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Enteroaggregative Escherichia coli (EAEC) is an important diarrheal enteropathogen defined by aggregative
adherence to cultured epithelial cells. We have detected EAEC from 121 (6.6%) of 1,826 hospitalized patients
admitted with diarrhea to the Infectious Diseases Hospital in Kolkata, India. Watery diarrhea was recorded
significantly (P � 0.0142) more often in children. The majority of the EAEC isolates were not serotypeable
(62%) and showed resistance to five or more antibiotics (76%). We studied different virulence genes and the
molecular epidemiology of 121 EAEC isolates recovered from diarrheal patients. A PCR assay for detection of
virulence genes, an assay for determination of clump formation in liquid culture, and a HeLa cell adherence
assay were carried out to characterize the EAEC isolates. Investigations were also conducted to correlate the
virulence gene profiles with diarrheal symptoms and molecular epidemiology by pulsed-field gel electrophore-
sis (PFGE). Two or more virulence genes were detected in 109 (90.1%) EAEC isolates. In the cluster analysis,
some isolates with specific gene profiles and phenotypes formed a group or subcluster. This study highlights
the comparative distributions of three fimbrial adhesins and other virulence genes among EAEC isolates. The
diverse virulence gene and PFGE profiles, along with the existence of diverse serotypes and antibiograms,
suggests that the EAEC isolates are genetically heterogeneous in Kolkata.

Enteroaggregative Escherichia coli (EAEC) has been impli-
cated as an emerging cause of persistent and acute diarrhea in
both developing and developed countries (5, 18, 21, 26, 32, 39).
Several epidemiological investigations of diarrhea suggest that
EAEC is an important etiologic agent (25, 31, 33). The defin-
ing feature of EAEC is its ability to elicit characteristic stacked
brick-like aggregative adherence (AA) to HEp-2 or HeLa cells.
It has recently been shown that EAEC can induce growth
impairment and malnutrition among children, even in children
without diarrhea (50). Thus, the long-term effects of this
pathogen in developing countries may be more threatening
than the short-term self-limiting diarrhea.

The majority of EAEC isolates harbor a 60- to 65-MDa
plasmid (pAA2) that encodes several putative virulence fac-
tors, including one of three fimbrial adhesins, designated AA
fimbria I (AAF/I), AAF/II, and AAF/III (4, 10, 34, 35), which
are responsible for the AA phenotype. In the operon for
AAF/I, the gene encoding the major structural pilin subunit
has been designated aggA, whereas the corresponding genes
involved in AAF/II and AAF/III are aafA and agg3A, respec-
tively. The biogenesis of both AAF/I and AAF/II require the
activation of the transcriptional activator aggR, whereas its role
in the biogenesis of AAF/III has not been proven (4). The

other pAA2 plasmid-borne virulence factors include the
EAEC heat-stable enterotoxin 1 (EAST 1) (44); Aap, a novel
antiaggregation protein (dispersin) (48); and a heat-labile en-
terotoxin, Pet (plasmid-encoded toxin) (15).

Some of the EAEC isolates express chromosome-encoded
virulence markers, such as the 116-kDa secreted mucinase, Pic
(a protein involved in intestinal colonization) (20), and a protein
responsible for yersiniabactin biosynthesis, designated Irp2 (iron-
repressible high-molecular-weight protein 2) (47). It has recently
been shown that a chromosomal locus from AAF/II-harboring
strain 042 encodes the flagellin protein, FliC, that interacts with
the epithelial cells, leading to the secretion of an intestinal in-
flammation marker, the cytokine interleukin-8 (50).

Despite the voluminous information available on the possi-
ble roles of different virulence factors for EAEC-mediated
diarrhea, studies on the prevalence of these factors among EAEC
isolates are scanty (31, 59). In the present study, investigations
were carried out to compare the distribution of virulence genes in
a collection of EAEC isolates recovered over a period of 2 years
from hospitalized patients with diarrhea in Kolkata, India. A
comparison was also made to determine whether a correlation
between the virulence gene profiles of isolates that cause different
diarrheal symptoms and molecular epidemiology by pulsed-field
gel electrophoresis (PFGE) exists.

