray probes. The plasmids  in these strains may 
be F-related plasmids  with divergent tray genes and, if 
they are  included,  the overall prevalence of  F-related 
plasmids  is 15/72 = 21%. 

The distribution of F  and  R plasmids  in  Figure 2 is 
not completely random. The plasmids are  underrepre- 
sented in strains of the  groups A and B2; the majority 
of the  F and R plasmids are  found in the groups B1, 
D, and E. Although more than half  of the ECOR collec- 
tion is made up of strains in the A and B2 groups (25 
and  15 strains, respectively), these groups account for 
only about one-fourth of the strains scoring positive for 
fino, t r d ,  or repA (P < 0.05). 

Association of plasmid  genes with plasmids: To ver- 
ify that  the hybridizing bands were  plasmid determined, 
hybridization experiments were carried out using un- 
cleaved genomic DNA in  which electrophoresis in 0.6% 
agarose for an extended time separates the sheared 
high molecular weight chromosomal DNA from the cir- 
cular plasmid DNA. After transfer, the DNA was blotted 
and probed for fino. In all  25 strains probed with fino, 
the hybridization was clearly  associated  with a large plas- 
mid that separated from the main band formed by the 
bacterial chromosome. In  the case  of  ECOR37, two dif- 
ferent sized  plasmids  were  observed.  Of 18 strains also 
probed with repA, 17 also  showed  hybridization  with this 
probe, and in  all 17 cases the fin0 and repA signals 
coincided, indicating that they  were  associated  with the 
same plasmid. In one strain, the position of the fin0 
hybridization in the gel could not be resolved  clearly 
from the chromosomal material, and so the presence 
of the  gene in a  free plasmid could not be rigorously 
demonstrated. 

Nucleotide  polymorphism: The four F-related  plas- 
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FIGURE 2.-Distribution of sequences that hybridize with probes for$&, t ~ d ,  tray (RI), tray (F), and repA among strains in 
the ECOR reference collection. The EC numbers refer to ECOR strain  designations. The  tree was derived by HERZER et al. 
(1990) on the basis of electrophoretic polymorphisms among 38 enzymes. Major phylogenetic subgroups are labeled with the 
letters A-E. + + and + represent  strong  and weak hybridization signals. DNA from strain ECOR37 yields two hybridizing bands. 
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~~ 

Sequenced  region No. of polymorphic  sites 
Percentage 

Gene G + C  Base pairs“ Amino acids Base pairsb Amino acidsb 

fino 
t r d  
tray (Rl) 
tray (F) 

5’ repA 
repA 

56 
49 
41 
38 
51 
39 

441 (79) 
540 (25) 
171 (75) 
324 (90) 
381 (39) 
249 

147 
180 
57 

108 
127 

“Values in  parentheses are the  percentage of the total coding  region  sequenced. 
bValues  in  parentheses  are  the  percentage of the  total  number of polymorphic  sites. 

mid genes were sequenced from a representative sam- 
ple of the major groups of the ECOR collection, includ- 
ing A, B1,  B2, D, and E. The sequences  include  a region 
of 480 bp of $no, 540 bp of t r d ,  326 bp of tray (F), 
171 bp of tray (Rl) ,  and 630 bp of r@A were sequenced 
in 16,  14, six, 12, and 12  ECOR strains, respectively. 
The results are summarized in  Table 2. The percentage 
G + C ofJinO, tral), and r@A do  not differ significantly 
from  the average of the E. coli chromosome as a whole 
nor  from  the overall average of the F plasmid. However 
the tray genes of F and R1 have a lower G + C content 
of 38 and 41%, respectively,  as does  the 5’ noncoding 
region of r@A at 39%. 

Figure 3 shows the position and identity of the poly- 
morphic  nucleotide sites observed in  $no, tral), tray 
(Rl ) ,  and repA in  the ECOR strains (EC designations). 
Homologous  genes from other plasmids are  included 
for  comparison. Among the 16 JinO sequences,  there 
were 71 polymorphic sites, including 20 amino acids 
replacements. Among the 12 t r d  genes,  there were 54 
polymorphic sites, including 11 amino acid replace- 
ments. The five tray (F)  sequences  included only two 
polymorphisms, both silent, but  the 12 tray (Rl)  se- 
quences  included 14 polymorphic sites with one  amino 
acid replacement. The 12 sequences  from RepFIB each 
comprised  a 381-bp region of the r@A open reading 
frame  along with 249 bp from the 5’ flanking region; 
these yielded 47 polymorphic sites  of  which 22 were 
in the coding  region and resulted in two amino acid 
replacements. 

Level of synonymous  and  nonsynonymous  polymor- 
phism: For the  four plasmid genesfin0, t r d ,  tray (Rl) ,  
and r@A, we estimated the  genetic diversity in all pair- 
wise comparisons using the  methods of NEI and GOJO- 

BORI (1986) and NEI and LIN (1989). The results are 
summarized in Table 3 along with some chromosomal 
genes  for  comparison. The value  of 7r is the average 
number of differences per 100 nucleotide sites in all 
painvise comparisons; d, and d, are  the average number 
of nucleotide differences per 100 synonymous sites and 
per 100 nonsynonymous sites, respectively, among all 
painvise comparisons. (For r@A, the 7r value includes 
both  coding and  noncoding nucleotides.) Table 3 

shows that  the estimates of plasmid gene diversity are 
somewhat greater  than those calmlated  for  chromo- 
somal genes. 

