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Genetic relationship of diarrheagenic Escherichia coli pathotypes
among the enteropathogenic Escherichia coli O serogroup

Silvia Y Bando, Luiz R Trabulsi®, Carlos A Moreira-Filho*

Departamento de Imunologia, I nstituto de Ciéncias Biomédicas, Universidade de S&o Paulo, Av. Prof. Lineu Prestes, 1730,
05508-900 S&o Paulo, SP, Brasil

The genetic relationship among the Escherichia coli pathotypes was investigated. We used random ampli-
fied polymorphic DNA (RAPD) data for constructing a dendrogram of 73 strains of diarrheagenic E. coli. A
phylogenetic tree encompassing 15 serotypes from different pathotypes was constructed using multilocus se-
guence typing data. Phylogram clusters were used for validating RAPD data on the clonality of enteropatho-
genic E. coli (EPEC) O serogroup strains. Both analyses showed very similar topologies, characterized by the
presence of two major groups: group A includes EPEC H6 and H34 strains and group B contains the other
EPEC strains plus all serotypes belonging to atypical EPEC, enteroaggregative E. coli (EAEC) and
enterohemorrhagic E. coli (EHEC). These results confirm the existence of two evolutionary divergent groups in
EPEC: one is genetically and serologically very homogeneous whereas the other harbors EPEC and non-EPEC
serotypes. The same situation was found for EAEC and EHEC.

Key words: clonal structure - genetic relationship - diarrheagenic Escherichia coli - random amplified polymorphic DNA -
multilocus sequencetyping

Neter et al. (1955) proposed the term enteropha-
togenic Escherichia coli (EPEC) O serogroups to desig-
nate E. coli antigenic O groups associated with diarrhea.
World Health Organization (WHO 1987) defined as
EPEC O serogroups the following E. coli antigenic O
groups: 026, 055, 086, 0111, 0114, 0119, 0125,
0126, 0127, 0128, 0142, O158. It wasinitially accep-
ted that these serogroups comprised only EPEC and due
to this belief these organisms were routinely identified
by their O antigens only. Studies initiated in the early
1990s, and over the following years, revealed that the
EPEC O serogroups would contain not only EPEC but
also enterohemorrhagic E. coli (EHEC) and enteroag-
gregative E. coli (EAEC) (Camposet al. 1994, Rodrigues
et al. 1996, Scotland et al. 1996, Valle et al. 1997,
Goncalves et a. 1997, Trabulsi et a. 2002, Ghilardi et
al. 2003, Campos et al. 2004). It was further verified
that there were two classes of EPEC: one harboring the
EPEC adherencefactor (EAF) plasmid and the other with-
out this plasmid. The first class was designated typical
EPEC and the second atypical EPEC (Kaper 1996,
Trabulsi et a. 2002). It is now well established that the
EPEC O serogroups contain EPEC (typical and atypical),
EHEC and EAEC, and also that the four pathotypes are
characterized by distinct serotypes (Campos et al. 2004).
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The clonal structure and genetic relationships of
EPEC O serogroups pathotypes have already been stud-
ied by other authors (Whittam & McGraw 1996, Reid et
al. 2000), athough on the basis of an incomplete list of
this pathotype. In this study weincluded arepresentative
number of strains of typical and atypical EPEC, EHEC,
and EAEC of different origins, al previously identified
in regard to serotypes and virulence characteristics.

This study aimed at a better understanding of the gene-
tic relationships and evolutionary patterns within
diarrheagenic E. coli pathotypes. Theobjectivesof thiswork
were: (a) to evauate the genetic diversity of diarrheagenic
E. coli by dendrogram constructed by random amplified
polymorphic DNA (RAPD) data, (b) to perform aphyloge-
netic analysis of 15 diarrheagenic E. coli serotypes based
on multilocus sequence typing (MLST) using five genes
that codify metabolic enzymes: aroE, icd, mdh, mtiD, and
pai, and regulation proteins: arcA and rpoS, (c) to validate
the RAPD data on clonality analyses comparing the den-
drogram and phylogram topol ogy.

MATERIALS AND METHODS

Bacterial strains - We studied 73 different O EPEC
serogroups categorized in serotypes and pathotypes. E.
coli O157:H7 strains do not belong to the EPEC O
serogroups but were included for comparison purposes.
These strains belong to the E. coli collection kept at
Instituto Butantan (S&o Paulo, Brazil), isolated in dif-
ferent countries.