MATERIALS AND METHODS

Study design. This study was conducted from January 2000 to December 2001
by use of an active surveillance program in which stool specimens were system-
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atically collected from every fifth hospitalized patient on two randomly selected
days per week at the Infectious Diseases Hospital, Kolkata. The passage of three
or more loose stools in 24 h, in addition to one or more clinical symptoms of an
enteric disorder (nausea, vomiting, abdominal pain or cramps, fecal urgency, or
dysentery), was regarded as diarrhea. Stool specimens were collected in sterile
McCartney bottles and were examined for characteristics of stool consistency
(watery, loose, or formed) and other characteristics, like the presence of blood,
a mucoid appearance, or positivity for occult blood. Rectal swab specimens were
taken with sterile cotton-tipped swabs from patients from whom stool specimens
could not be obtained at the time of collection.

Bacteriology. Stool or rectal swab specimens were directly streaked onto Mac-
Conkey agar (Difco, Detroit, Mich.) for isolation of E. coli. The identities of
these isolates as E. coli were confirmed by different biochemical tests by standard
procedures (56). In this study, three to five E. coli isolates from each hospitalized
patient were tested and were assigned to specific pathotypes by specific virulence
gene-targeted PCR assays. All the isolates were cryopreserved at �70°C. Each
stool specimen was also tested for other common enteric pathogens, such as
Vibrio spp., Salmonella spp., Shigella spp., Aeromonas spp., Entamoeba histolytica,
Giardia lamblia, and rotavirus (56). The E. coli isolates found to be of specific
pathotypes were subjected to serological tests by characterization of the O
antigen with 8 different polyvalent antisera and 43 monovalent antisera (Denka-
Seiken Co. Ltd., Tokyo, Japan).

Antimicrobial susceptibility testing. Antimicrobial susceptibility testing was
performed by the disk diffusion method (3) with commercially available disks
(HiMedia, Mumbai, India). Isolates were considered susceptible, reduced sus-
ceptible, or resistant to a particular antimicrobial agent on the basis of the
diameters of the inhibitory zones that matched the criteria of the manufacturer’s
interpretive table, which followed the recommendations of the National Com-
mittee for Clinical Laboratory Standards (36). The American Type Culture
Collection (ATCC) strains E. coli ATCC 25922 and Staphylococcus aureus ATCC
25923 were used for quality control.

PCR-based virulence gene identification. Initial screening for diarrheagenic E.
coli was performed by either a simplex or a multiplex PCR with primer pairs
specific for the elt and est genes for enterotoxigenic E. coli, the eae and bfpA
genes and EAF for enteropathogenic E. coli, the stx1 and stx2 genes for Shiga
toxin-producing E. coli (6), and plasmid pCVD432 for EAEC (46). The isolates
were evaluated for the presence of EAEC plasmid virulence genes by PCR assays
for astA (58), aap (29), shf (10), aggR (35), aggA (45), aggC (45), agg3A (4), agg3C
(4), and afaBC (24). The chromosomal virulence genes were screened for the pic
(10) and irp2 (47) genes. The primer pairs used to detect the aafA, aafC, and fliC
genes were designed from published sequences (GenBank nucleotide accession
numbers AF012835, F114828, and AF194946, respectively). Descriptions of the
primer pairs, the sizes of the expected amplicons, and the amplification cycles are
listed in Table 1.

Each PCR assay was performed in a final reaction volume of 25 �l, which
contained 2.5 mM each deoxynucleoside triphosphate, 1 pmol each primer, 50
mM KCl, 10 mM Tris-HCl (pH 8.3), 1.5 mM MgCl2, 1.25 U of r-Taq DNA
polymerase (Takara Shuzo, Otsu, Japan), and 2.5 �l of boiled bacterial cell lysate
as the DNA template. Amplifications were performed in a GeneAmp PCR
System 9700 (Applied Biosystems, Foster City, Calif.). PCR products were elec-
trophoresed onto gels with 1% Seakem agarose (FMC Bioproducts, Rockland,
Maine) and stained with ethidium bromide, and the gel image was captured
digitally with a gel documentation system (Gel-Doc 2000; Bio-Rad, Hercules,
Calif.). The EAEC control isolates used in this study were 17-2, which harbors
AAF/I (53); 042, which harbors AAF/II (28); and 55989, which harbors AAF/III
(4). E. coli K-12 C600 was used as a negative control in all PCR assays.

