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Enteropathogenic Escherichia coli (EPEC) infections are a leading cause of infantile diarrhea in developing
nations. Typical EPEC isolates are differentiated from other types of pathogenic E. coli by two distinctive
phenotypes, attaching effacement and localized adherence. The genes specifying these phenotypes are found on
the locus of enterocyte effacement (LEE) and the EPEC adherence factor (EAF) plasmid. To describe how
typical EPEC has evolved, we characterized a diverse collection of strains by multilocus sequence typing
(MLST) and performed restriction fragment length polymorphism (RFLP) analysis of three virulence genes
(eae, bfpA, and perA) to assess allelic variation. Among 129 strains representing 20 O-serogroups, 21 clonal
genotypes were identified using MLST. RFLP analysis resolved nine eae, nine bfpA4, and four perA alleles. Each
bfpA allele was associated with only one perA allele class, suggesting that recombination has not played a large
role in shuffling the bfpA and perA4 loci between separate EAF plasmids. The distribution of eae alleles among
typical EPEC strains is more concordant with the clonal relationships than the distribution of the EAF plasmid
types. These results provide further support for the hypothesis that the EPEC pathotype has evolved multiple

times within E. coli through separate acquisitions of the LEE island and EAF plasmid.

Enteropathogenic E. coli (EPEC) infections are a leading
cause of infantile diarrhea in developing nations (31, 37). A
key characteristic of EPEC strains is the ability to intimately
attach to intestinal epithelial cells and create attaching and
effacing (AE) lesions (24). The AE phenotype is specified by
genes of the locus of enterocyte effacement (LEE), a ~35-kb
pathogenicity island located in the bacterial chromosome (23,
41). The LEE island comprises approximately 40 genes and
encodes the components of a type III secretion system, various
effector molecules, and the intimin adhesin (23, 33, 68). In-
timin plays a crucial role in AE lesion formation (15) and is
encoded by the highly polymorphic eae gene (1, 72), which can
be divided into periplasmic, transmembrane, and extracellular
domains (39). To date, more than 25 major allelic variants of
eae have been described (36).

Most typical EPEC strains fall into one of two phylogeneti-
cally distinct groups or clonal lineages, designated EPEC 1 and
EPEC 2 (69), and differ from atypical EPEC and other types of
pathogenic E. coli by their ability to form microcolonies on the
surface of intestinal epithelial cells (4). This phenotype, termed
localized adherence (LA), correlates with the presence of a
large virulence plasmid called the EPEC adherence factor
(EAF) plasmid (18). The EAF plasmids from different EPEC
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strains show considerable variation in size (~85 to 110 kb) (48)
and, presumably, gene content. Comparison of the complete
EAF plasmid sequences from two prototypical EPEC strains
(O127:H6 EPEC 1 strain E2348/69 and O111:NM EPEC 2
strain B171) indicates that the EPEC 2 plasmid of B171 carries
fewer genes (80 versus 115 open reading frames) and a greater
percentage of intact or partial insertion sequence elements
(33% versus 19%) than the pMAR7 plasmid of EPEC 1 strain
E2348/69 (11, 64). Nevertheless, certain parts of the plasmid
show a high degree of sequence conservation among typical
EPEC strains (47), particularly in the region encoding the
bundle-forming pilus (BFP), a type IV fimbria whose produc-
tion is associated with the LA phenotype. An operon of 14
genes is necessary for expression of the BFP (20, 63), with bfpA
encoding the major structural subunit (bundlin). Sequence
comparisons of nine bfpA alleles have provided compelling
evidence for the action of diversifying selection at the molec-
ular level (7, 8). A second locus on the EAF plasmid implicated
in the full virulence of EPEC is the plasmid-encoded regulator
(Per), consisting of three genes (perA, perB, and perC). Per has
been shown to activate genes within the bfp operon (65) and
the LEE pathogenicity island (22, 42).

Little is known about the allelic distributions of eae, bfpA,
and perA among the EPEC 1, EPEC 2, and other clonal line-
ages of typical EPEC. In this study we characterized a diverse
collection of 129 EPEC, including strains of the classical EPEC
serotypes (52), through multilocus sequence typing (MLST)
and restriction fragment polymorphism (RFLP) analysis to
elucidate the extent to which horizontal transfer of the LEE
island and EAF plasmid have contributed to the evolution and
diversification of EPEC clones.
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TABLE 1. Summary of EPEC strains investigated

No. of Yr(s) of

Serogroup isolates isolation Locale(s) Reference(s)
Classical serogroups

055 21 1947-1998 Brazil, Congo, Dutch Guiana, France, Germany, Guinea-Bissau, 8, 44, 47, 52, 56, 57, 67
Mexico, Scotland, United States

086 10 1950-1997 Brazil, Bulgaria, Denmark, Germany, Guinea-Bissau, United 8,9, 34, 52, 56, 67
Kingdom, United States

O111 16 1947-1996 Austria, Brazil, Dutch Guiana, Germany, Mexico, Peru, Scotland, 8, 17, 38, 44, 45, 47, 52,
United Kingdom, United States 53, 56

0114 4 1969-1997 Guinea-Bissau, United Kingdom, United States 16, 67

0119 28 1960-1998 Brazil, Chile, Guinea-Bissau, Mexico, Peru, United Kingdom, 8, 16, 28, 38, 46, 47, 58,
United States 61, 67