RAPD - All 73 strains were processed according to
Bando et al. (1998). Briefly E. coli strains were grown on
MacConkey’s agar overnight at 37°C. A single colony was
transferred to 3 ml of Luria Bertani broth and grown over-
night under agitation at 37°C. Chromosomal DNA was ob-
tained using the Wizard Genomic DNA Purification Kit
(Promega, Madison, WI, US). Each reaction was performed
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inafinal volume of 20 pl containing 10 ng of DNA and 0,3
MM of random primer. Four random primers; OPE-16 (5'-
ggtgactgtg-3"), OPK-04 (5"-ccgeccasac-3), OPO-06 (5'-
ccacgggaag-3'), OPP-03 (5'-ctgatacgee-37) (Tablel) were
used, separately, in each PCR reactions. The PCR products
were electrophoresed in 1.4% agarose gel in 1x TBE (0.1
M Tris, 0.09 M boric acid and 1 mM EDTA) and the gels
were stained with ethidium bromide and photographed us-
ing UV light.

Dendrogram- The RAPD polymorphismswere hand-
ily determined and the statistical analysis of data was
performed using the NTSY S-pc program 1.7 version
(James 1992).

The polymorphisms were used to construct a binary
data matrix of presence and absence of bands. This ma-
trix served to calculate the Jaccard’s distance. The simi-
larity matrix obtained was used to construct a dendro-
gram based on unweighted pair group method of aver-
ages (UPGMA).

DNA sequencing of housekeeping genes - Fifteen
strains, representing the commom serotypes found in
differente pathotypes, were selected for phylogenetic
analysis by MLST. We analysed the following 7 house-
keeping genes previously used for phylogenetic analy-
sis of pathogenic E. coli strains (Reid et al. 2000): aero-
bic respiratory control protein (arcA), shikimate dehy-
drogenase (aroE), isocitrate dehydrogenase (icd), mal ate
dehydrogenase (mdh), mannitol 1-phosphate dehydro-
genase (mtID), phosphoglucose isomerase (pgi), and
sigma factor (rpoS).

Template DNA was obtained by PCR amplification
for 35 cycles as follows: 95°C for 45 s, (55 — 68, see
Table) °C for 45 s, and 72°C for 2 min, with an initial
denaturating step of 95°C for 5 min and final extension
step of 72°C for 7 min. The primers (Table) used were
previously designed by Reid et al. (1999). The amplifi-
cation products were purified using Concert PCR Puri-
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fication Kit (Life Technologies, CA, US). The concen-
tration was determined by agarose gel electrophoresis.

Cycle sequencing was performed with Cycle Se-
quencing Cy-5 Dye Terminator Kit (Amersham Bio-
sciences, Uppsala, Sweden). Sequencing gel wererun on
an ALFexpress automated sequencer (Amersham Bio-
sciences, Uppsala, Sweden).

Phylogenetic analysis - Multiple-sequence align-
ment of the nucleotide sequences was performed with
GeneDoc v.2.6.01 (Nicholaset al. 1997). Phylogeny was
based on a supergene constructed by concatenating the
five genes and the tree was rooted with the homol ogous
sequences from Salmonella enterica Typhimurium ex-
tracted from the GenBank database. Phylogenetic trees
were inferred by the neighbor-joining algorithm and by
the method of maximum parsimony using PHY LI1Pv.3.5¢
(Felsenstein 1989).

RESULTS

Evaluation of genetic diversity using RAPD data -
The dendrogram in Fig. 1 illustrates the clonal structure
and the genetic relationships of the 73 strains here stud-
ied. The strains are distributed through several groups
related at different similarity levels. Two main divergent
clusters, A and B, are evident. Cluster A is genetically
homogeneous containing only typical EPEC strains
which have the H6 and H34 antigens and belong to
serogroups 055, 086, 0119, 0127, and 0142. Cluster
B isvery heterogeneous containing EPEC but also atypi-
ca EPEC, EAEC, and EHEC distributed through four
subclusters.

In contrast to cluster A, cluster B is more complex
and includes the remaining 56 strains. This group can be
divided in subgroups B1 and B2. B1 contains only two
atypical EPEC strains of serotype 026:H11. Group B2
comprises 6 subclusters (Ia, Ib,Ic Ila, Ilb, Ilc) encom-
passing the four pathotypes studied here. Subclusters

