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Abstract. Analysis of the Escherichia coli population 
by multilocus enzyme electrophoresis (MLEE) has es- 
tablished its clonal organization, but there is increasing 
evidence that horizontal DNA transfer occurs in E. coli. 

We have assessed the genetic structure of the species E. 
coli and determined the extent to which recombination 
can affect the clonal structure of bacteria. A panel of 72 
E. coli strains from the ECOR collection was character- 
ized by random amplified polymorphic DNA (RAPD) 
and restriction-fragment-length polymorphism (RFLP) 
of the ribosomal RNA gene (rrn) regions. These strains 
have been characterized by MLEE and are assumed to 
reflect the range of genotypic variation in the species as 
a whole. Statistical analysis, including factorial analysis 
of correspondence (FAC) and hierarchical classifica- 
tions, established that the data obtained with the three 
genetic markers are mutually corroborative, thus provid- 
ing compelling evidence that horizontal transfer does not 
disrupt the clonal organization of the population. How- 
ever, there is a gradient of correlation between the dif- 
ferent classifications which ranges from the highly clonal 
structure of B2 group strains causing extraintestinal in- 
fections in humans to the less-stringent structure of B1 
group strains that came mainly from nonprimate mam- 
mals. This group (B 1) appears to be the framework from 
which the remaining non-A group strains have emerged. 
These results indicate that RAPD analysis is well suited 

Correspondence to: E. D e n a m u r  

to intraspecies characterization of E. coli. Lastly, treating 
the RAPD data by FAC allowed description of subgroup- 
specific DNA fragments which can be used, in a strategy 
comparable to positional cloning, to isolate virulence 
genes. 
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Introduction 

The structure of Escherichia coli populations has been 
extensively studied over the past two decades. The con- 
cept of clonality (in which bacterial populations are a 
mixture of independently evolving clones without any 
significant horizontal recombination) was developed by 
Selander and Levin (Selander and Levin 1980) for E. coli 

at the end of the seventies and in the early eighties. This 
concept is based on data obtained by multilocus enzyme 
electrophoresis (MLEE), which indexes at the protein 
level reflecting the allelic variation of multiple chromo- 
somal genes (Selander et al. 1987). The marked linkage 
disequilibrium between the frequently recovered alleles 
of one or a few multilocus genotypes on the one hand, 
and the global distribution of a single multilocus geno- 
type over several decades and in unrelated hosts, on the 
other, suggest that the population structure is clonal and 
that the rate of recombination of DNA fragments is not 
high enough to randomize genomes or break up clonal 
associations. 

However, there is a growing evidence from DNA se- 
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quencing that individual bacterial genes have a mosaic 

structure that could have arisen only by recombination 

(Maynard Smith et al. 1991). The evolutionary trees of E. 

coli obtained from comparing the sequences of several 

housekeeping genes (gnd [Bisercic et al. 1991; Dykhui- 
zen and Green 1991], trp [Dykhuizen and Green 1991], 
phoA [Dykhuizen and Green 1991], and gapA [Nelson 
and Selander 1992]) are clearly not in agreement with 

dendrograms generated by MLEE. The relevance of 

these data needs to be discussed in terms of prokaryote 

evolution (Maynard Smith et al. 1991). It has also been 

recently pointed out that data from MLEE should be 
analyzed cautiously (Lenski 1993). Maynard Smith et al. 

(1993) critically analyzed MLEE data using a statistical 
test including subdivision of the data along biologically 

meaningful lines. They showed that bacterial populations 
are not invariably clonal, but that they occupy a spectrum 
of population structures ranging from that of the highly 

sexual Neisseria gonorrhoeae to the almost strictly 
clonal Salmonella (Maynard Smith et al. 1993). But the 
linkage disequilibrium in E. coli is very close to the 

theoretical maximum level, even when samples are taken 

from a restricted location (Souza et al. 1992), indicating 

the rare occurrence of recombination events in this or- 
ganism. 