Evolutionary  relationships  among  plasmids and their 
host strains: Evolutionary trees constructed from poly- 
morphic  nucleotide sites by the neighbor-joining 
method (SAITOU and NEI 1987) are shown in Figure 4. 
The most notable  feature of  this  analysis is the lack  of 
congruence of the  four plasmid gene trees with each 
other  and with the  inferred relationships among  their 
host strains. Where possible, trees were  also constructed 
with putative recombined segments removed; this also 
resulted in a lack  of concordance of the MLEE tree of 
ECOR and plasmid gene trees. The lack  of congruence 
with the host strains implies horizontal transmission, 
which  is expected  among conjugational plasmids. More 
surprisingly, sequences  from plasmids present in strains 
of each of the five major ECOR groups (A, B1, B2, D, 
and E) are widely distributed  on  the various plasmid- 
gene trees, suggesting frequent  intragenic recombina- 
tion among  the plasmid genes. For example,  the $no 
and truD trees have 12 strains in common,  and the rela- 
tionships among these strains is different  for  the two 
genes. Furthermore, in each of the  gene trees, strains 
of the E. coli subgroups do  not cluster together. One 
common  feature  among all the trees is the clustering 
of group A strain ECOR11 with the  group D strains 
ECOR49 and ECOR50, all  of  which are isolates from 
humans  in Sweden. Generally, the  four  gene trees clus- 
ter  the group D strains together, with the  exception 
of ECOR47, which clusters with the  group B1 strains. 
Another  notable  feature of Figure 4 is that, in the JinO 
and truD gene  trees,  the  sequences from the ECOR59 
plasmid are very divergent from  the plasmid genes 
found in all other isolates. 

Evidence for recombination  among  plasmid  genes: 
Among the  four plasmid-encoded genes, there were 188 
polymorphic sites; the positions of  which are shown 
in Figure 3. Statistical  tests for  recombination or  gene 
conversion based on  the polymorphic synonymous sites 
were carried out with the cluster-detection methods of 
STEPHENS (1985) and SAWYER (1989) and  the maximum 
chi-squared method of MAYNARD SMITH (1992). All tests 
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ColB2  G.CACG  G  A  T.G .GG G G.CG. 
R6-5 AA A. G  G G... 

. . . .  . . . . . . . .  . . .  . . . .  . . . . . . . . . . . . . . . . .  . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
EC37 ..a. G...G . . . . . .  CT.A . . .  T.G . . . .  .C . . . . . . . .  .T..CT.... G . . . . . . . . . . . . . . .  G... . 

. . . . . . . . . . . . . . .  

. . . . . . . . . . . .  * *  * *  * * * *   * *  * * * * *  

t r a D  t r a y  ~1 

EC 9 
ECll 
EC2 7 
EC3 0 
EC58 
EC70 
EC7 1 
EC59 
EC62 
EC3 5 
EC47 
EC49 
EC50 
EC42 

repA 

3345699  1244557899 0133345566 
1111111111 2222222222 

5690922106  1334367958 1645742517 
CCGTACGGCT  TAAGGCTGCT  TTCGACCATC 
. . . . . .  A,.. ....AA.... C . . . . . . . . .  
T . . . . . . . . . . . . . .  A..T. . . . . . . . . . .  
T . . . . . .  A.. . . .  A...C . .  .C.ATT.CGT 
T..C...... . . . . .  AC . . . . .  T . . . . . .  T 
T . . . . . . . . . . . . . .  A..T. . . . . . . . . . .  
T.A.CA..TC  C.G . . .  C..G . . . .  TTG..G 
T . . . . . . . . .  .G....C... . . . . . . . . .  T 
T . . . . .  A... ....AA.... C . . . . . . . . .  
T . . . . . . .  T.  C.G. . . . . . . . . . . .  T.... 
T A... ....AA.... C 
T  A... ....A?+.... C 

TA . . . . . . . . . .  G..AC . . . . . . . . . . . .  T 

. . . . . . . . . . . . . . .  . . . . . . . . . .  A..T. 

..... . . . . . . . . .  

. . . . .  . . . . . . . . .  
* t t  * *  

EC11 
EC25 
EC2 7 
EC30 
EC7 0 
EC7 1 
EC5 9 
EC3 9 
EC4 0 
EC4 9 
EC50 
EC37 
F 
COlV 
ColV3K30 
ColVtrp 
R124 
R386 
pHH502 
pHH507 

2222223333  3334444444  5555 

8039878514  7693098701  1280 
6777895788  8990223457  0234 

5' noncoding region 
11111  111112 

5123802855  6817826978  242380 
111233456  6699922244  556690 

CATGGTCCGA  ATTCGACGGA  GTCAA. 
..CTTCA.C. . . . . .  GGAAG  ..TC.. 
..CTTCA.C.  ..GT.GG.AG A...T. 
..CTA.AAAC  .C . . . . . . . . . . . . . .  
..CTTCA.C. ..GT.G..AG A...T. 
..CTA.AAAC . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . .  

AATATCGGAC  TCTCCCCCCC  GACA 
. . . . . . .  A,. . . . . . . . . . .  .G.. 
GT T.A..  A,. 
. . . . .  T.... . . . . . . . . .  T . . . .  
. . . . .  T.... ...... A...  ..GC 

TA.T.  .GGA?T..TT TG.. 

TTCCC.A.T.  .GGATT..TT  TG.. 
. . . . .  T.AGG C . . . . .  A... . . . .  
. . . . . . . . . . . . . . . . . . . .  .G.. 
..... T.A.. . . . . . . . . . . . . . .  
....... A.. .......... .GGC 

. . . . .  . . . .  . . . . . . .  T.A.. T.A 
... . . . . . . .  . . . .  