Colony hybridization. A colony blot hybridization assay was performed with
the 1.7-kb PCR-amplified fragment harboring the 3� end of the pet gene from
strain 042. Cultures of EAEC isolates were spotted onto a nylon membrane
(Hybond-N�; Amersham Pharmacia Biotech, Little Chalfont, England) and
hybridized under high-stringency conditions (68°C for 18 h) with a pet gene probe
by using a nonradioactive digoxigenin labeling and detection kit (Boehringer,
Mannheim, Germany). The membranes were first washed with 2� SSC (1� SSC
is 0.15 M NaCl plus 15 mM sodium citrate)–0.1% sodium dodecyl sulfate (SDS)
at ambient temperature and twice with 0.5� SSC–0.1% SDS at 54°C with con-
stant agitation. Detection of hybrids was done according to the instructions of the
manufacturer (Boehringer).

Clump formation test. The clump formation test, which is specific for EAEC,
was performed as described by Albert et al. (2). Briefly, the isolates were inoc-
ulated into Mueller-Hinton broth (Difco) and incubated for 20 h at 37°C under
either stationary or shaking conditions. The formation of a clump or a pellicle as
a ring at the side of the test tube was regarded as a positive result.

Adhesion assay. All the EAEC isolates were examined by the adherence assay
with the HeLa cell line by the method described by Cravioto et al. (8), with little
modification. The HeLa cells were maintained at 37°C with humidified 5% CO2

in Eagle’s minimal essential medium (MEM; Gibco/BRL, Gaithersburg, Md.)
with 10% fetal bovine serum (FBS; Gibco/BRL), penicillin (100 U/ml), and
streptomycin (100 �g/ml) in 25-cm2 tissue culture flasks (Nunc, Roskilde, Den-
mark). The HeLa cells were grown to 50 to 70% confluence as monolayers on
glass coverslips in a 24-well flat-bottom tissue culture plate (Nunc). The EAEC
isolates were grown overnight at 37°C without shaking in Trypticase soy broth
(Difco). The HeLa cells were washed three times with phosphate-buffered saline
(PBS) and 1 ml of fresh MEM with 2% FBS and 0.5% D-mannose without
antibiotics. Twenty-five microliters of the bacterial suspension was added to each
well, and the mixture was incubated at 37°C for 3 h. The cells were washed three
times with PBS, fixed with 100% methanol, and stained with 10% Giemsa for 15
min. The adherence patterns were examined under �40 magnification with a
light microscope (model IX70; Olympus Optical Co. Ltd., Tokyo, Japan).

PFGE. PFGE was performed according to the guidelines of the Centers for
Disease Control and Prevention, Atlanta, Ga. (60). The results were interpreted
as described previously (51).

Cluster analysis. PFGE gel images were retrieved and aligned to generate a
composite image containing the banding profiles of all the isolates. The image
was analyzed with the Diversity Database fingerprinting software (version 2.2.0;
Bio-Rad) to detect the relatedness of the isolates. Bands ranging from 48.5 to
438.5 kb were considered for the construction of a dendrogram. Degrees of
homology were determined by comparison by use of the Dice coefficient, and
clustering correlation coefficients were calculated by an unweighted pair-group
method with arithmetic means (UPGAMA). A dendrogram showing the hierar-
chical representation of the levels of linkage between the isolates was drawn to
predict the degree of clonal relatedness.

Statistical analysis. Clinical data and the virulence features of the EAEC
isolates were compared by Fisher’s exact test (Epi-Info, version 6.02, software;
World Health Organization, Geneva, Switzerland, and Centers for Disease Con-
trol and Prevention), and a P value �0.05 was considered statistically significant.
The virulence gene profile results were entered into a database (Microsoft Excel)
in a personal computer and converted into Epi-Info, version 6.02, software as a
record file to match the data to determine their consistency and validity. The
validated data were compiled and analyzed with the SPSS, version 4.0, software
package (SPSS Inc., Chicago, Ill.). The virulence gene profile of each EAEC
isolate was considered in the cluster analysis. To assess the relatedness between
isolates on the basis of the overall gene profile, a data matrix in which a score of
1 was given for presence of a gene and a score of 0 was given for the absence of
a gene was first compiled for each isolate. In the cluster analysis, isolates were
grouped on the basis of similarity and were depicted in a dendrogram for
correlation with other traits, such as serogroup, severity of diarrhea, and age
group. Similarities between isolates were based on the squared Euclidean dis-
tance, and grouping was obtained by the UPGAMA clustering criterion (49) with
the SPSS software package (27).