TABLE
Primersused for multilocus sequencetyping analysis
Genes Fragment size (bp) Primer Sequence(5'- 3")
arcA 664%/519b arcApl®® GAAGACGAGTTGGTAACACG
arcA p2NWd'e CTTCCAGATCACCGCAGAAGC
arok 619/453 skdplc'd AAGGTGCGAATGTGACGGTG
skdp2de AACTGGTTCTACGTCAGGCA
icd 1212/1062 icdpl1¢® ATGGAAAGTAAAGTAGTTGTTCCGGCACA
icdp2d TTACAT(GA)TT(CT)T(TC)GATGATCGC
icdp637Fe GGCTTAATACCGATACCGCA
mdh 864/570 mdhp1©e ATGAAAGTCGCAGTCCTCGGCGCTGCTGGCGG
mdhpZd'e TTAACGAACTCCTGCCCCAGAGCGATATCTTTCTT
mtlD 1282/714 mippl® CACCAGCGTGGATGAAGTGC
mlppZd'e CGGTTACCGCTCGGATACAA
m1pp3® CGTTGATCTGATTGCTCAGG
pgi 1040/897 pgipl©e ACGCGGTGCTGGAGAAGATG
pgi p2d'e GGCGGTTACCTTCGAATACT
poip3Re TCAGGAACCAGTCACGC
rpoS 878/540 rposplce GGCCTTCAACCTGAATCTGG
rpospZd'e TGATGAGAACGGAGTTGAGG

a: PCR fragment size; b: number of nucleotides after alignment of 15 strains; c: forward primer; d: reverse primer; e: primer used for

sequencing.
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2R 0127:H6* UK
06 0127:H6 BR
o7 0127:H6 BR
23 O55:H6* GUY
31 O55:H6 BR
25 O55H6 EGY
01 0O142:H6 BR
02 0O142:H6 BR
03 0142:H6 BR

Typical EPEC (H6/H34)

01 086:H34 BR
04 086:H34 CHI
18 086:H34 DEN

o7 0142:H34 BR
08 0O142:H34 BR
09 O119:H6 us
11 O119:H6 BR
23 O119:H6* BR
01 0127:H40 BR []
02 0127:H40 BR
04 0127:H40  BR
21 O119:H2* DEN
12 O119:H2 BR
16 O119:H2 BR
20 O119:H2 us
31 OM1H- BR
23 0128:H2*  BR
25 0128:H2 BR
01 0128:H2 us
13 0128:H2 BR
24 0128:H2 BR
17 0128:H35 BR
18 0128:H35 BR
19 0128:H35* BR
02 O114:H2 MEX
26 0128:H2 UN
10 086:H2 DEN
13 086:H2 BR
12 086:H2 DEN
38 O111:H4 GUA
01 0126:H27* UN
48 0O111:H10 BR
49 0111:H10 BR

Typical EPEC (O111:H-, O114:H2,
0127:H40)

Atypical EPEC (O119:H2, 0128:H2)

EAEC (0128:H35)

05 O11H12  BR EAEC
19 O111H12  BR

03 0126H-  UN

03 0125H21  BR

06 0125H21  BR

02 0126:H27  UN

30 O111H21  Us

20 026H11  CAN

21 026H11 UK

29 026:H11 DEN EHEC

02 O111:H- BR
36 OM1H- us

34 O111:H- us
26 O111:H- BR
18 O1M1:H2* BR
" OM1H- CHI
33 O111:H2 us
56 O111:H8 BR
72 O111:H8 us
75 O111:H8* UN
13 O111:H9 BR L

Typical EPEC (O111:H-, O111:H2)
Atypical EPEC (O111:H9)
EHEC (O111:H8)

10 O55H7* BR

g gg:m :?SAN Atypical EPEC (O55:H7)
01 O157H7  CAN EHEC (O157:H7)

05 O157:H7*  US

03 OMiHY BR [ .
01 0125H6*  BR Atypical EPEC
02 0125H8  BR

08 026:H11 BR
04 026:H11* BR

| Atypical EPEC

Fig. 1: random amplified polymorphic DNA analysis of 73 diarrheagenic Escherichia coli strains. The tree was based on 90 polymorphisms and the
dendrogram was constructed with UPGMA using Jaccard similarity coefficient. The strain number, the serotype, the country of the original strain
isolation, the presence of virulence factors and the pathotype are indicated on the right of the dendrogram. The asterisks (*) indicate the strains that

were selected to multilocus sequence typing.

Ia, laand I1b are genetically homogeneous and contains
atypical EPEC, EHEC, and EAEC, respectively. Subclus-
ters|b, Ic, and llc are heterogeneous: Ib is composed of
EHEC and atypical EPEC, Icincludestypical and atypi-
cal EPEC and EHEC strains of 0111 serogroup, and llc
is composed of typical and atypical EPEC and EAEC,
most of them possessing the H2 antigen.