. . . . .  

. . . . . . . . . . . . . . . . . . . .  .GGc 

. . . . .  T.AGG  C . . . . . . . . . . . . .  
* * * *  

T . . . . . . . . .  
. . . . . . . . . .  
.GATTCG.A. 
..C.TCA.C. 
. . ClTCA . C . 
..CTACA.C. 

. . CTTCA . C . 

..CTTCA.C. 

. . . . . . . . . .  

. . . . . . . . . .  

. . . . . . . . . .  

. . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . .  
C...A..... .G.... 
. . .  T.G..AG A...T. 
. . .  T.G..AG  A...T. 
. . .  T.G..AG A...T. 
. . .  T...... . . . .  T. 
. . .  T.G..AG  A...T. 
. . .  T.G..AG  A....A 
. . . . . . . . . . . . . . .  A 
. . . . . . . . . . . . . . . .  

22333  33344444444 
coding region 

67034  59901233567 
10665 40384358021 
GGACT  GCCAGTAAG.G 
. . . .  A ATTGTC2.GA.C 
C..TG  ATTGACTG..C 
. . .  TG  ATTGACTG..C 
C..TG  ATTGAC.G..C 
. . . .  G . . . . . . . . . . .  
..G.G . . . .  AC . . . . .  
. . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . .  

..G.. . . . . . . . . . . .  
C...G  ATT,AC.G . . .  
. . .  TG  ATTGACTG..C 
C..TG  ATTGACTG..C 
C..TG ATTGACTG..C 
.A... .......... C 
C..TG  ATTGACTG..C 
. . .  TG  ATTGTCTG..C 
. . .  TG  ATTGTCTG..C 
. . .  TG  AlTGACTG.TC 

6281412813 
112266789 

EC9  TCGCGAATAG 
ECll G . ATACGCTT 
EC25 . . . . . . . . . .  
EC70 . . . . . . . . . .  
EC71 . . . . . . . . . .  
EC72 . . . .  .C. . . .  
EC47  .T 
EC48  G.A.ACGCTT 
EC49  G.ATACGCTT 
EC50  G.ATACGCTT 
EC37  G.A.ACGCTT 
EC42 .......... 
R1  G.A.ACG.TT 
ColB4 . . . . . . . . . .  

. . . . . . . .  

45555566666 
82346900112 
64737409587 
CTGCCCAA 
.CAT.  TCC . . .  
.C.T.TCC... 
TC.TTTCC . . .  
TC.TTT.C . . .  
.C.T..C.... 
.C.TTTCC... 
.C.T..C.... 
. . .  T..C.... 
.C.T..C.... 

c.... . . . . . .  

.C.T..C.... 

.C.TTTCC... 
TC.TTTCC . . .  
TC.TTTCC . . .  
.C.TTPCC... 
TC.TTTCC..T 
.C.TTTCCCC. 
.C.TTTCC... 
.C.TTTCC... * *  

yielded statistically significant evidence of recombina- 
tion. The STEPHENS test identified the 15 statistically 
significant partitions ( P  < 0.05) shown in Table 4. The 
maximum chi-squared method  confirmed  the mosaic 
structure of the same genes identified by the STEPHENS 
test. Also, when one constructed  trees based on  the 
segregating sites  5' and 3' of an  exchange event in- 
ferred from the STEPHENS test in the repA sequences, 
the resultant trees gave different topologies. 

For the 71 polymorphic sites among  the 16 sequences 
ofJinO, three significant partitions were identified (Ta- 
ble 4). The first partition  separated fin0 in ECOR59 
from all other sequences and was supported by a total 
of 30 polymorphic sites in a 330-bp segment  that in- 
cluded  an 87-bp segment of consecutive nonpolymor- 

111 

9220 
9035 

ACAC 
GTGT 

. .G. 

. .G. 
G.. . 
. .G. 
GTGT 
GTGT 
GTGT 
GTGT 

GTG . 
.T 

. . . .  

. .  

FIGURE 3.-Distribution of polymor- 
phic sites in four plasmid genes. The 
strain  designations are  on the left, 
where EC denotes  an ECOR strain. The 
numbering of the nucleotides is given 
above the sequences. An asterisk at  the 
bottom  indicates an  amino acid re- 
placement site. Homologous  sequences 
are also shown for fin0 genes from  the 
plasmids RlOO (MCINTIRE and DEMPSEY 
1987), R6-5 (CRAM et al. 1991), and 
ColB2 (VAN BIESEN and FROST 1992); 
for tray (Rl) from  the plasmids ColB4 
(FINLAY et al. 1986) and R1 (KORAIMANN 
and  HOGENAUER 1989); and  for repA 
from the plasmids ColV, ColV3-K30, 
ColVBtrp, R124, R386, pHH502, 
pHH507 (GIBBS et al. 1993) and  the lab- 
oratory F factor (SAUL et al. 1989). 

phic sites. The second  partition  united seven jin0 se- 
quences from ECOR strains in groups A, B1,  B2, D, and 
E; this partition was supported by only two sites in a 6- 
bp segment,  but P -  0.02. The third  partition  separated 
the ECOR37 plasmid from all other sequences and was 
also supported by two sites ( P  = 0.02). 