0127 4 1969-1997 Guinea-Bissau, United Kingdom 16, 67

0142 11 <1960-1997  Brazil, Canada, Guinea-Bissau, Indonesia, Peru, Portugal, 21, 32, 45, 56, 60, 67
Scotland, United States

Other serogroups
1 1997 Guinea-Bissau 67

033 2 1997 Guinea-Bissau 67

034 1 1997 Guinea-Bissau 67

049 2 1997 Guinea-Bissau 67

051 1 1997 Guinea-Bissau 67

073 1 1997 Guinea-Bissau 67

076 1 1982 Peru 45

0110 1 1993 Germany 59

0126 3 1962-1964 Egypt, Iran, Pakistan 52

0128 15 1953-1991 Denmark, Germany, Pakistan, United Kingdom, United States 9, 52, 55, 56

0157 3 1983-1998 Brazil, United States 7, 70

0X9 1 1997 Guinea-Bissau 67

O- 3 1996-1997 Guinea-Bissau 67

MATERIALS AND METHODS

Strains. A collection of 95 EPEC strains was assembled based on serotype or
their inclusion in one of two studies examining bfpA allelic variation (7, 8). These
strains represent a variety of serotypes originally isolated between 1947 and 1998
from different regions around the world and were obtained from a number of
sources, including the Centers for Disease Control and Prevention, Alejandro
Cravioto, Helge Karch, Frits and Ida @rskov, Phillip I. Tarr, and Luis Trabulsi
(Table 1; see also Table S1 in the supplemental material). An additional 34 eae ™
bfpA™ strains were selected from a cohort study of childhood diarrheal disease in
Guinea-Bissau, West Africa (67) (Table 1; see also Table S1). Each strain was
grown overnight at 37°C in 10 ml of Luria-Bertani broth with moderate shaking.
Genomic DNA was isolated using the Puregene DNA isolation kit (Gentra
Systems Inc., Minneapolis, MN). DNA concentrations were determined using a
NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies Inc., Rock-
land, ME), which were diluted to 25 ng/pl for PCR.

MLST. MLST was performed on seven conserved housekeeping genes (aspC,
clpX, fadD, icdA, lysP, mdh, and uidA). A detailed protocol of the MLST pro-
cedure, including allelic type and sequence type (ST) assignment methods, can
be found at the ECMLST website (http://www.shigatox.net/mlst). Sequences were
concatenated for phylogenetic analyses.

eae fRFLP. Allelic variation in eae was resolved using fluorescent RFLP
(fRFLP) as described previously (36).

bfpA PCR and DNA sequencing. PCR primers were designed to target con-
served flanking regions of bfpA based on nine available allelic sequences (7, 8).
Each 25-pl reaction mixture contained 2.5 pl 10X buffer IT (Applied Biosystems,
Foster City, CA), 2.5 nl 2 mM deoxynucleoside triphosphate, 2.0 pl 25 mM
MgCl,, 0.5 pl 10 wM bfpA_-52F primer (5-AGATTATTCCGTGACCTATT-3"),
0.5 pl 10 uM bfpG_9R primer (5'-TGTCCTCACATATACCTCCC-3'), 1.5 U
AmpliTaq Gold (Applied Biosystems), 1 pl of 25-ng/pl genomic DNA template,
and 15.7 pl distilled H,O (dH,O). Amplification of the approximately 700-bp
fragment utilized an initial denaturing step at 94°C for 10 min, followed by 35
cycles of 92°C for 1 min, 52°C for 1 min, and 72°C for 30 s. A final step of 72°C
for 5 min was used to complete any partially extended product. PCR products (5
wl) were visualized on ethidium bromide-stained 1.5% agarose gels by illumina-
tion with UV light, purified using the QIAquick PCR purification kit (QIAGEN
Inc., Valencia, CA), and quantified. Cycle sequencing reaction mixtures con-
tained 4.0 wl CEQ DTCS Quick Start premix (Beckman Coulter Inc., Fullerton,

CA), 1.0 pl 20 pM bfpA_-52F or bfpG_9R primer, approximately 70 ng of bfpA
PCR product, and dH,O to a final volume of 10 pl. Amplification utilized an
initial denaturing step at 94°C for 1 min, followed by 35 cycles of 96°C for 30 s,
52°C for 30 s, and 60°C for 2 min. Upon completion of cycle sequencing, samples
were purified with Sephadex G-50 fine columns (Amersham Pharmacia Biotech
Inc., Piscataway, NJ), dried under vacuum centrifugation (Savant Instruments
Inc., Holbrook, NY), suspended in 40 pl of deionized formamide, and run on a
CEQ2000XL instrument (Beckman Coulter Inc.). Samples were analyzed using
the CEQ2000XL software and then exported for further analysis with the Seq-
Man module of the Lasergene software (DNASTAR Inc., Madison, WI).