Another way of assessing the structure of a population 

is to study other genetic markers, such as DNA polymor- 
phism which are widespread in the genome, and to com- 

pare the deduced dendrograms to those derived from 
MLEE analysis. An absence of correlation is an argu- 
ment for a high gene flow rate (Denamur et al. 1993), 
while a good correlation indicates the clonality of a pop- 
ulation (Tibayrenc et al. 1993). Restriction-fragment- 

length polymorphisms (RFLPs) have been extensively 

used as genetic markers in population genetics since their 

discovery by Kan and Dozy in 1978 in the human 
[3-globin gene (Karl and Dozy 1978). More recently, the 
analys is  of r andom ampl i f i ed  po lymorph ic  D N A  

(RAPD), based on the amplification of discrete loci with 
single, random-sequence, oligonucleotide primers at re- 
laxed stringency, has become popular for generating ge- 
netic markers (Welsh et al. 1991; Welsh and McClelland 

1991; Williams et al. 1990; Caetano-Anollrs 1993). This 
method seems very promising but needs to be assessed in 
large-scale studies, since the possibility of artifactual 
outcomes has been raised (Parker et al. 1991). 

The present study had two main goals: First, to vali- 

date the RAPD analysis on a large panel of strains pre- 
viously characterized by another method. Second, to as- 

sess the genetic structure of E. coli populations by 
compar ing  three dis t inct  genet ic  markers  (MLEE, 
RAPD, and rrn RFLPs). To do this, we studied a set of 
72 reference strains of E. coli isolated from a variety of 
hosts and geographical locations that are referred to as 
the ECOR collection (Ochman and Selander 1984). The 
strains selected from 2,600 E. coli isolates have been 

characterized by MLEE analysis and are believed to be 

representative of the range of genotypic variation in the 

species as a whole. 

Materials and Methods 

Bacterial Isolates. The set of 72 reference strains E. coli (ECOR) 
(Ochman and Selander 1984) was kindly provided by R.K. Selander. 
Details of the original sources of these strains are given by Ochman and 
Selander (Ochman and Selander 1984). The ECOR strains have been 
characterized for electrophoretically detected allelic variants of 38 en- 
zymes (Goullet and Picard 1989; Selander et al. 1986a). Analysis of the 
genetic distance matrix by the neighbor-joining (NJ) method divided 
the strains into four main phylogenetic groups (A, B 1, B2, D), plus one 
accessory group containing strains ECOR 37, 42, 31, and 43 (Herzer et 
al. 1990). 

RAPD. The twenty 10-mer primer Kit A from Bioprobe Systems, 
Montreuil, France, plus six other primers (2175, 85, 185, 32V3J1, 
3288, 3385) of 15-20 bp, were used (Table 1). The conditions of the 
PCR reaction were as published (Cav6 et al. 1994) and the PCR prod- 
ucts were separated on 1.5% agarose gels containing ethidium bromide. 

rrn RFLPs. Ribosomal DNA RFLPs (rrn RFLPs) were carried out 
as previously described using ribosomal 16+23S RNA from E. coli as 
a probe (Picard et al. 1991). Briefly, total E. coli DNA was prepared as 
in (Picard et al. 1991), digested with HindlII or EcoRI, and analyzed by 
Southern blotting with a chemiluminescence-labeled ribosomal probe 
(Bingen et al. 1992). 

Data Analysis. The presence or absence of enzyme alleles or DNA 
bands was scored. 

Factor Analysis of Correspondence (FAC). Seven FACs (Green- 
acre 1984) were first carried out using STAT.ITCF (STAT.ITCF 1988) 
with each of the endonuclease EcoRI and HindIII and each of the 
selected RAPD primer data. From these analyses, two to five rarely 
detected minor variables that do not form part of the structural, stable 
portion of the variance were discarded. A FAC was then performed 
with the ribosomal DNA data obtained with EcoRI and HindlII, and 
other FACs were run with the RAPD data resulting from several com- 
binations of two, three, four, and five primers. 