Among the 14 t r d  sequences, there were 54 poly- 
morphic sites. The STEPHENS test detected six  signifi- 
cant  partitions  (Table 4).  The first separated t r d  in 
ECOR59 from all other sequences and was supported 
by nine sites in a 279-bp segment. The second partition 
united  the truD sequences from ECOR11,  ECOR35, 
ECOR49, and ECOR50  owing to their  sharing  three 
polymorphic sites in a 149-bp segment as  well  as a 101- 
bp segment of consecutive nonpolymorphic sites ( P  
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TABLE 3 

Nucleotide  diversity in chromosomal  and  plasmid 
encoded  genes 

Gene 7T d ,   d ,   d , , / d ,  

Plasmid genes 
5.0 4.00 ? 2.09 12.2 ? 1.8 1.7 ? 0.4 0.14 
traD 2.80 ? 1.50 10.1 ? 1.4 0.8 ? 0.2 0.07 
tray (Rl) 4.10 ? 2.23 19.4 t 5.9 0.7 ? 0.5 0.03 
rqbA 2.80 ? 1.51 9.9 ? 2.2  0.2 t 0.2 0.03 

Chromosomal 
genes 

P P A  0.02 ? 0.03 0.8 5 0.3 0.1 t 0.1 0.12 

putp 2.40 2 1.27 9.0 t 1.5 0.2 ? 0.1 0.02 
m d h  1.10 ? 0.59 3.7 ? 0.7 0.2 ? 0.1 0.04 

Data  for gupA from NELSON et al. (1991), for mdh from 
BOYD et al. (1994), and for putP from NELSON and SELANDER 
(1992). 

0.007).  The  third partition separated t r d  in  ECOR30 
from all others  and was supported by eight sites  in a 
386-bp segment and a 186-bp segment of consecutive 
nonpolymorphic sites. The  fourth partition grouped 
ECOR70 and ECOR.59  by virtue of seven polymorphic 
sites  in a 143bp segment. The t r d  genes grouped by 
the two other significant partitions were  ECOR62/ 
ECOR42 and ECOR71/ECOR49/ECOR50, both of 
which groups were supported by  two shared polymor- 
phisms. 

Application of the STEPHENS test to the 12 repA se- 
quences identified six  statistically significant partitions 
(Table 4).  The first separated repA from ECOR37 from 
all other sequences and was supported by four sites in 
a 143bp segment. Three significant partitions grouped 
the repA genes from ECOR25,  ECOR27,  ECOR30, and 
ECOR70 together  either with  ECOR71 and ECOR37 
(supported by  two shared sites in a 20-bp segment), 
with  ECOR37 (four sites  in an 84bp segment) or with 
ECOR59  (two  sites in a 15-bp segment).  Other parti- 
tions grouped repA in ECOR27/ECOR71 by virtue of 
four sites in a 107-bp segment and repA in ECOR11/ 
ECOR25/ECOR30 supported by three sites in a 26-bp 
segment. 

Altogether, thejinO, t r d ,  and repA sequences yielded 
15 significant partitions, each a putative recombination 
event. For the 12 tray (Rl) sequences, there were  only 
14 polymorphic sites, and  both  the STEPHENS test and 
the SAWYER test failed to detect significant clusters. How- 
ever the maximum chi-squared method  identified  a 
shared mosaic structure in ECORl1, ECOR48, 
ECOR49, ECOR.50, and ECOR37  involving a total of 12 
sites  with a crossover point of nucleotide 102; on the 
other  hand,  the observed pattern of  similarity  between 
the sequences more likely results from shared common 
ancestry than  recombination. 

DISCUSSION 
The ECOR collection was selected from  among 

-2600 E. coli isolates  with the  intention  of encom- 

passing the  range of genetic diversity found within the 
species (OCHMAN and SELANDER  1984). If the plasmids 
present in the ECOR strains are representative, then 
our data suggest that F-related  plasmids are  quite com- 
mon.  In  the ECOR strains, the R1 type  of traywas found 
somewhat more frequently than  the  F type  of tray (eight 
plasmids us. four). Overall, 15% of  the ECOR strains 
show hybridization with probes for fino, t r d ,  repA, and 
either tray (F) or tray (Rl),  indicating the presence of 
an F-related plasmid. On the  other  hand,  the plasmids 
are  not distributed randomly among  the strains: there 
appears to be somewhat of an under representation 
of  F-related  plasmids among strains of the A and B2 
subgroups. 

The gene diversity  observed  in the F-related plasmids 
may be compared with that  found  among housekeeping 
genes present in the chromosome. Table 3 indicates 
diversities ( T )  among plasmid genes ranging from 2.80 
to 4.10%. Among chromosomal genes, gupA is the least 
variable, averaging only 0.02%. However, gupA has a 
high codon usage  bias and its rate of evolution is rela- 
tively  slow (LAWRENCE et al. 1991; NELSON et al. 1991). 
Average  diversity estimates are  1.1 % for mdh (BOYD et 
al. 1994), 1.7% for phoA (DUBOSE et al. 1988), 2.4% for 
putP (NELSON and  SEIANDER  1992), and 7.2% for gnd 
(NELSON and SELANDER 1994). Only gnd has a level  of 
diversity greater  than  that observed for the genes in the 
F-related plasmids, and the level  of variation in the gnd 
gene is believed to be  a consequence of its linkage to 
the rJb locus at which  diversifylng selection seems to act 
(BARCAK and WOLF 1988; BISERCIC et al. 1991;  DYKHU- 
IZEN and GREEN 1991). 