bfpA PCR and RFLP. PCR conditions were identical to those described above
for bfpA except primers bfpA_114F (5'-GTCTGCGTCTGATTCCAATA-3")
and bfpA_521R (5'-TCAGCAGGAGTAATAGC-3") were used to amplify a
408- to 414-bp internal fragment of the gene. Prior to digestion, each bfpA PCR
product was purified using the QIAquick PCR purification kit. Three different
restriction enzyme digests were used. Digestion with Alul and with Bfal was
performed in separate 30-pl reaction mixtures with 10 U of enzyme, 3.0 pl 10X
reaction buffer, and 26.0 pl purified PCR product, and samples were incubated
overnight at 37°C, while digestion with 10 U of BstNI was performed in 30-ul
reaction mixtures with 3.0 ul 10X reaction buffer, 0.3 pl 100X bovine serum
albumin, and 25.7 pul purified PCR product followed by an overnight incubation
at 60°C. All restriction enzymes were obtained from New England BioLabs Inc.
(Ipswich, MA), and the reaction buffer provided with each enzyme was used.
After incubation, 15 wl of the digests was visualized on ethidium bromide-stained
1.5% agarose gels by illumination with UV light.

perA PCR and DNA sequencing. Primers were designed to target the con-
served flanking and internal regions of perA4 based on 15 available sequences (27,
50, 65). PCR conditions are similar to those described above for bfpA except
primers perA_-24F (5'-AACAAACGCGCATGAAGGTG-3") and perB_222R
(5'-TTCGCCGGTGATGTGGTCT-3') were used with a 58°C annealing tem-
perature and a 1-min extension time. The resulting PCR products (approxi-
mately 1.1 kb) were purified and quantified as described above. Cycle sequencing
reaction mixtures were similar to those used for bfpA4, except that 120 ng of perA
PCR product and primers perA_-24F, perA_539F (5'-AAAACTGGAAACTA
GGCGATGTCA-3"), perA_562R (5'-TGACATCGCCTAGTTTCCAGTTTT-
3"), and perB_222R were used at a 58°C annealing temperature.
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TABLE 2. Sequence variation among alleles of seven MLST genes, eae, bfpA, and perA

a No. of No. of No. of dg X 100 dy X 100 o
Locus sites variable sites alleles % GC (meban + SE) (mé\;n + SE) dnlds (95% CT)
aspC 513 21 9 51.4 5.14*x1.23 0.06 = 0.06 0.035 (0.002, 0.154)
clpX 567 34 11 534 5.51 = 1.06 0.05 = 0.05 0.014 (0.001, 0.066)
fadD 483 32 11 50.7 8.56 = 1.50 0.05 = 0.05 0.008 (0.000, 0.036)
icdA 567 30 8 513 6.44 = 1.25 0.20 = 0.15 0.037 (0.006, 0.120)
lysP 477 10 8 53.9 344+ 1.14 0.00 = 0.00 0.000 (0.000, 0.061)
mdh 549 25 12 52.6 3.92 = 0.84 0.04 = 0.04 0.015 (0.001, 0.065)
uidA 576 26 7 51.9 4.84 = 1.10 0.63 = 0.25 0.171 (0.080, 0.326)
Avg 533.1 25.4 9.4 522 5.41 = 1.16 0.15 = 0.09 0.040 (0.013, 0.118)
eae 2,853 790 9 423 2522+ 1.25 10.89 = 0.74 0.310 (0.298, 0.349)
eaeppp 558 67 9 40.7 9.39 = 1.47 2.74 = 0.55 0.245 (0.171, 0.358)
eaeryp 1,092 84 8 44.4 8.48 £ 1.15 0.88 = 0.21 0.132 (0.086, 0.204)
eaescp 1,203 639 9 41.1 59.69 = 3.13 27.02 = 1.84 0.284 (0.275, 0.343)
bfpA 588 94 11 40.0 9.36 = 1.46 6.46 = 1.11 0.480 (0.384, 0.608)
perA 825 99 20 28.0 491 = 0.80 2.03 = 0.33 0.400 (0.322, 0.522)

¢ Average values for seven MLST loci. PPD, periplasmic domain; TMD, transmembrane domain; ECD, extracellular domain.
® The « and p eae alleles analyzed have identical transmembrane domain sequences.

perA PCR and RFLP. PCR conditions were similar to those described for bfpA4
except primers perA_-24F and perA_562R were used at an annealing tempera-
ture of 58°C. Digestion with Ddel and with Sau96I was performed in separate
30-pl reaction mixtures with 10 U of enzyme, 3.0 ul 10X reaction buffer, 20.0 .l
unpurified PCR product, and dH,O to volume; samples were incubated over-
night at 37°C and visualized on ethidium bromide-stained 1.5% agarose gels.

fliC typing. Strains that were nonmotile or lacked flagellar serotype data were
typed for the fliC locus. The entire fliC gene was amplified with primers fliC_1F
(5'-ATGGCACAAGTCATTAATACCAA-3') and fliC_1497R (5'-TTAACCC
TGCAGCAGAGACA-3") using the same PCR conditions described for bfpA
except for an annealing temperature of 55°C and an extension time of 2 min.
Amplicons (approximately 2 kb) were either digested with 5 U of Ddel under
conditions similar to those described for perd or sequenced to determine the
allele. H-types that were determined by fliC sequencing or RFLP are denoted
with a lower case h and are enclosed in square brackets.

