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Enteroaggregative Escherichia coli (EAEC) causes acute or persistent diarrhea. The aggR gene is widely used as a marker for typi-
cal EAEC. The heterogeneity of EAEC is well known; however, there are few reports on the phylogenetic relationships of EAEC.
Recently, CTX-M extended-spectrum f3-lactamase (ESBL)-producing EAEC strains have been reported worldwide. To character-
ize EAEC strains in Japan, we investigated the population structure of EAEC. A total of 167 aggR-positive strains isolated from
stool specimens from diarrheal patients in Kagoshima (139 strains) and Osaka (28 strains), Japan, between 1992 and 2010 were
examined for the prevalence of EAEC virulence markers, the blacx_\ gene, and the capacity to form biofilms. Multilocus se-
quence typing was also conducted. EAEC strains were widely distributed across four major E. coli phylogroups. Strains of O111:
H21/clonal group 40 (CG40) (30 strains), 0126:H27/CG200 (13 strains), and O86a:H27/CG3570 (11 strains) in phylogroup B1
are the historical EAEC clones in Japan, and they exhibited strong biofilm formation. Twenty-nine strains of EAEC 025:H4/
CG131 were identified in phylogroup B2, 79% of which produced CTX-M-14. This clone has emerged since 2003. The clone har-
bored plasmid-encoded EAEC virulence genes but not chromosomal virulence genes and had lower biofilm-forming capacity
than historical EAEC strains. This clone most likely emerged from a pandemic uropathogenic 025:H4/sequence type 131 clone
by acquiring an EAEC virulence plasmid from canonical EAEC. Surveillance of the horizontal transfer of both virulence and
ESBL genes among E. coli strains is important for preventing a worldwide increase in antimicrobial drug resistance.

Enteroaggregative Escherichia coli (EAEC) causes acute or per-
sistent diarrhea in children and adults, in both developing (1)
and industrialized (2, 3) countries. Several outbreaks of gastroen-
teritis linked to EAEC have been reported (4, 5). EAEC is also the
second most common cause of travelers’ diarrhea (6). EAEC is
defined by its characteristic aggregative adherence (AA) to HEp-2
cells in culture (7). Although detection of the AA phenotype in the
HEp-2 cell adherence assay is still the gold standard for EAEC
identification, the transcriptional regulator AggR, which controls
the expression of multiple EAEC virulence genes, is also used as a
typical EAEC marker for PCR detection (8).

The pathogenesis of EAEC infection involves the adherence of
the bacterium to the intestinal mucosa, followed by the secretion
of one or more enterotoxins and/or cytotoxins that induce muco-
sal inflammation (9). EAEC adherence to the mucosa is charac-
terized by the formation of a thick biofilm (10), which may pro-
mote persistent infection. The majority of EAEC strains carry a
large (~100-kb) plasmid, which encodes most putative EAEC vir-
ulence factors, such as AggR, aggregative adherence fimbriae
(AAF), the dispersin protein Aap (11), its transporter Aat (12), the
plasmid-encoded toxin Pet (13), enteroaggregative heat-stable
toxin 1 (EAST-1) (14), and the Shigella extracellular protease Sep
(15). AAF is a major EAEC adhesin, and at least five variants have
been identified, as follows: AAF/I, AAF/II, AAF/III, AAF/IV, and
AAF/V (16). In addition, chromosomally encoded factors such as
the mucinase Pic (17), Shigella enterotoxin 1 (ShET1) (17), pro-
teins secreted through the type VI secretion system (18), and the
secreted autotransporter toxin Sat (19) are also considered poten-
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tial virulence factors. Furthermore, EAEC plasmid-borne viru-
lence genes have been identified in certain uropathogenic E. coli
(UPEC) strains isolated from patients with urinary tract infections
(UTIs) (20).