Figure 2 shows an  inferred phylogeny of the ECOR 
strains based on enzyme electrophoresis. It is therefore 
an  inferred phylogeny of the host strains that  harbor 
the F-related plasmids. Evidence for horizontal trans- 
mission of the plasmids derives from comparison of 
Figure 2 with the  branching  patterns of the plasmid 
gene trees in Figure 4.  From  analysis  of  enzyme electro- 
phoresis, chromosomal nucleotide sequences, and Rhs 
elements, it has been shown that  the  group A strains 
of the ECOR collection are all  closely related (BOYD et 
al. 1994; HILL et al. 1995); however,  in the  four plasmid- 
gene trees, sequences from plasmids  in strains of the  A 
group  do  not cluster together. The plasmids in strains 
ECOR11,  ECOR48, and ECOR50  have identical j in0 
genes, but the chromosomes of the host bacteria are 
highly divergent. Similarly, the plasmids in  ECOR11, 
ECOR48, and ECOR50  have identical tray (Rl) se- 
quences,  but  the chromosomes of the host strains are 
again very divergent. These results suggest that  there 
have been many events of horizontal transmission of 
F-related plasmids among  the isolates  of the ECOR  col- 
lection. 

Comparison of the  gene trees for fino, t r d ,  tray 
(Rl),  and repA reveals  many contradictions. The gene- 
tree topologies are  not  congruent with one  another. 
The discrepancies are caused by plasmids that have 
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f in0 ECl 1 A 
- EC48 D 

61 

55 
r EC50 D 

D 
A 

EC35 D 
EC37 E * EC39 D 

- EC42  E 
EC25 A 

EC71 B1 
B EC47 D 

55 

100 

- 
85 

-”“I_ 
L 

60 B1 

EC30 B1 
8 2  

tray ( R l )  

65 
ECll A 

- EC49 D 
EC50 D 

EC48 D 
EC37  E 

A 
1w 

B1 
E 
A 

B A 

B1 
B1 

-EC47 D 
76 

traD 

D 
D 
D 
A 
A 
B1 

81 
B1 

82 
E 

EC30 B1 
48L EC47 D 

23 

EC70 B1 
EC59 B2 

A 

92 
8 2  

EC71 B1 
EC37  E 
EC30 B1 

A 

EC27 B1 
EC70 B1 

B 

Nucleotide Divergence 
0.0 0.01 

FIGURE 4.-Inferred  gene trees for the  genes fin0 (16  alleles), t r d  (14  alleles), t ray  (Rl)  (12 alleles) and repA (12 alleles). 
The  trees  were  generated by the neighbor-joining  method (SAITOU and NEI 1986)  from a matrix  of  pairwise  distances  based  on 
all nucleotide sites. Each EC number is an  ECOR  strain designation;  the  subgroup (A-E) to  which the  strain  belongs (see Figure 
2) is also indicated. Each number  adjacent  to a node  indicates  the  percentage of 1000  bootstrap  trees  that  contain  the node. 

closely related  sequences  for one  gene  but highly  diver- 
gent  sequences  for another  gene. Such a  pattern may 
result from  recombination  among plasmid genes. Re- 
combination in chromosomal  genes of E. coli is  well 
known: examples include  the  genes phoA (DUBOSE et 
al. 1988), grzd (BISERCIC et al. 1991; DYKHUIZEN and 
GREEN 1991; NELSON and SELANDER 1994), and  the trp 
region (MILKMAN and BRIDGES 1993). However, the fre- 
quency of recombination is  low. The test of STEPHENS 
identified only three  recombination events among se- 
quences  for gupA (NELSON et al. 1991), putP (NELSON 
and SELANDER 1992), and mdh (BOYD et al. 1994). Fur- 
thermore, HALL and SHARP (1992) could find no evi- 
dence of recombination  at celC, m, and gutB in se- 
quences  from  the ECOR strains. 

In contrast with the low frequency of recombination 
detected in chromosomal  genes,  recombination is 

readily detected within the plasmid genes analyzed in 
this study. A total of 15 statistically significant recombi- 
nation events have been  detected by the STEPHENS test 
for clusters of polymorphic sites. An opportunity  for 
recombination is exemplified by the coexistence of an 
“F plasmid” [tray (F)]  and  an “R plasmid” [tray  (Rl)] 
in the strain ECOR37. Additional insight into  the re- 
combination process can be  gained by aligning thefinO, 
r@A, and  traygenes from a  range of naturally occurring 
IncF-group plasmids with the  sequences  determined 
from plasmids in  the ECOR strains (Figure 3). With 
respect to fino, the ECOR strains ECORl1, ECOR48, 
and ECOR50 are identical with the  sequence from plas- 
mid R100. Furthermore,  in  the  gene  tree  for fin0 (Fig- 
ure  4),  the sequences in  the A cluster are similar to 
that in plasmid R6-5, whereas those in the B cluster are 
similar to that  from plasmid ColB2. Concerning  the 
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TABLE 4 

Recombination  events  detected in genes in F-related  plasmids 

- 

Significant  partitions 

Gene No. Partition 

fino 3 ECOR59 v5. others 
ECOR25, 27, 30, 71, 62, 47, 42 vs. others 
ECOR37 v5. others 

traD 6 ECOR59 vs. others 
ECORl1, 35, 49, 50 us. others 
ECOR3O vs. others 
ECOR70, 59 us. others 
ECOR62, 42 vs. others 
ECOR71, 49, 50 vs. others 