Variability of E. coli housekeeping genes - Mul-
tiple-sequence alignment of nucleotide sequences and
of the inferred amino acid sequences showed a total of
262 variable sites were found among 4755 nucleotides,
40 of which involved amino-acid replacements. Fig. 2
shows the phylogenetic comparison between the phy-
logenies based on icd and pgi genes. In both trees two
major clusters, A and B, were formed. However nine
strains occupied different clade positions depending on

the gene under analysis. Besides these interclade trans-
positions, four intraclade differences were al so observed.
Brown et al. (2001) had aready observed this phyloge-
netic discordance when investigating the horizontal
transfer of mutS alleles among E. coli strains.

Phylogenetic analysis - Rooted trees were con-
structed using the neighbor-joining algorithm based on
four different concatened genes (Fig. 3). Only the phy-
logeny based on the supergene containing five genesis
showed in Fig. 4, because the others trees showed lower
bootstrap values.

This phylogram (Fig. 4) showed two divergent groups
in 15 strains belonging to different pathotypes. Cluster A
includes EPEC and atypical EPEC (H6/H34 strains), and
cluster B contains other serotypes (H2/H9/H7/H11 strains)
of EPEC and atypical EPEC, EHEC/STEC, and EAEC.
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icd

S. enterica Typhimurium

086:H34 0128:H2
{ 0127:H6 A’L128:H35 ﬂ
055:H6 O111:H9
—— 0125:H6 O111:H8 |
055:H7 P o119:H2
‘ ‘ Eo157:H7 . O111:H2 :I
B 0119:H6 <+ 026:H11 —
026:H11 O157:H7 — B
‘E O111:H8 055:H7 —
O111:H9 0126:H27
B L 0126:H27 086:H34 —
O1M1:H2 < 0127:Hei’7
<|_E O128:H35J¢_ 055:H6 A
A 0128:H2 0125:H6 ]_
— O119:H2 "'—} 0119:H6

pgi

Fig. 2: phylogenetic comparisons of icd and pgi among 15 Escherichia coli strains. Black and gray colors indicate lateral movement of strains (see
arrows) between distincticd and pgi clades (designated A and B). Intraclade movements areindicated by the serotypesinitalic. Thetreeswererooted
with homol ogous sequences from Salmonella enterica Typhimurium. The phylogenies were inferred by the method of maximum parsimony.

The cluster B can bedivided in four subclusters: 1, I1,
I11, and IV. These subclusters distributed EHEC in two
different groups: subcluster 11 includes O157:H7
(EHEC) and atypical EPEC O55:H7 serotype; subcluster
I11 contains other EHEC and atypical EPEC serotypes. A
similar division was observed within EAEC strains: one
group forms an exclusively EAEC branch (subcluster )
and the other encompasses some EPEC and atypical
EPEC strains (subcluster 1V).

DISCUSSION

RAPD is largely used for genetic variability analy-
ses. On the other hand, there are some limitations for
the use of RAPD data on phylogenetic inferences: the
lack of data on coding regions, or on the homology of
size-comparable bands, renders difficult to evaluate ge-
netic distances. RAPD has been more used for genetic
diversity evaluation and isolate characterization.

In the present work the efficiency of RAPD for as-
sessing clonality was demonstrated. The dendrogram and
the phylogenetic tree of EPEC O serogroups strains
based on RAPD and ML ST data are very similar. These
results indicate a correspondence between genetic vari-
ability and phylogenetic relationships, but RAPD allows
the study of alarge number of samples at alow cost.

Both analyses (Figs 1, 4) showed that EPEC harbor
two divergent groups, one is genetically homogeneous
(cluster A, corresponding to the EPEC1 group of
Whittam & McGraw 1996) and the other is very hetero-
geneous (cluster B). Whittam and McGraw (1996) con-
ducted a genetic study on EPEC and EHEC strains based
on MLEE. They proposed that EPEC strains could be

divided in two clonal groups designated EPEC 1 and
EPEC 2. EPEC 1 would be composed of serotypes with
the H6/H34 antigens and EPEC 2 of serotypes possess-
ing the H2 antigens. In both clonal groupsthe H antigens
are associated with different O antigens. Our results
confirmed the findings of Whittam and McGraw (1996)
only in regard to EPEC 1. We found that strains classi-
fied as EPEC 2 by Whittam and McGraw are actually
distributed in two clonal groups, here called Ic and Ilc.
Moreover, these two subclusters contain some non-H2
serotypes and other pathotypes besidesEAEC and EHEC.
It isinteresting to note that serotype O125:H6 (atypical
EPEC) occupies distinct clusters in the dendrogram and
in the phylogram. Probably O125:H6 genomic variabil-
ity is better assessed by RAPD and this serotype is ge-
netically close to atypical EPEC.