Worldwide dissemination of plasmid-borne extended-spec-
trum B-lactamases (ESBLs) among E. coli isolates is a public con-
cern (21). E. coli strains that produce the CTX-M type of ESBLs are
increasingly being isolated from adults and children with UTIs
and bacteremia; however, CTX-M ESBLs have rarely been found
among diarrheagenic E. coli (DEC) strains. We previously re-
ported that 36.8% of the aggR gene-positive EAEC strains isolated
from diarrheal children in Kagoshima, Japan, were cefotaxime
resistant (22), suggesting ESBL production. Subsequently, some
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CTX-M-producing EAEC strains were reported worldwide (23—
26), including an EAEC-Shiga toxin-producing E. coli (STEC) hy-
brid clone of O104:H4 that caused a large outbreak in Germany in
2011 (27).

Although the genetic heterogeneity of EAEC is well known, the
entire genomic sequences are available for only two strains (28,
29). In addition, although there have been two reports containing
phylogenetic analyses of clinical EAEC isolates from the United
States and Nigeria (30, 31), a phylogenetic analysis of EAEC
strains in Japan has not yet been conducted. The genetic back-
ground of CTX-M-producing EAEC also has not been elucidated.
Therefore, we conducted a large-scale phylogenetic analysis of
EAEC clinical isolates from two regions (Kagoshima and Osaka)
in Japan, coupled with an analysis of the prevalence of EAEC vir-
ulence markers and the CTX-M gene among the isolates.

MATERIALS AND METHODS

Subjects and strains. A total of 167 typical (aggR-positive) EAEC strains
were used; they were isolated from stool specimens from diarrheal pa-
tients in Kagoshima (138 strains) or Osaka (29 strains), Japan. Detailed
information about the strains examined is presented in Table S1 in the
supplemental material. The Kagoshima strains were identified by aggR-
directed PCR from a collection of E. coli strains isolated from diarrheal
children who visited clinics of the Kagoshima Prefecture between 1998
and 2010. The Osaka strains were selected from a collection of aggR-
positive EAEC strains isolated in the Osaka Prefectural Institute of Public
Health between 1992 and 2010. The selected Osaka strains included five
EAEC strains isolated from different overseas travelers. The EAEC proto-
type strain 042 was kindly provided by J. P. Nataro (University of Vir-
ginia) and was used as a control strain.

Culture conditions and DNA extraction. Bacteria were routinely
grown either in Luria-Bertani (LB) broth (MP Biomedicals), with shak-
ing, or on LB agar plates at 37°C. DNA templates for PCR amplification
were prepared by resuspending fresh bacterial colonies in 100 pl of Tris-
EDTA, heating the resuspended cells for 10 min at 100°C, and then cen-
trifuging the mixture for 5 min at 10,000 X g.

Detection of virulence genes and the blac;y_,; gene. The EAEC
strains were evaluated by PCR for the possession of 14 EAEC-associated
virulence genes, i.e., aggR (AggR), aap (Aap), aatA (AatA), aggA (AAF/I),
aafA (AAF/IT), agg3A (AAF/IIL), hdaAlaggdA (AAF/IV), agg5A (AAF/V),
pet (PET), astA (EAST-1), sepA (SepA), sat (Sat), pic (Pic), and aaiC
(AaiC) (15, 32, 33). The strains were also examined by PCR for the prev-
alence of five UPEC virulence factors (34), i.e., S fimbriae (sfa), P fimbriae
(pap), afimbrial adhesin (afa), aerobactin (aer), and cytotoxic necrotizing
factor 1 (cnfl). Primer sequences and PCR conditions are presented in
Table S2 in the supplemental material. Amplification reactions were per-
formed using a TProfessional Basic thermocycler (Biometra). The prod-
ucts were separated on 1.5% agarose gels, stained with ethidium bromide,
and visualized with UV transillumination.

CTX-M-producing strains were screened using the bla-x_y,-directed
PCR, as described elsewhere (35) (see Table S2 in the supplemental ma-
terial). CTX-M subtypes were determined by direct sequencing of
blacrx.y PCR amplicons.

Confirmation of ESBL production. ESBL production of blacry -
positive strains was evaluated in an antibiotic susceptibility test using the
ESBL MicroScan Neg MIC 3.31E confirmation panel (Siemens Healthcare
Diagnostics, Tokyo, Japan), according to Clinical and Laboratory Stan-
dards Institute criteria (36).