ECOR25, 27, 30, 70, 71, 37 vs. others 
ECOR25, 27, 30, 70, 37 us. others 
ECOR25, 27, 30, 70, 59 us. others 
ECOR27,  71 715. others 
ECORl1. 25. 30 vs. others 

repA 6 ECOR37 vs. others 

Inferred recombination event 

330-bp segment (30 sites) from  unknown donor 
6bp segment (two sites) shared by listed  strains 
5-bp segment (two unique polymorphic sites) 
279-bp segment (nine sites) from  unknown donor 
149-bp segment (three sites) shared 
386bp segment (eight sites) from  unknown donor 
143bp segment (seven sites) shared 
3-bp segment (two sites) shared 
2-bp segment (two sites) shared 
143bp segment (four sites) from  unknown donor 
20-bp segment (two sites) shared 
84bp segment (four sites) shared 
15-bp segment (two sites) shared 
107-bp segment (four sites) shared 
26bp segment (three sites) shared 

tray (Rl) gene,  the sequences from plasmids  ColB4 and 
R1 are 95% identical at the nucleotide level (FINLAY et 
al. 1986a,b) ; Figure 3 indicates some of the sites at 
which they differ. Yet, in the  gene tree for tray (Rl) in 
Figure 4, the  group of sequences designated A are 
clearly  most  closely related to the  tray from plasmid 
ColB4, whereas those designated B are clearly  most 
closely related to the  trayfrom plasmid  R1. In  the  gene 
tree  for rgbA (Figure 4), the cluster of sequences de- 
noted A is  very similar to repA from the plasmid ColVtq, 
whereas the sequences denoted B are affiliated  with 
repA from the plasmids ColV,  ColV3-K30,  R124, and 
R386  as  well  as the laboratory F factor (Figure 3). Con- 
clusive evidence for recombination comes from the repA 
gene in the R-type plasmids pHH502 and pHH507 (Fig- 
ure 3), in which the 5’ half strongly resembles the  group 
A sequences in the repA gene  tree (Figure 4) but  in 
which the 3’ half strongly resembles the  group B se- 
quences. 

In  the repA gene,  there is a recombination-stimulating 
sequence in the region containing  the putative recom- 
bination  point at which the sequences in  plasmids 
pHH502 and pHH507 switch their close resemblance 
from the A cluster of  ECOR strains in Figure 4 to the 
B cluster. The recombination-stimulating sequence is 
the chi sequence (5’-GCTGGTGG3’), which is recog- 
nized by the E. coli enzyme RecBCD and promotes ho- 
mologous recombination via the RecBCD  pathway 
(SMITH 1987; WEST 1992).  The repA gene includes a 
single-base variant of the chi sequence (5”GCTGGTGA- 
3’) located at positions 270-277,  which  suggests that 
the repA recombination event in the  common ancestor 
of  plasmids pHH502 and pHH507 might well  have been 
mediated by the  chi site. Good matches to  the chi se- 
quence were  also found  at positions 179-186 in the 
jin0 gene (5’-CCTGGTGG3’) and  at positions 101- 
108 (5”ACTGGTGGS’) in the t r d  gene. No chi sites 
were observed in  either of the  tray genes. 

The results of our study of F-related  plasmids  also 
bear on the history of the F factor present in laboratory 
strains. It has often been remarked that  LEDERBERG was 
extremely lucky to use a strain in which the transfer 
functions of the F factor were derepressed owing to an 
insertion of IS3 in the fin0 gene. However, the fre- 
quency of F-related  plasmids  in the ECOR strains shows 
that  there is a reasonable chance  that any randomly 
selected strain might have such a plasmid: 6% of the 
ECOR strains have an F plasmid [tray (F)]  and 11% 
have an R plasmid [tray  (Rl)]. What is remarkable in 
the laboratory F factor is the insertion mutation in jinO. 
In our PCR amplifications of  26 jin0 genes in  plasmids 
in the ECOR collection, not  one yielded a product 
other  than  the expected size. When did the insertion 
in the laboratory F factor take place? Probably not in 
nature. Nor is it likely to have happened in LEDERBERG’S 
laboratory because he did not select for crossing  ability 
among K-12 subcultures (J. LEDERBERG, personal com- 
munication). Very  possibly, the insertion of IS3  into  the 
jin0 gene in the laboratory F arose from unconscious 
selection for plasmid transfer functions in the -25  years 
in  which the K-12 strain was stored in nutrient agar, 
with occasional subculturing, between the time of its 
isolation in  1922 to its  use  in genetic crosses in the late 
1940s. Transposable insertion sequences are known to 
be active in strains stored under these conditions 
(GREEN et al. 1984; NAAS et al.  1994). 

We are very grateful to JOSHUA LEDERBERC for the letter about  his 
early  bacterial  crosses and to BARBARA BACHMANN for information 
about the  early  history of E. coli K-12. This work  was supported by 
National  Institutes of Health (NIH) grant number CM40322  to 
D.L.H. and salary support from NIH  grant  GM-16329 to C.W.H. 

LITERATURE  CITED 

ACHMAN, M., A. MERCER, B. KUSECEK, A. POHI., M. HEUZENROEDER et 
al., 1983 Six  widespread  bacterial clones among Escherichia coli 
K1 isolates. Infect. Immun. 39: 315-335. 



1100 E. F. Boyd et al. 

AYAIA, F. J., D. E. &NE and D.  L. HARTL, 1994 Genetic variation 
in Incll-Collb plasmids. J. Mol.  Evol. 39: 129-133. 