Phylogenetic Analysis. Cladistic analysis was performed with the 
phylogenetic computer program package PAUP (Swofford, D.L. 1993. 
PAUP: Phylogenetic Analysis Using Parsimony, Version 3.1, computer 
program distributed by the Illinois Natural History Survey, Champaign, 
IL). The extensive computation times involved and the large numbers 
of possible minimal trees prompted us to adopt an approximate search 
strategy. Random addition of taxa was used in heuristic search repli- 
cates with tree-bisection-reconnection branch swapping. No more than 
ten minimal trees (with respect to all previous replicates) were saved 
per replicate of the search. At least 100 minimal trees obtained in 
independent replicates for each of the enzyme, RAPD, and RFLP data 
sets were used to construct 50% majority-rule consensus trees. The 
percent frequencies of observed partitions are shown above the nodes. 
The tree lengths (evolutionary steps) and retention indices were 564 
and 0.654 for the RAPD tree, and 150 and 0.753 for the RFLP tree. 

Results 

RAPD Data 

The reproducibility and the stability of our RAPD anal- 
yses have been established (Car6 et al. 1994). The 26 
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Table 1. The RAPD primers tested and the results of the random amplification performed as described in the text on two genetically distinct E. 
coli strains (strain #6 [Cav6 et al. 1994] and strain ECOR 71) a 

Number of Number of 
DNA DNA Number of 
fragments fragments polymorphic 

Number for strain for strain DNA 
Primer 5' ~ 3' Sequence of pattterns #6 ECOR 71 fragments 

3 3 8 8  ACCGGCCCCCGTACT 2 8 7 15 
188 ACCTGGACCAAGGAGAAACT 2 4 5 7 
3 2 8 8  CCTGTGACACCGTGGGGG 2 5 4 3 
32V3J1  CAGGCCGGGCATAAGAAACT 2 5 8 6 
88 TGTTCAGGGCCGGGG 2 5 7 4 
2 1 7 8  GCCCCCAGGGGCACAGT 2 8 7 6 
A - 0 1  CAGGCCCTTC 1 1 1 0 
A-02 TGCCGAGCTG 2 3 3 2 
A-03 AGTCAGCCAC 2 4 5 3 
A-~  AATCGGGCTG 2 3 3 4 
A-05 AGGGGTCTTG 2 3 5 6 
A-06 GGTCCCTGAC 2 6 4 3 
A-07 GAAACGGGTG 2 7 4 7 
A-08 GTGACGTAGG / / / / 
A-09 GGGTAACGCC 2 6 6 2 
A-10 GTGATCGCAG 2 6 7 9 
A - 1 1  CAATCGCCGT 2 5 7 4 
A-12 TCGGCGATAG 2 3 4 1 
A-13 CAGCACCCAC / / / / 
A-14 TCTGTGCTGG 2 2 2 4 
A-15 TTCCGAACCC 2 3 2 5 
A-16 AGCCAGCGAA 2 5 6 8 
A-17 GACCGCTTGT / / / / 
A-18 AGGTGACCGT 2 2 4 6 
A-19 CAAACGTCGG 2 4 6 4 
A-20 GTTGCGATCC 2 8 6 5 

a The DNA fragments that were present in one strain and not in the other are considered as polymorphics 

primers were tested on two distinct E. coli strains that 
had been genotyped by esterase electrophoresis and rrn 
RFLPs (strain #6 [Cav6 et al. 1994] isolated from a child 
suffering from meningit is  and strain ECOR 71) and 
yielded up to eight D N A  fragments per  strain. We com- 
pared the electrophoretic patterns taking into account the 
presence or absence of  the D N A  bands, regardless of  
their  re lat ive intensi ty  (which ranged f rom faint  t o  
strong). The relative intensity of  individual bands was 
highly  reproducible ,  as has been repor ted by others 
(Wang et al. 1993), and it may well be that polymor-  
phism is underestimated by scoring only the presence or 
absence of  a band without taking into account its inten- 
sity. The D N A  fragments that were present in one strain 
but not in the others generated a polymorphism from 
zero (primer A-01) to 15 (primer 3388) (Table 1). Based 
on these data, we selected five primers (3388, 188, 3288, 
32V3J1, 88) which generated a large number of  DNA 
fragments per  strain (4-8)  with 3-15 polymorphic frag- 
ments. These primers generated 65, 45, 41, 62, and 43 
patterns among the 72 ECOR strains in kb ranges of  
0.5-3.5,  0.3-1.3, 0.4-2.0, 0.5-2.0, and 0.5-2.0, respec- 
tively. An example of  the patterns obtained with primers 
3388 and 88 is shown in Fig. 1. All  the strains can be 
differentiated when all the primers are used. 