Phylogenetic analyses. Sequences were aligned with the ClustalW algorithm
using the MegAlign module of the Lasergene software. Neighbor-joining trees
were constructed using the Kimura two-parameter model of nucleotide substi-
tution with the MEGAZ3 software (35), and the inferred phylogenies were each
tested with 500 bootstrap replications. Phylogenetic network analysis was con-
ducted with the SplitsTree 4 program (30) using the neighbor-net algorithm (14)
and untransformed distances (p distance). The ¢,, recombination test (13) as
implemented by SplitsTree 4 was used to distinguish recurrent mutation from
recombination in generating genotypic diversity. The number of synonymous
substitutions per synonymous site (dg) and the number of nonsynonymous sub-
stitutions per nonsynonymous site (dy) were estimated by the modified Nei-
Gojobori method using MEGA3 (35). Allelic sequences were fit to a nucleotide
substitution model using the Datamonkey website, and then either the single
likelihood ancestor counting (SLAC) or random effects likelihood (REL)
method was used to fit a codon model to detect selection on individual codons
(54). The SLAC method was also used to calculate the ratio of dy to dg and
estimate the 95% confidence interval.

Nucleotide sequence accession numbers. The sequences for bfp4 and perA
were submitted to GenBank and given the accession numbers EF011027 to
EF011059.

RESULTS

MLST analysis. PCR amplification and sequencing of the
seven MLST loci in 129 EPEC strains was successful in most
(90%) cases. The notable exception was uidA, which failed to
amplify in 13 strains, including a single O114:H2 strain (380/
69) and 12 other strains, 11 of which are serotype O55:[h51].
These 12 uidA-negative strains were identical to each other at
the six remaining MLST loci. PCR amplification with primers

located in the genes flanking the uidA locus produced a trun-
cated amplicon, suggesting that these strains belong to a clonal
genotype that has lost most of the uidA gene (data not shown).
For phylogenetic analysis, the sequenced internal fragments of
the seven housekeeping genes were concatenated to yield
3,732 nucleotides. The uidA locus was treated as missing data
and replaced with alignment gaps in the full concatenated
sequence for the 13 uidA-negative strains.

MLST analysis resolved an average of 25.4 variable nucleo-
tide sites per locus, which defined a number of alleles, ranging
from 7 to 12, at the seven MLST genes (Table 2). The synon-
ymous rate of substitution (dg) ranged from a low of 3.44% for
lysP to a high of 8.56% for fadD, with an average of 5.41
synonymous substitutions per 100 synonymous sites (Table 2).
The nonsynonymous rate (dy) per 100 nonsynonymous sites
was generally 2 orders of magnitude lower than dg, ranging
from 0.00 for lysP to 0.63 for uidA. Tests for natural selection
operating on the allelic variation at each MLST locus based on
the SLAC method found no individual sites (codons) that were
under significant positive selection and only six codons under
negative selection at the 0.1 significance level (one in c¢/pX and
mdh and two in fadD and icdA). Thus, low values of d,/dg at
the MLST loci reflect weak negative selection over many
codons.

The distinct combinations of alleles across the seven MLST
loci were used to define 21 multilocus genotypes or sequence
types (STs) among the 129 EPEC strains. Classification of the
strains based on the bootstrap analysis indicates that most
(77%) of the strains belong to one of four main clonal groups,
designated EPEC 1, EPEC 2, EPEC 3, and EPEC 4 (Fig. 1).
With the exception of EPEC 3 strains, which were all O86:H34
(or nonmotile relatives), the EPEC groups based on the clas-
sification of STs included strains of various O-types (see com-
plete list of serotypes in Table S1 in the supplemental mate-
rial). There were strains representing three O-types in EPEC 1
(055, 0127, and 0142), five O-types in EPEC 2 (O111, O114,
0119, 0126, and 0128), and two O-types in EPEC 4 (0110
and O119). H-types (or the inferred H-type from the fliC
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FIG. 1. Phylogenetic relationships of 21 EPEC sequence types. (A) An unrooted phylogenetic tree was constructed by the neighbor-joining
algorithm based on the Kimura two-parameter model of nucleotide substitution. (B) The phylogenetic (splits) network is based on the neighbor-net
algorithm using a p distance matrix. The four main clonal groups are indicated by colored boxes or ellipses. The ST and number of isolates are
given at the branch tips. Bootstrap values greater than 50% based on 500 replications are given at the internal nodes. The distributions of eae alleles
and EAF plasmid types are shown on the right (see Table 5, below, for plasmid type definitions).

allele) were conserved among strains of each group: EPEC 1
strains were H6, EPEC 2 were H2, EPEC 3 were H34, and
EPEC 4 were H6. These four clonal groups were represented
among both the worldwide and Guinea-Bissau strains. The 21
STs differed on average at 1.4% and 0.2% of the nucleotide
and amino acid sites, respectively. ST-20 was the most common
multilocus genotype (22.5%), followed by ST-13 (19.4%) and
ST-1 (14.0%) (Fig. 1).

The splits network (Fig. 1B) revealed several parallel paths
indicative of the presence of phylogenetic incompatibilities in
the divergence of EPEC clones. Such incompatibilities could
arise from recurrent mutation or recombination in the MLST
loci. To detect recombination, we used the ¢,, test, which has
been shown to discriminate between recurrent mutation and
recombination in a variety of circumstances (13). In applica-
tion to the concatenated sequences of the 21 STs, there were
129 informative sites, and the ¢,, test found statistically signif-
icant evidence of recombination (P < 0.001). The four main
clonal groups, however, are separated and intact. Three of the
four groups occur at the end of long branches without evidence
of multiple paths, suggesting that recombination occurred
early in the divergence of EPEC genotypes. With an EPEC
phylogenetic framework in place, the allelic distributions of
eae, bfpA, and perA were assessed.