RESULTS

Prevalence and characteristics of EAEC-associated clinical
symptoms. In this study, a total of 4,996 E. coli isolates from
1,826 hospitalized patients with diarrhea were analyzed for
EAEC by a pCVD432-specific PCR assay. The clinical features
of the 121 (6.6%) EAEC-infected patients includes watery
diarrhea (75.2%), vomiting (64.5%), and abdominal pain
(45.5%) with either moderate (53.7%) or severe dehydration
(43.0%) (Table 2). In most of the cases (85.1%), acute diarrhea
was recorded and the patients were admitted up to 24 h after
the onset of the symptoms. The duration of diarrhea was re-
corded for more than 2 days for only six patients (Table 2).
Stratification of the diarrheal patients by age revealed that the
rate of isolation of EAEC was highest (51.2%) among children
�5 years of age. In children �5 years of age, the rate of
EAEC-mediated watery diarrhea was statistically significantly
(P � 0.0142) greater than that among the other age groups.
The other pathogenic organisms identified among the EAEC-
infected diarrheal patients are listed in Table 3. EAEC was
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identified as the sole pathogen in 90 cases (74.4%). Mixed
infections with Vibrio cholerae O1 and EAEC were more com-
mon than other mixed infections (Table 3).

The EAEC organisms isolated in this study belonged to 13
different O serogroups (Table 4), with O86a (9.1%) being the
dominant serogroup. Other frequently identified serogroups
were O44, O15, and O153. However, 62% of EAEC isolates
remained untypeable, as they did not agglutinate with any of
the O antisera.

Antibiotic sensitivities of EAEC isolates. Antibiotic sensitiv-
ity testing performed with 15 antimicrobial agents revealed
that majority of the EAEC isolates were resistant to ampicillin,
nalidixic acid, tetracycline, cephalothin, and co-trimoxazole
(Table 5). The relative frequencies of resistance to other an-
timicrobials are shown in Table 5. Considerable numbers of
isolates were also resistant to ciprofloxacin (41.3%) and nor-
floxacin (39.7%). Multidrug resistance (MDR) was demon-
strated in almost every isolate, and 76% of the isolates were
found to be resistant to five or more antibiotics (data not
shown). The most common MDR profiles encountered in this
study were ampicillin, cephalothin, tetracycline, co-trimox-
azole, nalidixic acid, and streptomycin resistance and ampicil-
lin, cephalothin, tetracycline, chloramphenicol, co-trimox-
azole, nalidixic acid, and streptomycin resistance (six isolates

each); ampicillin, cephalothin, ciprofloxacin, ceftazidime, tet-
racycline, chloramphenicol, co-trimoxazole, nalidixic acid, nor-
floxacin, and streptomycin resistance (four isolates); and am-
picillin, cephalothin, gentamicin, amikacin, ciprofloxacin,
ceftriaxone, kanamycin, tetracycline, chloramphenicol, ceftazi-
dime, co-trimoxazole, nalidixic acid, norfloxacin, and strepto-
mycin resistance and ampicillin, cephalothin, tetracycline,
chlorampenicol, and nalidixic acid resistance (three isolates
each). Very few isolates exhibited identical resistance profiles
(data not shown).

Adherence patterns and clump formation. The typical AA
(AAt) pattern was grouped into three types of adherence pat-
terns, namely, a stacked brick (AA sb) pattern, a honeycomb-
like (AA hc) pattern, and chain-like adherence (CLA) pattern
(17). The AAt pattern was noticed among 103 (85.1%) EAEC
isolates. The AA sb pattern was observed among 69 (57%)
isolates, followed by the AA hc pattern among 28 (23.1%)
isolates and the CLA pattern among 6 (5%) isolates. Six (5%)
isolates adhered only to coverslips (AA cs pattern), and with 11
(9.1%) isolates, adherence to either HeLa cells or coverslips