rrn RFLP Data 

Digestion with EcoRI gave five to eleven 2 .7-23-kb 
rDNA fragments per strain. A total of 23 distinct frag- 
ments were obtained for the ECOR strains. The combi- 
nation of these fragments generates 43 patterns among 
the 72 strains studied. Digestion with HindIII gave five 
to nine 3.7-22.5-kb rDNA fragments per  strain and 17 
distinct fragments were obtained for the ECOR strains. 
The combination of  these fragments generates 49 pat- 
terns among the 72 strains studied. The combination of  
EcoRI and HindIII digests distinguished 64 ribotypes 
among the ECOR strains. The r ibotype is the combined 
EcoRI and HindIII patterns. 

Statistical Analyses 

DNA fragments were numbered from the highest to the 
lowest molecular  weight preceded by a capital letter in- 
dicating the primer (3388 = A, 188 = B, 3288 = C, 
32V3J1 = D, and 88 = E) for RAPD data or the endo- 
nuclease (EcoRI = R and HindIII = H) for RFLP data. 

A FAC was carried out with the RAPD data resulting 
from the combination of  the five primers. Projections of  
strains in the plane F 1, F 2 (Fig. 2A), which accounted for 
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Fig. 1. RAPD gel patterns for E. coli ECOR 
strains, A Primer 3385. Lanes 1 and 17: DNA 
molecular weight marker III (Boehringer, 
Mannheim, Germany), lane 2: ECOR 6, lane 
3: ECOR 7, lane 4: ECOR 14, lane 5: ECOR 
30, lane 6: ECOR 32, lane 7: ECOR 33, lane 
8: ECOR 45, lane 9: ECOR 52, lane 10: 
ECOR 53, lane 11: ECOR 54, lane 12: ECOR 
57, lane 13: ECOR 36, lane 14: ECOR 47, 
lane 15: ECOR 48, lane 16: ECOR 40. B 
Primer 188. Lanes 1 and 18: DNA molecular 
weight marker 11I (Boehringer), lane 2: ECOR 
1, lane 3: ECOR 3, lane 4: ECOR 13, lane 5: 
ECOR 14, lane 6: ECOR 32, lane 7." ECOR 
33, lane 8: ECOR 27, lane 9: ECOR 26, lane 
10: ECOR 53, lane 11: ECOR 54, lane 12: 
ECOR 59, lane 13: ECOR 57, lane 14: ECOR 
36, lane 15: ECOR 47, lane 16: ECOR 48, 
lane 17: ECOR 40. Strains ECOR 1, 3, 6, 7, 
and 14; ECOR 26, 27, 30, 32, 33, and 45; 
ECOR 52, 53, 54, 57, and 59; and ECOR 36, 
40, 47, and 48 belong, respectively, to groups 
A, B1, B2, and D, as defined by Herzer et al. 
(1990). 

32.3% of the total variance, indicated that the first axis 
separated the B2 group by its positive values from the A 
and B 1 groups by its negative values, whereas group D 
strains were differentiated by the positive values of the 
second axis. Projections of the DNA fragments in the 
planes indicated the principal features providing the 
group identification of ECOR strains by RAPD. Thus, 
DNA fragments A20, B3, B13, D15, D17, and E2 were 
projected with the B2 group. Projections of strains in the 
plane F I, F 3 (Fig. 2B), which accounted for 30.4% of the 
total variance, revealed that the third axis separated the 
group A strains by its positive values from the B 1 strains 
by its negative values. Similarity between strains was 
used to draw a dendrogram (Fig. 3). Several phyloge- 
netic groups were distributed into distinct lineages. The 
strains of groups A and B2 were the most clearly differ- 
entiated. Group A strains were well separated from the 
remaining ECOR strains. This group contained two main 
subgroups, corresponding roughly to the groups reported 
by Herzer et al. (1990). Group B2 strains were well 
clustered, at another level, with an intragroup organiza- 
tion similar to that obtained with MLEE data (Herzer et 
al. 1990). Among the remaining strains, the D and ac- 
cessory-group strains had a higher level of heterogeneity, 
in agreement with MLEE analysis (Herzer et al. 1990), 
whereas group B 1 strains appeared to be very heteroge- 
neous and divided into several lineages. Strains ECOR 
58 and 67, which belong to group B1, were unambigu- 