Multilocus sequence typing and phylogenetic analysis. Multilocus
sequence typing (MLST) was performed using the nucleotide sequences
of seven housekeeping genes (adk, fumC, gyrB, icd, mdh, purA, and recA).
Target genes were amplified and sequenced according to the protocol
provided at the University of Warwick website (http://mlst.warwick.ac.uk
/mlst/dbs/Ecoli/documents/primersColi_html), with a slight modifica-
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tion of the primer sequences (37). Using the concatenated nucleotide
sequences of the seven genes and the maximum composite likelihood
model, a neighbor-joining tree was constructed using MEGAS5 software
(38). Six EcoR collection strains (39) and 16 whole-genome-sequenced E.
coli and Escherichia albertii strains (40) were included in a phylogenetic
representation. Sequence types (STs) were determined from the MLST
databases at the University of Warwick website.

Phylogenetic analysis of the aggR gene. Using the nucleotide se-
quences obtained by direct sequencing of aggR PCR amplicons, a phylo-
genetic analysis was performed using MEGAS5 software (38).

Serotyping. Strains were O serogrouped in a slide agglutination test
using 50 commercially available antisera (Denka Seiken, Tokyo, Japan).
Strains that did not demonstrate agglutination with any antiserum were
defined as untypeable (UT). For the ESBL-producing UT strains, we de-
termined the O serogroups by O-genotyping PCR (41, 42). The H sero-
group was determined by sequencing of the fliC gene (43) (see Table S2 in
the supplemental material).

Quantitative biofilm assay. The capacity to form biofilms was as-
sessed using a quantitative biofilm assay in a polystyrene microtiter plate,
as described previously (44). Briefly, the bacterial cells were grown over-
night in LB broth at 37°C. Overnight cultures (5 pl for each strain) were
inoculated into a 96-well flat-bottom polystyrene microtiter plate (Becton
Dickinson, Franklin Lakes, NJ) containing 200 p.l of Dulbecco’s modified
Eagle’s medium (DMEM) with 0.45% glucose. The plate was then incu-
bated at 37°C. After 18 h of incubation, each well was washed with distilled
water, and biofilm formation was visualized by staining with 0.5% crystal
violet for 5 min. Two hundred microliters of 95% ethanol was added, and
the biofilm was quantified in an enzyme-linked immunosorbent assay
plate reader (iMark microplate reader; Bio-Rad) at 570 nm. The biofilm
index was defined as the average of the values for the optical density at 570
nm (ODs,,). EAEC 042 and E. coli HB101 were used as positive and
negative control strains, respectively.

HEp-2 cell adherence assay. The HEp-2 cell adherence assay was per-
formed using the previously described method, with slight modifications
(7). Briefly, after 16 h of incubation at 37°C, 20-p.l aliquots of static E. coli
cultures (2 X 10° bacteria) in LB broth were incubated for 3 h with non-
confluent HEp-2 cell monolayers (estimated coverage, 25 to 50%) in
DMEM, on round coverslips in a 24-well microtiter plate. The medium
was supplemented with 0.5% methyl-o-p-mannoside to prevent attach-
ment by type 1 somatic fimbriae. The patterns of bacterial adherence to
HEp-2 cells on glass coverslips were observed by light microscopy after
Giemsa staining.

Statistical analysis. Statistical analyses were performed using the
Fisher exact probability test and the Mann-Whitney U test, in SPSS v. 17.
Two-tailed P values of <0.05 were considered significant.

Nucleotide sequence accession numbers. All nucleotide sequences
obtained in this study have been deposited into the DDBJ/EMBL/
GenBank database. The accession numbers are LC120396 to LC120563
(for the aggR genes) and LC119139 to LC120307 (for the 7 housekeeping
genes [adk, fumC, gyrB, icd, mdh, purA, and recA] used for MLST).