TABLE 2. clinical Characteristics of EAEC-infected diarrheal cases

Characteristic
No. (%) of
hospitalized

patients

Stool consistency
Watery ..................................................................................... 91 (75.2)
Mucoid..................................................................................... 5 (4.1)
Bloody...................................................................................... 4 (3.3)
Loose........................................................................................ 22 (18.2)

Clinical symptoms
Vomiting.................................................................................. 78 (64.5)
Fever (temp, �38.8°C) .......................................................... 24 (19.8)
Abdominal pain ...................................................................... 55 (45.5)

Dehydration status
Severe ...................................................................................... 52 (43.0)
Moderate ................................................................................. 65 (53.7)
None......................................................................................... 4 (3.3)

Duration of diarrhea before admission to the hospital
Up to 24 h...............................................................................103 (85.1)
�24 to 48 h............................................................................. 12 (9.9)
�48 h ....................................................................................... 6 (5.0)

TABLE 3. Frequencies of EAEC and with other pathogens among
diarrheal patients

Pathogen No. of
patients

EAEC alone.........................................................................................90
EAEC � V. cholerae O1 ....................................................................16
EAEC � V. cholerae O139 ................................................................ 3
EAEC � V. cholerae non O1, O139................................................. 4
EAEC � Vibrio parahaemolyticus ..................................................... 3
EAEC � Shigella spp.......................................................................... 1
EAEC � rotavirus............................................................................... 4

TABLE 4. Frequency of different serogroups associated with EAEC

Serogroup
No. (%) of

isolates
(n � 121)

ONTa .........................................................................................75 (62.0)
O86a ..........................................................................................11 (9.1)
O44 ............................................................................................ 6 (5.0)
O153 .......................................................................................... 5 (4.1)
O15 ............................................................................................ 5 (4.1)
O63 ............................................................................................ 3 (2.5)
O166 .......................................................................................... 3 (2.50)
Rough ........................................................................................ 3 (2.5)
O114 .......................................................................................... 2 (1.7)
O20 ............................................................................................ 2 (1.7)
O128 .......................................................................................... 2 (1.7)
O25 ............................................................................................ 1 (0.82)
O1 .............................................................................................. 1 (0.82)
O111 .......................................................................................... 1 (0.82)
O55 ............................................................................................ 1 (0.82)

a ONT, O nontypeable.

TABLE 5. Antibiotic susceptibilities of EAEC strains isolated from
patients with acute diarrhea

Antibiotic

No. (%) of isolates (n � 121)

Susceptible Reduced
susceptible Resistant

Amikacin 95 (78.5) 18 (14.8) 8 (6.6)
Ampicillin 7 (5.8) 9 (7.4) 105 (86.8)
Ceftazidime 66 (54.5) 15 (12.4) 40 (33.1)
Ceftriaxone 83 (68.6) 21 (17.4) 17 (14.0)
Cephalothin 15 (12.4) 12 (9.9) 94 (77.7)
Chloramphenicol 66 (54.5) 1 (0.8) 54 (44.6)
Ciprofloxacin 62 (51.2) 9 (7.4) 50 (41.3)
Co-trimoxazole 35 (28.9) 1 (0.8) 85 (70.2)
Gentamycin 109 (90.1) 5 (4.1) 7 (5.8)
Kanamycin 61 (54.4) 16 (13.2) 44 (36.4)
Nalidixic acid 14 (11.6) 5 (4.1) 102 (84.3)
Neomycin 57 (47.1) 53 (43.8) 11 (9.1)
Norfloxacin 67 (55.4) 6 (4.9) 48 (39.7)
Streptomycin 36 (29.8) 13 (10.7) 72 (59.5)
Tetracycline 20 (16.5) 5 (4.1) 96 (79.3)
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was not observed (nonadherent). Only one EAEC isolate dis-
played diffuse adherence. Clump or pellicle formation was
noticed among 94 (77.7%) EAEC isolates.