ously classified with the strains of group B2 by FAC and 
by the cladistic calculations. 

A FAC was conduced using the E c o R I  and H i n d I I I  

rDNA data. Projections of strains in the plane F1, F2 
(Fig. 4), which accounted for 44.7% of the total variance, 
indicated that the B2 group was separated by its pos- 
itive values on the first axis, whereas group A had neg- 
ative values on the two axes. The second axis differen- 
tiated the group D by its positive values. Projections of 
rDNA fragments in the plane indicated the essential 
characters identifying the group B2 strains by rDNA 
polymorphism: H1, H7, and H13 after H i n d l I I  digestion 
and R1, R4, and R14 after E c o R I  digestion. The dendro- 
gram resulting from the RFLP rDNA polymorphism data 
(Fig. 5) separated the lineage corresponding to phyloge- 
netic group B2. The strains of group D were separated 
into two lineages, whereas groups A and B1 were not 
clearly classified. 

D i s c u s s i o n  

Starch gel electrophoresis of soluble proteins has been 
the workhorse technique of population genetics for 
nearly 30 years, but it is clear that it underestimated 
polymorphism. For example, the deduced amino acid 
sequences encoded by the g n d  gene for 6-phosphoglu- 
conate dehydrogenase showed much more variation than 
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Fig .  2. C o r r e s p o n d e n c e  ana lys i s  o f  the  72  E C O R  strains p e r f o r m e d  

on the  R A P D  data.  A plot  o f  RAPD pat tern  score  ob ta ined  in g roup  A 

strains ( A ) ,  in g roup  B1 strains (A) ,  in g roup  B2  strains ( O ) ,  in g roup  

D strains (C))  and  in acces so ry  g roup  strains ( I )  and  a plot  score  for  

D N A  f r agmen t s  ob ta ined  wi th  p r imers  A,  B,  C, D,  and E for  factors  F~ 

and  F 2 (A)  and  for  factors  F 1 and F 3 (B) are  shown.  For  clari ty,  w h e n  

had been found by MLEE, and the net charge calculated 
did not correlate well with electrophoretic mobility 
(Bisercic et al. 1991). The working hypothesis of most 
population-genetic applications has also been that the 

severa l  s trains m'e p ro jec ted  on  the  s a m e  point  in the plane,  on ly  one  is 

indicated.  B a s e d  on the  da ta  o f  the three  factors  (F 1, F2, and  F3) , s trains 

f r o m  groups  A,  B1,  B2,  and  D (or ig ina l ly  ident i f ied  by  M L E E )  c l a m p  

toge the r  in the  d i ag rams .  This  shows  that  a c lass i f ica t ion ba sed  on  

R A P D  agrees  wi th  that  us ing  M L E E .  

majority of enzyme polymorphisms are selectively neu- 
tral, or nearly so. Several lines of statistical and experi- 
mental evidence seem to support this hypothesis in E. 
coli and other bacteria (Selander et al. 1987). However, 
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Fig. 3. Dendrogram prepared from the distance 
obtained from the cladistic analysis based on the 
RAPD data. The number of ECOR strains and 
their phylogenetic groups (Herzer et al. 1990) are 
indicated. The percent frequencies of observed 
partitions are shown above the nodes. 