BARCAK,  G. J., and R.  E. WOLF, 1988 Comparative nucleotide se- 
quence analysis  of growth-rate-regulated gnd alleles from natural 
isolates of Escherichia coli and Salmonella typhimunum LT-2. J. Bac- 
teriol. 170: 372-379. 

BERGQUIST, P. L., S. SAADI and W. K. MAAS, 1986 Distribution of 
basic replicons having homology with RepFIA, RepFIB, and Re- 
pFIC among IncF plasmids. Plasmid 15: 19-34. 

BOYD, E. F., K. NELSON, F.-S. WANG, T. S. WHITTAM and R. K. SEL- 
ANDER, 1994 Molecular genetic basis of allelic polymorphism 
in malate dehydrogenase (mdh) in natural  populations of Esche- 
richia coli and Salmonella enterica. Proc. Natl. Acad. Sci. USA 91: 
1280-1284. 

BISERCIC:, M., J. Y. FECJTRIER and P. R. REEVES, 1991 Nucleotide se- 
quences of the gnd genes from nine natural isolates of Escha'chia 
coli: evidence of intragenic  recombination as a contributing fac- 
tor in the evolution of the polymorphic gnd locus. J. Bacteriol. 
173: 3894-3900. 

CAVAILI, L. L., and  H. HESI.OT, 1949 Recombination in bacteria: 
outcrossing Eschm'chia coli K12. Nature 164: 1057-1058. 

CRAM, D. S., S. M. LOH, K.-C. CHEAH and R. A. SKURRAY, 1991 Se- 
quence  and conservation ofgenes  at  the distal end of the  transfer 
region on plasmid F and R6-5. Gene 104: 85-90. 

DUBOSE, F., D. E. DMWUIZEK  and D.  L. HARTL, 1988 Genetic ex- 
change  among  natural isolates of bacteria:  recombination within 
the phoA gene of Escha'chia coli. Proc. Natl. Acad. Sci. USA 85: 

DMWUIZEN, D. E., and L. GREEN, 1991 Recombination in Esclwnchia 
coli and  the definition of biological species. J. Bacteriol. 173: 

FINLAY, B. B,  L. S. FROST and W. PARANCFIYCH, 1986a Nucleotide 
sequences of the  RI-19 plasmid transfer genes traM, jnP ,  tra. 
and tray and  the traYZ promoter. J. Bacteriol. 166: 368-374. 

FINIAY, B.  B, I.. S. FROST and W. PARANCHYCH, 198613 Origin of 
transfer of incF plasmids and nucleotide  sequences of the type 
I1 oriT,  traM, and tray alleles from ColB4K98 and  the type N 
tray allele from R100-1. J. Bacteriol. 168: 132-139. 

GIBBS, M. D., A. J. SPIERS and P. L. BERGQUIST, 1993 RepFIB: a basic 
replicon of large plasmids. Plasmid 29: 165-179. 

GREEN, L., R. D. MILLER, D. E. DYKHUIXEN and D.  L. HARTL, 1984 
Distribution of  DNA insertion element IS5 in natural isolates of 
Escherichia  coli. Proc. Natl. Acad. Sci. USA 81: 4500-4504. 

H ~ L I . ,  B. G., and P. M. SHARP, 1992 Molecular population  genetics 
of Escherichia coli: DNA sequence diversity at  the celC, crr, and 
gutB loci of natural isolates. Mol.  Biol.  Evol. 9: 654-665. 

HARTI., D. L., M. MEDHORA, L. GREEN  and D. E. DYKHUIZEN, 1986 
The evolution of  DNA sequences in Escherichia  coli. Phil. Trans. 
R. Soc. London B 312: 191-204. 

HERZER, P. J., S. INOUYE, M. I N O U Y E ~ ~ ~ T .  S. WHITTAM, 1990 Phyloge- 
netic  distribution of branched RNA-linked multicopy single- 
stranded DNA among natural isolates of Escha'chia coli. J. Bacte- 
riol. 172: 6175-6181. 

HILL C. W., G. FEULNER, M. S. BRODY, S. ZHAO, A. B. SADOSKY et al., 
1995 Correlation of Rhs elements with Escherichia  coli popula- 
tion structure. Genetics 141: 15-24. 

KORAIMANN, G., and G. HOGENAUER, 1989 A stable core region of 
the tra operon mRNA of plasmid R1-19. Nucleic Acids Res. 17: 
1283-1298. 

JALAJAKUW, M. B., and P. A. MANNING, 1989 Nucleotide sequence 
of the t r d  region in the Escha'chia coli F sex factor. Gene 81: 
195-202. 

KUMAR, S., K. TAMURA and M. NEI, 1993 MEGA molecular evolu- 
tionary genetics analysis, version 1 .O. The Pennsylvania State Uni- 
versity, University Park, PA. 

LAWERENCE, J. G., H. OCHMAV and D.  L.  HARTI., 1991 Molecular 
and evolutionary relationships among  enteric bacteria. J. Gen. 
Microbiol. 137: 1911-1921. 

LEDERBERG, J., and E. L. TATUM,  1953 Sex in bacteria: genetic stud- 
ies, 1945-1952. Science 118: 169-175. 

LEDERBERG,]., L. L. CAVAI.I.I and E.  M. LEDERBERG, 1952 Sex com- 
patibility in Escherichia coli. Genetics 37: 720-730. 

MAYNAFX) SMITH, J., 1992 Analyzing the mosaic structure of genes. 
J. Mol.  Evol. 34: 126-129. 

7036-7040. 

7257-7268. 