Prevalence of fimbrial and other virulence genes. The rela-
tive frequencies of chromosomal and plasmid-encoded viru-
lence genes among the EAEC isolates are shown in Table 6.
One hundred seventeen (96.7%) isolates had one or more
virulence gene marker and were more frequently recovered
from children than from adults (data not shown). aap was the
gene most commonly identified and was detected in 92 (76%)
isolates, followed by aggR and shf, each of which was identified
in 79 (65.3%) isolates. Among the fimbrial genes identified, the
accessory gene for AAF/I, aggC, was the most commonly en-
countered and was detected in 45 isolates (37.2%). The acces-
sory genes of other fimbrial subtypes (aafC and agg3C for
AAF/II and AAF/III, respectively) were detected in 4 (3.3%)

and 27 (22.3%) isolates, respectively. Genes encoding the
structural subunits of AAF/I (aggA), AAF/II (aafA), and AAF/
III (agg3A) were found in 11 (9.1%), 2 (1.7%), and 17 (14.1%)
isolates, respectively. Among the toxin genes, pet, which en-
codes heat-labile toxin, was identified in 37 (30.6%) isolates by
colony hybridization, while astA, which encodes EAST 1 was
detected in 36 isolates (29.8%). The chromosomal virulence
gene marker irp2 was identified in 58 isolates (47.9%), fol-
lowed by pic in 26 (21.5%) isolates. The gene encoding the
flagellin that promotes interleukin-8 release was rarely en-
countered (3.3%).

PFGE and cluster analysis. All 43 EAEC isolates typeable
with O antisera were tested by PFGE to assess their clonal
relatedness. Three isolates could not be typed by PFGE due to
endonuclease activity. Three O-untypeable EAEC isolates and
two O rough EAEC isolates were also included in the PFGE
analysis. The PFGE profiles of the EAEC isolates showed 38
different patterns (Fig. 1). These patterns were distinguished
by more than three bands. Three serogroup O44 isolates (iso-
lates 10657, 10676, and 10756), two serogroup O86a isolates
(isolates 11009 and 10026), and two serogroup O63 isolates
(isolates 9464 and 9554) were closely related to each other, as
they shared maximum similarities in their banding patterns
(Fig. 1).

Dendrogram analysis showed two well-separated clusters,
clusters A and B (Fig. 2). Cluster A comprised 18 EAEC
isolates, in which serogroups O166, O128, O114, O63, O55,
O111, O20, O25, and O1 and the three O-untypeable serotypes
were clustered. Cluster B represents the major one, with 24
EAEC isolates, in which all the EAEC isolates of serogroups
O44 and O15 were grouped. Except for one isolate each of
serogroups O86a and O153, the rest of the isolates in the
different serogroups fell into cluster B.

Virulence gene profile analysis. In the virulence gene profile
analysis, we have considered the EAEC isolate recovered with
multivirulence gene markers to be the sole pathogen from each
patient. A total of 74 gene profiles shared by 102 EAEC iso-
lates from 90 patients were recorded. The UPGAMA method

FIG. 1. XbaI-restricted PFGE profiles of the 45 EAEC isolates from hospitalized patients with diarrhea. The identity of the isolate and its
serogroup are indicated above each lane. The bacteriophage lambda DNA ladder standard for PFGE (New England Biolabs, Beverly, Mass.) was
used in the lane labeled PFGE Marker as a DNA molecular size marker. ONT, O nontypeable.

TABLE 6. Frequency of plasmid and chromosomal gene markers
among EAEC isolates

Gene location and virulence gene
No. (%) of

isolates
(n � 121)

Plasmid
aafA ............................................................................ 2 (1.7)
aggA ............................................................................ 11 (9.1)
agg3A .......................................................................... 17 (14.1)
aggR ............................................................................ 79 (65.3)
aafC ............................................................................ 4 (3.3)
aggC............................................................................ 45 (37.2)
agg3C.......................................................................... 27 (22.3)
aap .............................................................................. 92 (76.0)
shf ............................................................................... 79 (65.3)
pet ............................................................................... 37 (30.6)
astA............................................................................. 36 (29.8)
afaBC ......................................................................... 2 (1.7)