Allelic variation in eae. The eae locus was subtyped by fR-
FLP (36), and nine alleles («, B, B2, € m, v, K, \, and p) were
observed among the 129 EPEC strains (Fig. 1). Representative
sequences of each fRFLP profile (36) were used for subse-
quent analyses. In comparison to the MLST loci, the synony-
mous rate for eae was 25.22%, more than 4 times greater than
the mean for the seven MLST genes. The nonsynonymous rate

of 10.89% for eae was more than 72 times greater the average
dy across all seven MLST genes. When eae is divided into its
three primary domains, the periplasmic and transmembrane
domains have considerably lower synonymous and nonsynony-
mous rates than the extracellular region (Table 2). However,
only a single codon within the extracellular domains of eae was
found to be under significant positive selection using the SLAC
method.

Allelic variation in bfpA. The entire bfpA gene was amplified
and sequenced in 15 strains with STs for which bfpA allelic data
were not previously available (STs 4, 5, 7, 8, 11, 15, 16, 17, and
18). Comparative sequence analysis revealed the existence of a
10th allele of bfpA, which we designated 7.1 (Fig. 2). A minor
variant of this allele that differed by a single synonymous sub-
stitution was designated p7.2.

In comparison to the MLST loci, the synonymous rate for
bfpA was 9.36%, slightly greater than the range and mean
for the seven MLST genes. The nonsynonymous rate of
6.46% for bfpA was more than 43 times greater the average d
across all seven MLST genes. There was no evidence for sig-
nificant positive selection at individual codons within bfpA
using the SLAC method; however, the less conservative REL
method (54) detected 22 codon positions with positive selec-
tion, 12 of which were polymorphic for three or more amino
acids.

Using the identified bfpA sequences, we devised an RFLP-
based typing system to subtype bfpA alleles based on new PCR
primers designed to target the conserved internal regions of
the gene. We identified three restriction enzymes (Alul, Bfal,
and BstNI) which, when used separately, produced digestion
patterns that combined could resolve nine bfpA alleles (Table
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FIG. 2. Eleven bfpA alleles cluster into two major groups. A phy-
logenetic tree constructed by the neighbor-joining algorithm based on
the Kimura two-parameter model of nucleotide substitution is shown
on the left. Bootstrap values based on 500 replications are given at the
internal nodes. To the right is a graph of the locations of the 39
polymorphic amino acid sites (195 total), which are marked as vertical
lines that indicate differences from the consensus of all 11 alleles.

3). In silico analysis with over 500 restriction endonucleases
failed to identify an enzyme that could easily distinguish the 81
and B7 alleles. However, B1 and B7 bfpA strains can be easily
differentiated based on their perA allele (see below). PCR
amplification of bfpA was successful in all but 21 isolates. Of
the bfpA-negative strains, O128:H2 was the most common se-
rotype, with 13 isolates. RFLP analysis of the 108 bfpA-positive
strains showed that the al (n = 23) and o3 (n = 24) alleles
were the most common. The a2 (n = 15) and B5 (n = 17)
alleles were also frequently identified, but the B2 (n = 1), B3
(n=4), B4 (n = 7), and B6 (n = 2) alleles were rarely ob-
served. Fourteen strains were classified as 31/37 by RFLP, and
DNA sequencing confirmed 11 as 1 and 3 as B7.

Allelic variation in per4. The entire perA gene was amplified
and sequenced in 33 strains representing a diverse set of EPEC
STs and bfpA alleles. One strain, 2309-77 (O111:H2), resulted
in a PCR product approximately 1 kb larger than expected.
DNA sequencing revealed the presence of a 1,055-bp IS ele-
ment inserted into per4 at position 414 with significant simi-
larity to IS102 (86%) and IS903 (84%). Sequence analysis also
identified eight strains that contained one or more frameshifts
within mononucleotide repeats in per4 that presumably inac-

TABLE 3. Expected restriction fragment length polymorphisms of
bfpA PCR amplicons

Digestion pattern (bp)”

bfpA allele
Alul Bfal BstNI
al 408 408 155, 253
a2 408 75, 333 155, 253
o3 408 75, 333 408
B1 16, 54, 113, 231 39, 375 414
B2 16, 170, 228 414 414
B3 16, 54, 344 39, 375 414
B4 16, 177, 215 39, 369 408
BS 16, 54, 123, 215 39, 369 408
B6 16, 392 39, 369 408
B7 16, 54, 113, 225 39, 369 408

“ Underlined fragments are not detectable under standard electrophoretic
conditions.
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FIG. 3. Twenty perA alleles cluster into four major groups. A phy-
logenetic tree constructed by the neighbor-joining algorithm based on
the Kimura two-parameter model of nucleotide substitution is shown
on the left. Bootstrap values for the major groups based on 500 rep-
lications are given at the internal nodes. To the right is a graph of the
locations of the 46 polymorphic amino acid sites (274 total), which are
marked as vertical lines that indicate differences from the consensus of
all 20 alleles.