RESULTS

Phylogenetic analysis of EAEC strains. To determine the phylog-
eny of the 167 aggR-positive EAEC strains, we performed an
MLST-based phylogenetic analysis. EAEC strains were distributed
across all four classical phylogroups (A, B1, B2, and D) (Fig. 1; also
see Table S3 in the supplemental material). By defining a group of
strains showing the same sequence type (ST) as a cluster, we iden-
tified 14 clusters (C1 to C14) and 34 singletons, i.e., 48 STs in total.
A clonal group (CG) was defined as a group of closely related STs,
and groups were named in accordance with the dominant ST. The
predominant CGs, which contained more than 10 strains, were
CG40 (29.9%), CG131 (21.0%), CG200 (17.4%), CG3570
(10.8%), and CG34 (6.0%). CG200, CG40, and CG3570 belonged
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FIG 1 Phylogenetic tree of aggR-positive EAEC strains. A clonal group (CG)
was defined as a group of closely related STs, and groups were named in
accordance with the dominant ST. A cluster (C) was defined as a group of
strains showing the same ST. Major CGs are indicated by bold type. The scale
bar shows 0.005 nucleic acid substitutions per site. EAEC reference strains are
highlighted, and reference strains other than EAEC are in gray.

to phylogroup Bl and each group included both Kagoshima
strains and Osaka strains, whereas CG34 and CG131 strains, be-
longing to phylogroups A and B2, respectively, were isolated only
in Kagoshima. The annual changes in the numbers of the major
CG strains are shown in Fig. 2. CG200, CG40, and CG3570 strains
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FIG 2 Yearly changes in the numbers of major CG strains.

were found during the whole study period, whereas CG34 strains
were isolated between 2002 and 2006 and CG131 strains were
isolated in 2003 and thereafter. The major serotypes of each group
were as follows: CG200, O126:H27 (13 strains); CG40, O111:H21
(30 strains); CG3570, O86a:H27 (11 strains); CG34, OUT:H33 (9
strains); CG131, O25:H4 (29 strains).

Prevalence of virulence genes. The PCR screening results are
shown in Tables S1 and S3 in the supplemental material. Among
the EAEC plasmid-derived virulence genes, the aatA gene (147
strains [88.0%]) and the aap gene (146 strains [87.4%]) were
highly conserved in the 167 strains tested. Regarding AAFs (the
major EAEC adhesins), 139 strains (83.2%) possessed one of the
five known variants, and the distribution of variants clearly
showed a lineage dependency. CG200 strains mainly possessed
AAF/II. CG295 and CG3570 strains possessed AAF/IV, whereas
CG40 and CG131 strains predominantly possessed AAF/V. Sev-
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FIG 3 Comparison of biofilm index values for five groups. The biofilm index
was defined as the average optical density (ODs,). Boxplots show the medians
(horizontal lines) and the 10th, 25th, 75th, and 90th percentiles (boxes and
whiskers). @, outliers; *, extreme values. The numbers in the five groups were
as follows: CG200, 29 strains; CG40, 49 strains; CG3570, 16 strains; CG34, 10
strains; CG131, 35 strains. The average biofilm index for EAEC 042, which was
used as the positive control, was 3.61.

eral strains did not harbor any AAF/I to AAF/V genes. Addition-
ally, different AAF/Ito AAF/V gene types were observed within the
same group. The pet gene was mostly found in CG200 strains.

Among the chromosomally encoded EAEC virulence genes,
the pic and aaiC genes were detected in all STs or CGs except for
CG131. Intriguingly, whereas the five UPEC virulence genes ex-
amined were sporadically present in the EAEC strains with the
exception of CG131, most of the CG131 strains possessed the afa
and aer genes (91.4% [32/35 strains] and 88.6% [31/35 strains],
respectively).

CTX-M ESBL gene prevalence. Among the 167 strains exam-
ined, 32 strains (19.2%) harbored the blacrx_\ gene and were
confirmed to produce ESBLs (see Tables S1 and S3 in the supple-
mental material). The 32 strains belonged to multiple lineages,
and three subtypes of CTX-M were identified. The CTX-M types
were as follows: CTX-M-14 in 30 strains (94%), CTX-M-15in 1
strain (3%), and CTX-M-55 in 1 strain (3%). Notably, 77.1% of
the CG131 strains (27/35 strains) produced CTX-M-14-type
ESBLs. The blacrx.a.1s and blacrx_n.ss genes were detected in
each strain of C14 and C8, respectively, both of which were iso-
lated from patients in Osaka.