Chromosome
pic ............................................................................... 26 (21.5)
irp2.............................................................................. 58 (47.9)
fliC .............................................................................. 4 (3.3)
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of dendrogram analysis, which reflected different lineages on
the basis of the similarity matrices of the gene profiles of the
EAEC isolates, formed clusters A and B, with 72 and 25 EAEC
isolates, respectively (Fig. 3). The isolates with identical gene
profiles were confined predominantly in the A2 subcluster.
Profiles aap aggC aggR shf and aap aggR shf were each shared
by eight EAEC isolates in this cluster. Within subcluster A1,
EAEC isolates harboring AAF/III-related genes were found
more than EAEC isolates harboring AAF/I-related genes (16
isolates with agg3C versus 6 isolates with aggC and 7 isolates
with agg3A versus 2 isolates with aggA). However, the pet gene
was found in only three isolates, and astA was not detected in
any of the isolates in this cluster. Isolates harboring the chro-
mosomal fliC gene were grouped in subcluster A1 along with
isolates harboring irp2 and pic. aggC and its corresponding
structural aggA genes were detected less frequently than the
agg3-related genes (agg3C and agg3A). Subcluster A2, which
represented the major subcluster, consisted of 45 EAEC iso-
lates. The conspicuous feature of the isolates in subcluster A2
was the abundance of plasmid-encoded virulence genes and
the almost complete absence of the chromosomal virulence

genes (irp2 in two isolates). In subcluster A2, AAF/I-related
genes were detected more frequently than AAF/III-related
genes (27 isolates with aggC versus 2 isolates with agg3C and 12
isolates with aggA versus 1 isolate with agg3A). Similarly,
among the isolates in subcluster A2, the astA gene was present
in more isolates than the pet gene. The aap gene was distrib-
uted among isolates in subclusters A1 through B2 but not
among those in cluster C. aggR and shf were found in isolates
in all clusters.

irp2 and pic were the dominant genes among the isolates in
subcluster B1, and agg3 genes were detected more often than
agg genes among the isolates in that cluster. Toxin genes astA
and pet were distributed equally in subcluster B1. The agg3
genes were completely absent from the isolates in cluster B2,
and the pet gene was detected more frequently than the astA
gene (eight and one isolates, respectively). Virulence genes of
chromosomal origin were more frequently detected than plas-
mid-encoded genes among the isolates in subclusters B1 and
B2. Isolates harboring the aap gene were not detected in clus-
ter C.

FIG. 2. The XbaI restriction patterns were digitized and analyzed by using the Diversity Database fingerprinting software (version 2.2.0;
Bio-Rad) to calculate the similarity matrix by use of Dice coefficients of correlation, and clustering correlation coefficients were determined by the
UPGAMA method. The scale indicated at the top collates the levels of pattern similarity. ONT, O nontypeable.
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DISCUSSION

EAEC has been considered a heterogeneous pathogen, but
EAEC isolates share a common character, i.e., expression of
the AA phenotype on HEp 2 or HeLa cells (30). Although in
many instances EAEC strains have been isolated from asymp-
tomatic individuals at a frequency similar to that from which
they are isolated from patients with diarrhea (9, 18), their
association with diarrhea in several outbreaks and in volunteer
studies has unquestionably confirmed the role of EAEC as an
important etiologic agent (25, 33). The discrimination factor
used in the initial detection of the EAEC isolates was the PCR
assay with primers derived from a probe for AA. Some reports
have shown that the correlation of results obtained by the
PCR- and probe-based assay and assays for AA may vary by
location (11, 37, 52, 55). However, compared to the assay for
AA, the PCR- and probe-based detection of EAEC has been
found to be simple and specific in many epidemiological stud-
ies (12, 46). In this study, 85% of the EAEC isolates exhibited
the AAt pattern, and 78% were positive by the clump testing.

The incidence rate of EAEC among diarrheal patients in our
study was 6.6%, which closely matches that found in a previous
hospital-based surveillance study conducted in Kolkata (39).
However, the detection rate was 9.8% among pediatric cases
(12). Critical analysis of EAEC-infected patients with stratifi-
cation by age revealed a unique association of EAEC with
children younger than 10 years of age (60.3%), which was
statistically significant (P � 0.05). EAEC infections have gen-
erally been reported to be unique because of the relatively long
duration of symptoms (31). However, in this study we encoun-
tered only six patients who had diarrheal episodes for more
than 2 days. Since most of the patients had watery diarrhea
(75.2%) with severe (43%) or moderate (53.7%) dehydration
and received medical treatment, the observed duration was
much less in this study. Even though EAEC infections persist
in the presence of infections with other pathogens, none of the
patients had infections caused by other pathotypes of diarrhea-
genic E. coli. As reported by many investigators (22, 38, 40, 53),
the majority of the EAEC isolates in our study remained O-
antigen untypeable (62%). Similar to a recent report from
Brazil (59), the prevalence of serogroup O44 was compara-
tively high in this study.