Strains of different serotypes and pathotypes appear
in cluster B (Figs 1, 4). However, it is possible to iden-
tify some grouping among these strains: B1 contains
atypical EPEC strains of serotype O26:H11, distantly
related to the EHEC strains of the same serotype. This
finding confirms that the O26:H11 atypical EPEC and
EHEC belong to distinct clonal groups, as previously

icd mtiD pgi mdh rpoS arcA aroE

Conc3 (2673bp)
Conc4 (3243bp)
Conc5 (3696bp)
Conc6 (4215bp)
Conc7 (4755bp)

Fig. 3: representation and size of five supergenes obtained after sequence
concatenation. The bar indicates the genes used for constructing each
supergene.
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demonstrated (Peixoto et al. 2001). Moreover EHEC
and EAEC pathotypesare divided intwo divergent groups
and EPEC and atypical EPEC strains are aimost evenly
distributed through the subclusters. This pattern was pre-
viously observed in analyses using MLEE (Whittam &
McGraw 1996, Czeczulin et a. 1999) and MLST (Reid
et a. 2000).

These data suggest that genetically homogeneous
groups (like A and 1lb clusters) suffered less recombi-
nation events involving strains from other pathotypes.
On the other hand, the strains grouped in the clusters B
(Fig. 2) experienced many recombination and horizon-
tal transfer events. Moreover, these strains occupied dif-
ferent clade positions within seven phylogenies (based
on single housekeeping gene) suggesting the occurrence
of many interclade recombinations or/and horizontal
transfer among these strains.

Regarding virulence factors, EPEC, atypical EPEC,
EHEC strains possess distinct intimins (a, B, y and d)
and different insertion regions (selC ou pheU) for LEE,
or Locus of Enterocyte Effacement (Adu-Bobie et al.
1998, Sperandio et al. 1998, Trabulsi et a. 2002). This
suggests that gain or loss of virulence elements, like
phage (STX), plasmids (EHEC, EAF) and pathogenicis-
lands (LEE), occurred in parallel among diarrheagenic
E. coli strains. Moreover, the capacity of some EPEC
and atypical EPEC strains for expressing potential viru-
lence factorsis not encoded in the LEE region (Trabulsi
et al. 2002), like EAST1 (heat-stable toxin 1 of EAEC),
CDT (cytolethal distending toxin) and E-hly (EHEC
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hemolysin), suggesting again that these virulence ele-
ments are transferred horizontally and in parallel among
different strains. It is interesting to note that strains be-
longing to the same pathotypeisolated in different coun-
tries grouped toghether suggesting one more time the
parallel transference of virulence factors. Horizontal
transfer is supported by two other works (Pupo et al.
1997, Boyd & Hartl 1998) on the phylogenetic relation-
ship between pathogeni c and non-pathogenic E. coli, both
claiming for the non-existence of clonal lineages within
E. coli.

In conclusion, the typical and atypical EPEC, EHEC,
and EAEC belonging to the EPEC O serogroups corre-
spond to different genetic clusters, as determined by
RAPD analyses. Some of these clusters are very homo-
geneous, as the H6/H34 typica EPEC and the EAEC
groups, resembling clonal groups. However, most of the
other groups are heterogeneous and include two or more
pathotypes. The heterogeneous clusters seem to group
according to their antigenic characteristics rather than
to their virulencetraits. It seems unlikely that a sole spe-
cific lineage transferred virulence factors to their de-
scendents, thus originating a clonal group of new
pathotype strains. However, some strains in different
serotypes probably have afavorable genetic background
for recombination and acquisition of virulence elements
through horizontal transfer. More genetic studies are
required to identify the genetic mechanisms allowing
some pathogenic E. coli to retain a high potential for
recombination.

EPEC, B-intim, LEE-pheU
atypical EPEC, B-intim, LEE-pheU
EAEC

atypical EPEC, B-intim

atypical EPEC, a-intim, LEE-se/C
atypical EPEC, B-intim, LEE-pheU
EHEC, a-intim, LEE-pheU
atypical EPEC, y-intim, LEE-se/C
EHEC , y-intim, LEE-selC

EAEC

atypical EPEC, a-intim

EPEC, B-intim, LEE-se/C

EPEC, 5-intim

EPEC, a-intim, LEE-se/C

EPEC, a-intim, LEE-se/C

Fig. 4: rooted phylogeny of 15 diarrheagenic Escherichia coli strains. The phylogram was based on a supergene obtained by five genes concatened
(icd, mtID, pgi, mdh, rpoS). Thetree wasinfered by neighbor-joining algorithm. The presence of virulence factors and the pathotype areindicated on
the right side of the serotype identification. The numbers at the nodes are bootstrap confidence values based on 1000 replicates.
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