it has been shown in oysters that balancing selection can 
counter the influence of genetic drift (Karl and Avise 
1992). Of course, MLEE still provides a rapid analysis of 
a large number of individuals and is an excellent method 
for assessing the genetic structure of a population. With 
the development of the PCR and the automation of DNA 
sequencing, determination of the nucleotide sequences of 
the genes themselves has become easier, and compari- 
sons of sequences for a gene from several strains are now 
available as phylogenetic tools. The more striking obser- 
vation resulting from these DNA sequence data is that 
some bacterial genes have a mosaic structure due to lo- 
calized recombination (Maynard Smith et al. 1991; Brun- 
ham et al. 1993, Achtman 1994). This is particularly true 
for genes encoding highly antigenic cell-surface proteins, 
or those mediating the synthesis of polysaccharides, as 
well as genes implicated in the resistance to antibiotics. 
In such cases, the recombinant strain has clearly acquired 
a tremendous selective advantage that allows it to escape 
the defense of the host, or to be more resistant to anti- 
biotics. But the sequencing of housekeeping genes, in 
which polymorphism can be considered as neutral, is 

needed to assess the relevance of recombination events 
in the genetic structure of bacteria. Several housekeeping 
genes, some of them conserved between distinct species, 
have now been sequenced and recombination events are 
found to occur at variable rates (Bisercic et al. 1991; 
Dykhuizen and Green 1991; Nelson and Selander 1992). 
In E. coli, the gnd locus seems to have a high rate of 
recombination, but several authors argue that this is be- 
cause it is tightly linked to the rfb locus, which codes for 
O antigen (Dykhuizen and Green 1991). But drawing 
conclusions on the structure of a population based upon 
the study of a single gene can be misleading. Data from 
one gene give the phylogeny of a gene, not of a species. 
Several genes must be analyzed to assess the genetic 
structure of a species (Dykhuizen et al. 1993). However, 
this approach is still expensive and tedious for analysis 
of a large number of strains. 

An alternative way to reveal the genetic structure of a 
population is to study several DNA genetic markers and 
to compare the results with MLEE data. We have used 
this approach to clarify the extent to which recombina- 
tion can obscure phylogenetic relationships that depend 
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Fig. 4. Correspondence analysis of the 72 ECOR strains performed 
on the rDNA data obtained by digestion with HindIII and EcoRI. A 
plot of rDNA pattern score obtained in the five groups of strains (sym- 
bols as in legend to Fig, 2) and a plot of score of HindlII rDNA 
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shown. For clarity, when several strains are projected on the same point 
in the plane, only one is indicated. 

on mutational divergence in E. coli. Clearly, there is a 
good agreement between enzyme polymorphism and 
RAPD, and to a lesser extent with RFLP data, thus pro- 
viding compelling evidence that horizontal transfer does 
not disrupt the clonal organization of the population. 
These results support theoretical estimations that point 
mutations are about five times more common than local- 
ized recombination events in E. coli, and that recombi- 
nation must be two to four times more frequent than 
point mutation to generate a clear panmixic population 
(Maynard Smith et al. 1993). This study identifies major 
groups as well as some subgroups described by analysis 
of the MLEE data (Herzer et al. 1990) within the ECOR 
population. Phylogenetic analysis of RAPD data consis- 
tently separates E. coIi group A strains from all other 
strains, as was reported from MLEE and biotype data 
(Selander et al. 1987). Ochman and Selander used 11 
enzyme loci to distinguish group A strains by the posi- 
tive value of the first axis of principal component anal- 
ysis (Ochman and Selander 1984). These strains com- 
prise K-12 and K-12-like strains, mostly isolated from 
humans. This must correspond to a deep and/or ancient 
divergence of these A strains during evolution. Among 
the remaining strains, group D and accessory group 
strains are well clustered, in agreement with the MLEE 
data. Group B 1 strains are divided by PAUP into several 
unrelated groups which do not correlate with the 38 en- 
zyme MLEE data. Ochman and Selander (Ochman and 