tivate the gene (see Table S2 in the supplemental material).
The variability of these frameshifts among closely related al-
leles indicates their relatively recent occurrence, as there has
not been sufficient time for the inactivated alleles to accumu-
late further mutations. These frameshifts were corrected, and
the IS element sequence was excised in silico prior to allele
assignment and phylogenetic analyses. The 33 sequences
yielded 20 alleles, which clustered into four groups based on
phylogenetic sequence analysis and, in keeping with the no-
menclature for eae and bfpA, we designated these four allele
classes o, B, v, and & (Fig. 3). As with bfpA, each distinct
translated per4 sequence was given an allele designation, re-
sulting in 11 major « types, 3 B, 2 vy, and a single 8. Two of the
a alleles had variants resulting from synonymous substitutions,
and each variant was given its own subtype designation (al.1,
al.2, al.3, a5.1, and a5.2).

In comparison to the MLST loci, the synonymous rate for
perA was 4.91%, within the range and slightly less than the
mean for the seven MLST genes. The nonsynonymous rate of
2.03% for perA was more than 13 times greater the average d
across all seven MLST genes. However, only six codons within
perA were found to be under significant negative selection, and
there was no evidence for significant positive selection at indi-
vidual codons using the SLAC method.

Based on the sequence data, an RFLP method using Ddel
and Sau96I was designed to detect the four perA allele classes
(Table 4). PCR amplification of per4 was successful in all but
17 isolates. As with the bfpA-negative strains, O128:H2 was the
most common serotype among the per4-negative isolates (n =
12). RFLP analysis of the 112 perA-positive strains showed that
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TABLE 4. Expected restriction fragment length polymorphisms of
perA PCR amplicons

Digestion pattern (bp)*

perA allele
class Ddel Sau96l
o 13, 74, 82, 417 586
B 13, 74, 499 586
v 82, 87, 417 174, 186, 226
d 87, 499 226, 360

¢ Underlined fragments are not detectable under standard electrophoretic
conditions.

the « allele was the most common (n = 74), followed by B (n =
29),y (n = 8),and 3 (n = 1).

Association between EAF types, virulence factor alleles, and
STs. By combining the bfpA and perA allelic data, we found
that each bfpA allele was associated with only one per4 allele
class, resulting in 11 distinct EAF plasmid types, which we have
designated as EAF types 1 to 11 (Table 5). EAF plasmid types
4 and 8 appear to be the most promiscuous, being found in five
and four clonal groups, respectively. Interestingly, the EAF
type represented by the fully sequenced plasmid from
O111:NM EPEC 2 strain B171 (64) is among the least promis-
cuous, being found in only one serotype (O111:H2) of a single
sequence type (ST-20).

The a1 and o2 alleles of bfpA, as well as B4 and B5, differ by
only one nonsynonymous nucleotide substitution. These two
sets of closely related bfpA alleles were found in divergent
EPEC lineages: EPEC 1 contains al and B5, whereas EPEC 2
has a2 and B4 (Table 6). In addition, multiple bfpA alleles were
found within the same sequence type: a3, B2, and B5 within
ST-13, and 2, B1, and B4 within ST-20 (Table 6).

As shown previously (1), the EPEC 1 and EPEC 2 clonal
groups possess the a and B alleles of eae, respectively. In
contrast to the distribution of the EAF types, strains of the
same ST had identical eae alleles as resolved by fRFLP. The
a-eae allele had the widest distribution among the EPEC
clones, being found in strains with O51:[h49], O73:[h34], O142:
[h34], and O157:[h45] serotypes in addition to the EPEC 1
group (O55:H6, O127:H6, and O142:H6). The rarest eae al-
leles were €, m, v, and \ and, combined, these alleles account for
less than 5% of the strains examined.

TABLE 5. EAF plasmid types and distribution among EPEC clones

EAF type  bfpA allele  perA allele ils\f)ol:;l t(; fs Né)_'r;)f No'gfglf;)(s)nal
1 al o 23 4 2
2 a2 o 15 1 1
3 a3 B 24 4 3
4 B1 o 11 6 5
5 B2 ) 1 1 1
6 B3 v 4 1 1
7 34 a 7 3 3
8 B5 o 18 4 4
9 36 B 2 1 1
10 B7 B 3 2 2
11 Neg® v 4 1 1
Neg Neg Neg 17 4 3

“ Neg, negative by PCR.
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TABLE 6. Characteristics of four common EPEC clonal groups

Clo;laé a‘ér]?UP eae allele EAF type® Serotype” iIs\Zi;ltoefs
EPEC 1 STs
1 « 1 055:H6 8
1 « 1 0127:[h6] 4
1 « 1 0142:[h6] 1
1 « 1 O-:[h6] 1
1 « 8 0142:H6 4
2 « 1 055:H6 2
3 « 6 0142:H6 4
EPEC 2 STs
19 B O128:H2 11
20 B 2 O111:[h2] 15
20 B 4 0O114:[h2] 4
20 B 4 0126:H2 1
20 B 7 0O128:H2 2
20 B Neg O111:H2 1
20 B Neg 0126:H2 1
20 B Neg 0128:H2 1
20 B 11 O119:H2 3
20 B 11 0128:H2 1
21 B 4 0126:H2 1
EPEC 3 STs
9 K 1 086:[h34] 6
9 K Neg 086:[h34] 1
10 K 1 086:H34 1
EPEC 4 STs
13 B2 3 O119:H6 20
13 B2 5 0O110:H6 1
13 B2 8 O119:H6 2
13 B2 Neg O119:H6 2
14 B2 3 O119:H6 1

“ Neg, negative for bfpA4 and per4 by PCR.
b Lowercase H-types in square brackets were inferred from the fliC allele.