Biofilm formation and the HEp-2 cell adherence assay. The
average biofilm indexes of each CG (or of individual singleton
strains) are shown in Table S3 in the supplemental material. The
capacity to form biofilms varied between the groups. A compari-
son of the biofilm index values for five groups is shown in Fig. 3.
The biofilm indexes of CG40 and CG34 were significantly higher
than those of the other three groups (P = 0.001 and P = 0.009,
respectively). The biofilm index of CG131 was significantly lower
than those of the other groups (P = 0.001). Although the CG40
and CG131 strains possessed the same AAF/V, there was a signif-
icant difference in the biofilm indexes between the two groups
(P < 0.0001). Most singleton strains in phylogroups B2 and D
exhibited lower biofilm index values than did the strains belong-
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ing to phylogroups B1 and A (average = standard deviation [SD],
0.25 = 0.32 versus 0.99 * 0.74; P < 0.0001). In the HEp-2 cell
adherence assay, most of the strains examined showed an AA pat-
tern (87.6% [141/161 strains]). Diffuse adherence patterns were
observed for five strains (four ST131 strains and one ST3570
strain).

Phylogenetic analysis of the aggR gene. To clarify the origin of
EAEC plasmids in each strain, nucleotide sequences of the aggR
gene (which is known to be on the EAEC plasmids) were com-
pared among the strains isolated in Kagoshima. The aggR gene
phylogenetic tree demonstrated that CG131 strains isolated in
2003 through 2005 clustered with CG40 and CG34 strains and not
with CG200 and CG3570 strains (see Fig. S1 in the supplemental
material). CG131 strains isolated in 2006 through 2010 showed
one single-nucleotide polymorphism (SNP) with a nonsynony-
mous substitution, compared with those isolated in 2003 through
2005. Thus, the EAEC virulence plasmid of CG131 is likely to have
originated from CG40 or CG34.

DISCUSSION

The phylogenetic analysis showed that the EAEC strains in this
study were phylogenetically diverse and originated from multiple
lineages (phylogroups A, B1, B2,and D), as described in a previous
report (31). 0126:H27/CG200, O111:H21/CG40, and O86a:H27/
CG3570 strains were prevalent in both Kagoshima and Osaka.
These three clones were isolated continuously during the study
period and possessed both EAEC chromosomal and EAEC plas-
mid virulence genes. Although the repertoire of virulence genes,
particularly those encoded by plasmids, varied between these
groups, they had the capacity to form strong biofilms and showed
the typical AA pattern in the HEp-2 adherence assay. Thus, we
considered them canonical EAEC strains that were major histor-
ical EAEC clones in Japan. In fact, EAEC O126:H27 caused an
outbreak in Shizuoka, Japan, in 2005 (5). Ito et al. also recently
reported that these three serotypes are frequently found in Japan
(45). However, these three serotypes have not been reported to be
prevalent in other countries (15, 24, 46, 47), suggesting that the
dominant EAEC serotypes differ geographically.

All aggR-positive O25 strains in phylogroup B2 were ST131 or
related to ST131, and 83% (29/35 strains) contained the H4 flagel-
lin. These strains have emerged since 2003 (Fig. 2) and harbor
EAEC plasmid virulence genes. However, they do not possess the
EAEC chromosomal virulence genes pic and aaiC, which are
highly conserved in the historical EAEC clones in Japan. This ob-
servation suggests that the genetic backgrounds of these CG131
strains are different from those of the historical EAEC strains in
Japan. In fact, this group belongs to phylogroup B2, in which the
pandemic clone UPEC 025:H4/ST131 is distributed, whereas the
historical EAEC clones in Japan belong to phylogroup A or Bl.
The CG131 strains possessed the sat gene, which is also chromo-
somally encoded; however, Sat was originally reported as the au-
totransporter toxin of UPEC. In fact, most ST131 strains have
been reported to possess the sat gene intrinsically (48). In addi-
tion, most of the CG131 strains in our study harbored the afa gene,
which is also encoded within some UPEC 025:H4/ST131 strains
(49).