Selander 1984) found that these strains were distributed 
within both groups II and III. Three strains (ECOR 58, 
66 and 67) that were considered to be borderline between 
B1 and B2 groups by MLEE data (Selander et al. 1987; 
Ochman and Selander 1984; Herzer et al. 1990) are 
clearly clustered within the B2 strains by the RAPD data. 
However, strains ECOR 66 and 67 have a B2-type car- 
boxylesterase B, while strain ECOR 58 has a B:-type 
carboxylesterase B (Goullet and Picard 1989). Thus, B1 
group strains seem to be heterogeneous in that they can 
have characters belonging to distinct lineages. These 
strains may have tolerated a higher recombination rate 
that somewhat obscured their clonal organization. It is 
also possible that the apparent absence of correlation 
between the classifications of the B 1 strains obtained 
with the different genetic markers could result from 
higher polymorphism with a larger number of distinct 
clones. This polymorphism could correspond to the large 
ecological diversity of the E. coli species. Indeed, many 
of the B 1 strains were originally isolated from nonpri- 
mate mammals. B1 group strains appear to form the 
framework from which the remaining non-A group 
strains have emerged. 

In contrast, group B2 strains have a strictly clonal 
organization. These strains seem to have evolved more 
recently from the remaining E. coli than the other groups. 
Interestingly, rrn RFLP data distinguished the B2 strains 
from the remaining ECOR strains, and subclassified 
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Fig. 5. Dendrogram prepared from the distance 
obtained from the cladistic analysis based on the 
rDNA data after digestion by EcoRI and HindlII. 
The number of ECOR strains and their 
phylogenetic group (Herzer et al. 1990) are 
indicated. The percent frequencies of observed 
partitions are shown above the nodes. 

them in agreement with the MLEE data, as previously 
reported (Picard et al. 1993). However, the rrn  RFLP fails 
to clearly identify the phylogenetic groups within the 
non-B2 strains. B2 strains have a B2-type carboxylester- 
ase, and this type of strain has been shown to cause 
extraintestinal infections in humans (Goullet and Picard 
1986). Most of the B2 strains in the panel of ECOR were 
obtained from humans and other primates. Careful anal- 
ysis of the available DNA sequences of housekeeping 
genes for B2 strains (excluding strain ECOR 67, which 
can be considered as a borderline strain) shows a strong 
conservation among them, as compared to other ECOR 
strains (Nelson and Selander 1992), indicating a highly 
clonal population structure. These pathogenic clones, in 
which the various isolates are indistinguishable by 
MLEE, biotyping, and serotyping, have a worldwide dis- 
tribution and have been isolated over the last 40 years 
(Selander et al. 1986b; Johnson et al. 1991). The clonal 
structure of the population is amplified by spread in these 
cases. Our RFLP analysis explores a small part of the 
genome that corresponds to the 7 rrn operons. It can be 
hypothesized that some of these operons, as well as the 

carboxylesterase B locus, are in linkage disequilibrium 
with a block of virulence genes characteristic of these 
strains (Johnson 1991), or are directly involved in viru- 
lence. 

Our data confirm that RAPD analysis is a very pow- 
erful technique for studying genetic structure and evolu- 
tion of bacterial populations. Five primers yielded a tree 
similar to that obtained with 38 enzymes, and all the 72 
ECOR were distinguished. When the statistical analyses 
were performed step by step, adding the data for one 
primer each time, the structure of the ECOR population 
was progressively refined. Wang et al. (1993) studied a 
total of 75 strains of E. coli,  all causing diarrhea, and 
obtained from various parts of the world. They found that 
RAPD analysis with five primers was more sensitive for 
distinguishing between related bacterial strains than was 
MLEE with 39 enzymes. Statistical analysis of the 
RAPD data using FACs allows identification of the vari- 
ables which characterize a group. These DNA bands can 
be easily excised from the agarose gel, cloned into a 
plasmid, sequenced, and used as a probe to convert them 
to RFLPs. This approach has led to the identification of 
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markers linked to a Pseudomonas resistance gene in to- 
mato (Martin et al. 1991), and of ubiquitous somatic 
mutations in colorectal carcinoma cells (Ionov et al. 
1993). In a strategy which can be compared to positional 
cloning (Ballabio 1993), it should be possible to charac- 
terize genes specific to a group of strains, and if those 
strains represent virulent clones, to isolate the virulence 
genes. 
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