DISCUSSION

Common EPEC clones. This is the first study to take a
comprehensive look at the evolution of typical EPEC by com-
bining clonal relatedness based on MLST with the allelic dis-
tributions of three important virulence factors. Previous clonal
studies of EPEC have focused primarily on two main groups,
EPEC 1 and EPEC 2, which were first described and defined
based on the genetic relatedness of strains as determined by
multilocus enzyme electrophoresis (69). EPEC 1 was described
to comprise strains with O55:H6, O86:H34, O127:H6, and
O142:H6 serotypes, while EPEC 2 included O111:H2, O114:
H2, 0126:H2, and O128:H2. O119:H6 strains have also been
regarded as members of EPEC 1, because they share a number
of genetic traits with the group (H6 flagellar antigen, eae*, and
EAF™) (66), even though multilocus enzyme electrophoresis
places them just outside of EPEC 1 (69). However, we feel that
there are sufficient genetic differences to warrant the removal
of O86:H34 and O119:H6 from EPEC 1, and we have reclas-
sified them as EPEC 3 and EPEC 4, respectively (Fig. 1; Table
6). Our data indicate that EPEC 1 strains (O55:H6, O127:H6,
and O142:H6) all possess a-eae, whereas the k and B2 eae
alleles are associated with EPEC 3 and EPEC 4, respectively.
086:H34 strains have also been shown to possess cytolethal
distending toxin, while EAF" O55:H6, O119:H6, O127:H6,
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TABLE 7. EAF plasmid changes within four common EPEC clonal groups

Recombination

Clonal group (change in bfpA)

Plasmid replacement

(change in bfpA and perA) Plasmid loss

EPEC 1 EAF 1 to EAF 8

EPEC 2 EAF 4 to EAF 2 or EAF 7
EPEC 3 Not observed

EPEC 4 Not observed

EAF 1 to EAF 6 Not observed

EAF 4 to EAF 11 Observed
Not observed Observed
EAF 3 to EAF 5 or EAF 8 Observed

and O142:H6 strains are negative (29). O119:H6 strains, on the
other hand, are negative for espC, which encodes an entero-
toxin, whereas EPEC 1 strains are positive (43).

Other EPEC clones. Thirty of the 129 strains (23%) that
were analyzed did not belong to any of the above-mentioned
major lineages, and most of these had unusual serotypes for
EPEC. Of these serotypes, only O2:[h2], O49:[h10], and O51:
[h49] have previously been reported to possess eae and/or
express the AE phenotype (2, 5, 12), and only O33:[h34],
0142:[h34], and O157:[h45] have been previously described as
eae’ bfpA™ and therefore classified as typical EPEC (5, 25, 26,
40, 51, 62). Literature searches on the remaining serotypes,
including O34:[h45], O73:[h34], O76:H51, O86:[h8], O142:
[h21], OX9:[h7], O-:[h7], and O-:[h34], failed to find any as-
sociation with typical EPEC.

An interesting finding of this study was the prevalence of the
055:[h51] clone among the strains isolated in Guinea-Bissau.
Strains with this serotype have previously been described as
relatively minor members of the OS5 serogroup and have been
reportedly isolated only in South America (6, 57). It is possible
that O55:[h51] strains are simply common among children in
Guinea-Bissau, or their higher prevalence may be due to sam-
pling bias. Alternatively, the abundance of these strains among
the West African isolates could indicate that O55:[h51] is an
emerging clone which is increasing in frequency and spreading
geographically, possibly because of a distinct combination of
intimin and EAF type 8.

Virulence gene distribution. Recombination appears to have
played a role in the initial generation of the EAF plasmid
types. The highly divergent al/a2 and B4/B5 bfpA alleles are all
associated with a-perA, whereas the closely related B1 and B7
bfpA alleles are each found with different perA4 alleles. How-
ever, since bfpA and perA are in complete linkage disequilib-
rium (each bfpA allele is associated with only one perA4 allele
class), it does not appear that recombination has played a large
role in assorting allele combinations. Our results also indicate
varying degrees of promiscuity among the different EAF types
(Table 5). Recently, the complete sequence of a derivative of
the wild-type EAF plasmid (pMAR?7) from prototypical EPEC
1 strain E2348/69 was determined (11). In comparison to the
EAF of O111:NM strain B171, the primary difference is the
presence of the fra locus in pMAR7 (EPEC 1, EAF type 1) and
its absence from pB171 (EPEC 2, EAF type 2). The tra genes,
which are responsible for conjugal transfer in plasmids F and
R100, were found to have varying degrees of conservation
among the EAF plasmids from different EPEC strains (11).
This finding has intriguing implications for our results. In ad-
dition to EAF type 2, plasmid types 5, 6, 9, and 11 were all
found in only a single ST. Like pB171, these plasmids may lack
the entire tra locus or possess defective conjugation machinery,

thereby preventing their transfer to other EPEC clones. In
contrast to the distribution of the EAF plasmid types, the
distribution of eae alleles among EPEC strains is more consis-
tent with their clonal relationships. This suggests that the EAF
plasmid is more mobile than the LEE island.