The UPEC 025:H4/ST131 clone has become increasingly
prevalent worldwide (48). Thus, we assumed that the pandemic
UPEC 025:H4/ST131 clone acquired an EAEC virulence plasmid
from historical EAEC strains. The aggR genes of CG131 strains
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isolated in 2003 through 2005 showed exactly the same nucleotide
sequences as the CG34 and CG40 strains. Thus, it is suggested that
the EAEC virulence plasmid was horizontally transferred from
either of these two groups to the UPEC O25:H4/ST131 clone.
CG131 strains isolated later contained one SNP, which can be
considered a form of microdiversity. However, further investiga-
tions of EAEC plasmids in CG131, CG34, and CG40 are needed to
clarify the hypothesis. The number of CG131 strains peaked
around 2007 and then declined (Fig. 2). The prevalence of ESBL-
producing E. coli O25 among E. coli strains isolated from diarrheal
children in Kagoshima peaked around 2007 and then declined
from 2008 to 2010 (data not shown). We speculated that the prev-
alence of CG131 reflected a change in ESBL-producing E. coli 025
prevalence.

An interesting finding is that, although the EAEC O25:H4/
CG131 and O111:H21/CG40 strains both possessed the AAF/V
gene (aaf5A), the biofilm index of the former was significantly
lower than that of the latter. This result suggests the importance of
EAEC chromosomal factors in biofilm formation. However, the
genetic difference between the EAEC virulence plasmids of the
two groups (if it exists) may also be attributable to the difference in
the capacity to form biofilms.

EAEC 025 strains in Japan have not been reported thus far.
Three EAEC O25:H4 strains in Vietnam have been reported, al-
though the ST and virulence gene patterns have not been de-
scribed (46). Nuesch-Inderbinen et al. reported that three EAEC
025:H4/ST131 strains in Germany possessed agg3C and sat but
not aggR or aap (24). EAEC 025:H4/CG131 strains cannot form
strong biofilms, compared to canonical EAEC strains, and rarely
harbor the toxin genes tested in this study. Therefore, they may
not frequently cause severe enterocolitis or food-borne illness.
These features may partly explain why EAEC O25 was rarely iso-
lated from stool specimens as a diarrheal pathogen in either clin-
ical laboratories or public health institutes. Although EAEC O25:
H4/CG131 strains were isolated from diarrheal children in this
study, it has not been determined that these strains are the caus-
ative agents of enterocolitis. Rather, the emergence of this clone
may be important for UTIs, because increased biofilm-forming
capacity or unknown specific adhesins may enhance their patho-
genicity as UPEC. Further study is needed to clarify the pathoge-
nicity of EAEC 025:H4/CG131.

UPEC 025:H4/CG131 is likely to have acquired a blacx_n-
encoding plasmid (48). In this study, most of the CG131 strains
produced CTX-M-14. CTX-M-14 is a prevalent CTX-M type in
Japan, and the prevalence of CTX-M-14-producing E. coli ST131
increased from 2002 through 2012 (50). It is likely that the O25:
H4/CG131 clone acquired both a plasmid harboring blacrx 14
and an EAEC virulence plasmid in the intestines of people in our
district.

In conclusion, this study shows the population structure of
EAEC clones in Japan and the emergence of a hybrid clone, EAEC-
UPEC 025:H4/CG131, producing CTX-M-14. Although further
study is needed to clarify the pathogenicity of this hybrid clone as
EAEC and/or UPEC, the aggregative characteristics of this clone
can enhance conjugational transfer of both virulence and antibi-
otic resistance genes to other clones. The surveillance of horizon-
tal transfer of both virulence and antibiotic resistance genes be-
tween diarrheagenic E. coli and UPEC strains is important for
preventing increasing antimicrobial drug resistance worldwide.
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