MCINTIRE, S. A., and W. B. DEMPSEY, 1987 Fertility inhibition gene 
of plasmid R100. Nucleic Acids Res. 15: 2029-2042. 

MILKMAN, R., and M.  M. BRIDGES, 1990 Molecular evolution of the 
Escha'chia coli chromosome. Ill. Clonal  frames.  Genetics 126: 
505-517. 

NUS, T., M. BLOT, W. M. FITCH and W. ~ E R ,  1994 Insertion 
sequence-related  genetic variation in resting Escherichia  coli K-12. 
Genetics 136: 721-730. 

NEI, M., and  T. GOJOBORI, 1986 Simple methods  for estimating the 
numbers of synonymous and nonsynonymous  nucleotide substi- 
tutions. Mol. Biol. Evol. 3: 418-426. 

NEI, M., and L. JIN, 1989 Variances of the average numbers of nucle- 
otide substitutions within and between populations. Mol. Biol. 

NELSON, K., and R. K. SELANDER, 1992 Evolutionary genetics  of the 
proline permease gene ( p u t 0  and  the  control region of the 
proline utilization operon in populations of Salmonella and Esche- 
richia coli. J. Bacteriol. 174 6886-6895. 

NELSON, K., and R.  K. SELANDER,  1994  Intergenic  transfer and re- 
combination of the 6-phosphogluconate  dehydrogenase gene 
(gndJ in enteric bacteria. Proc. Natl. Acad. Sci. USA 91: 10227- 
10231. 

NELSON, K., T. S. WHITTAM and R. K. SELANDER, 1991 Nucleotide 
polymorphism and evolution in the glyceraldehyde-%phosphate 
dehydrogenase gene (gapA) in natural  populations of Salmonella 
and Escha'chia coli. Proc. Natl. Acad. Sci. USA 88: 6667-6671. 

OCHW, H., and R.  K. SEIANDER,  1984 Standard  reference strains 
of Eschachia coli from natural  populations. J. Bacteriol. 157: 
690-693. 

RILEY, M. A., 1993a Molecular  mechanisms of colicin evolution. 
Mol.  Biol.  Evol. 10: 1380-1395. 

RILEY, M. A,, 1993b Positive selection for colicin diversity in bacteria. 
Mol.  Biol.  Evol. 10: 1048-1059. 

RILEY, M. A,, and D.  M. GORDON, 1992 A survey of Col plasmids in 
natural isolates of Escherichia  coli and  an investigation into  the 
stability of Col-plasmid lineages. J. Gen. Microbiol. 138: 1345- 
1352. 

RILEY,  M. A,, Y. TAN and J. WANG, 1994 Nucleotide polymorphism 
in colicin El  and Ia plasmids from natural isolates of Escha'chia 
coli. Proc. Natl. Acad. Sci. USA 91: 11276-11280. 

SAUL, D., A. J. SPIERS, J. MCNULTY, M. G. GIBBS, P. L. BERGQUIST et 
al., 1989 Nucleotide sequence  and replication characteristics 
of RepFIB, a basic replicon of IncF plasmids. J. Bacteriol. 171: 
2697-2707. 

SAITOU, N., and M. NEI, 1987 The  neighborjoining  method: a new 

4 406-425. 
method  for reconstructing phylogenetic trees. Mol.  Biol.  Evol. 

SAWYF.R, S., 1989 Statistical tests for detecting gene conversion. Mol. 
Biol.  Evol. 6: 526-538. 

SAWYER, S. A,, D.  E. DYKHUIZEN and D.  L. HAKTL, 1987 Confidence 
interval for the  number of selectively neutral  amino acid poly- 
morphisms.  Proc. Natl. Acad. Sci. USA 8 4  6225-6228. 

SEIANDER R.  K., D. A. CAUGANT and  T. S. WHITTAM, 1987 Genetic 
structure  and variation in natural  populations of Escherichia 
coli, pp. 1625-1654 in Escherichia  coli and Salmonella typhimunum: 
Cellular and Molecular Biology, edited by  F. C. NEIDHARDT, J. L. 
INGWAM, K.  BROOK^ Low, B. MAGASANIK, M. SCHAECHTER and 
H. E.  UMBARGER. American Society for Microbiology Press, Wash- 

SMITH, G., 1987 Mechanism and  control of homologous  recombina- 
ington, DC. 

tion in Escherichia coli. h n u .  Rev. Genet. 21: 179-201. 
STEPHENS, J. C., 1985 Statistical methods of DNA sequence analysis: 

detection of intragenic  recombination or gene conversion. Mol. 
Biol. Evol. 2: 539-556. 

VAN BIESEN T.,  and L. S. FROST, 1992 Differential levels of fertility 
inhibition among F-like plasmids are related to the  cellular  con- 
centration  ofJinO mRNA.  Mol. Microbiol. 6: 771-780. 

WEST, S. C., 1992 Enzymes and molecular  mechanisms  of  genetic 
recombination. h n u .  Rev. Biochem. 61: 603-640. 

WII.I.ETTS,  N., and R. SKURRAY, 1987 Structure  and  function of the 
F factor and mechanism of conjugation, pp. 1110-1133 in Esche- 
richia coli and Salmonella typhimurium: Cellular and Molecular Biol- 
ogy, edited by  F. C. NEIDHARDT, J. L.  INGRAHAM,  K.  BROOK^ LOW, 
B. MAGASANIK, M. SCHAECHTER and  H. E. UMBARGER. American 
Society for Microbiology Press, Washington, DC. 

EvoI. 6: 290-300. 

Communicating  editor: A. G. CIARK 