Inferred evolution of EAF plasmids and EPEC clones.
Based on the MLST and EAF plasmid type data, ancestral or
primitive clonal types within the four main EPEC groups can
be inferred under the parsimony principle, that is, positing a
simple evolution model based on minimizing the number of
evolutionary genetic events. The principal events in the evolu-
tionary change of an ancestral EPEC clone are EAF plasmid
recombination, plasmid replacement, and plasmid loss. Here,
we define recombination of the EAF plasmid as a change in
bfpA allele, since each bfpA allele is associated with a single
perA allele class. Plasmid replacement, presumably resulting
from the horizontal transfer of an EAF plasmid, is believed to
have occurred when both bfpA and perA differ from the prim-
itive condition. Plasmid loss is inferred when an isolate is PCR
negative for both bfpA and perA.

Under the parsimony principle, we have deduced the types
of genetic events underlying the evolution of each of the EPEC
groups (Table 7). The EPEC 3 group is the most homogenous,
with only plasmid loss being inferred. Two of the three possible
plasmid changes were found in the EPEC 1 and EPEC 4 clonal
groups. For EPEC 1, the inferred ancestral type possessed
EAF type 1 (al-bfpA, a-perA). Plasmid loss was not observed,
but plasmid recombination (EAF type 8; B5-bfpA, a-perA) and
replacement (EAF type 6; B3-bfpA, y-perA) have occurred. For
EPEC 4, plasmid recombination was not observed, but plasmid
loss and replacement were detected. EAF type 3 (a3-bfpA,
B-perA) was replaced with EAF type 5 (B2-bfpA, 8-perA) and
with EAF type 8 (B5-bfpA, a-perA). EPEC 2 is the most vari-
able clonal group. With an inferred ancestral state of EAF type
4 (B1-bfpA, a-perA), all three types of plasmid changes were
observed. Two different recombination events involving EAF
type 2 (a2-bfpA, a-perA) and EAF type 7 (B4-bfpA, a-perAd),
plasmid replacement with EAF type 11 (bfpA negative,
vy-perA), and plasmid loss have shaped the diversity of this
clonal group.

EAF type 11 is unusual in that it was the only plasmid type
that did not contain bfpA according to our PCR screening.
Bortolini and colleagues (10) reported a similar finding when
they described EAF" O119:H2 and O128:H2 strains in which
most (~13 kb) of the bfp operon had been deleted and re-
placed with an IS66-like element. We suspected that since the
deletion encompasses the 3’ end of bfpA, this could explain
why plasmid type 11 is bfpA negative. To confirm this, we
designed new primers to target the 5’ end of bfpA and the
1S66-like element. All EAF type 11 strains yielded the ex-
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pected amplicon, indicating that this plasmid type possesses a
similar bfp operon structure as that described by Bortolini and
colleagues (10). Aside from the EAF type 11 strains, 17 addi-
tional isolates were bfpA negative. These strains, however,
were also perA negative, suggesting that they did not possess
the EAF plasmid. Of the EAF-negative isolates, most (82%)
were part of the EPEC 2 clonal group, with the O128:H2
serotype being the most common. This finding was not unex-
pected, as O128:H2 strains are often reported to be EAF
negative and, therefore, classified as atypical EPEC (66).

Relationship between typical and atypical EPEC. Our work
shows that at least some atypical EPEC strains, such as those
that lost both bfpA and perd4 (and presumably the whole EAF
plasmid), evolved from typical EPEC, rather than typical
EPEC evolving from atypical EPEC by acquisition of the plas-
mid. It has been shown that typical EPEC can lose the EAF
plasmid at a surprisingly high rate during passage through
adult volunteers (19, 38), and so there appears to be selective
pressure to lose the plasmid and convert from typical to atyp-
ical EPEC. This is interesting, given the recent reports of
atypical EPEC in human clinical isolates, some of which belong
to typical EPEC O-serogroups (3, 5, 49).

Concluding remarks. The evolution of EPEC appears to be
a dynamic process involving repeated acquisition of the LEE
island and transfer of the EAF plasmid. The work presented
here is the first to classify EAF plasmids into types based on
bfpA and perA allelic data, and we identified 11 distinct plasmid
types among the EPEC strains investigated. Nevertheless, it
remains unclear what level of conservation exists among plas-
mids of the same EAF type. Given the amount of IS elements
present within the two fully sequenced EAF plasmids (11, 64),
there could be considerable variation within each plasmid type,
and further characterization of the EAF types is warranted.
Another area of future research could focus on the insertion
site of the LEE island. Although it is known that the EPEC 1
LEE is within the selC site, whereas EPEC 2 has LEE inserted
into pheU (61, 71), the insertion sites of the LEE island in the
other EPEC clonal types remain to be elucidated. The further
characterization of pathogenic strains will improve our under-
standing of the processes that underlie microbial evolution.
The identification of unique genetic determinants in these
strains may then be used to facilitate the detection of specific
epidemic clones during outbreaks of disease.
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