The results of the clump formation test correlated with pos-
itive PCR results for EAEC and the AAt pattern of adherence
(data not shown). In comparison to detection of the pattern of
adherence and PCR assays, the clump formation test (2) facil-
itates the simple and rapid detection of EAEC. The AAt pat-
terns were mostly associated with the AAF-related gene se-
quences or their regulator, the aggR gene. Analysis of different
adherence patterns showed that the AA sb pattern was the
most dominant AAt pattern. EAEC isolates exhibiting other
types of adherence, such as the AA cs pattern, diffuse adher-
ence, and nonadherence, were found to be devoid of any of the
AAF-related genes or other putative virulence genes. We did
not notice any cell detachment or any cellular distention char-
acteristic of cell-detaching E. coli isolates in the adherence
assay that has previously been reported by others (T. A.
Gomes, C. M. Abe, and L. R. M. Marques, Letter, J. Clin.
Microbiol. 33:3364, 1995).

The frequency of occurrence of different plasmid-encoded

FIG. 3. Virulence gene profile relationships of the EAEC isolates
recovered as the sole pathogens from diarrheal patients. The five
major phylogenetic clusters (clusters A1, A2, B1, B2, and C) are
labeled. The dendrogram was obtained by cluster analysis (by the
UPGAMA method) of the virulence gene profiles shared by 102
EAEC isolates. The average distance between clusters was determined
by the cluster analysis, based on the similarity matrices of the EAEC
isolates exhibiting diversified gene profiles. The virulence genes were
coded 1 through 14 for aafA, aap, afaBC, aggA, agg3A, aggC, agg3C,
aggR, astA, fliC, irp2, pet, pic, and shf, respectively. The number of
EAEC isolates harboring the respective virulence profile is indicated in
parentheses. The similarity scale is shown above the dendrogram.
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and chromosomal virulence genes of EAEC showed that the
gene profiles varied depending upon the age of the patients.
EAEC isolates with multiple virulence genes were more fre-
quently detected in children than in adults. Children had wa-
tery diarrhea significantly more often. EAEC isolates with one
or more or two or more virulence gene markers were detected
in 117 (96.7%) and 109 (90.1%) patients, respectively. In our
study, the most frequent plasmid-borne genes detected among
the EAEC isolates were aap, shf, and aggR. This finding is in
agreement with those of a previous study with a worldwide
collection of EAEC isolates (10) and a recent study conducted
in Brazil (59).

The prevalence of the AAF/II operon is generally reported
to be low (13, 41, 52), and the results of our study are consis-
tent with that finding. Bernier et al. (4) have recently reported
on the existence of a high level of heterogeneity in the AAF/II
operon and demonstrated the use of an aafDA-specific probe
for the detection of AAF/II. The use of primers designed from
the conserved region of the aafDA sequence might have im-
proved the level of detection of AAF/II in the present study.
Only 30 (24.8%) isolates harbored any of the structural genes
of the three AAFs. The higher frequency of the accessory
genes (aggC, aafC, and agg3C) in comparison to the lower
frequency of the corresponding structural genes encoding pilin
subunit provide evidence for the heterogeneity in the latter.
These results are in agreement with those of the earlier studies
on the higher prevalence of aggC genes (10, 16, 41). The
presence of agg3C in 22.3% of the EAEC isolates indicated
that the agg3 gene or a variant agg3 gene was the second most
frequent adhesin after agg. From this study, it is evident that
the maximum heterogeneity exists in the agg operon rather
than the agg3 operon. We presume that although the accessory
genes for all three adhesins are conserved, the low prevalence
of pilin-encoding genes is due to the remarkable variations in
the structural gene sequences. Thus, primers designed from
the regions encompassing the conserved flanking regions of the
fimbrial operons would certainly be useful for the detection of
all three variant AAF operons. The recently identified AAF/III
operon was from human immunodeficiency virus-infected pa-
tients with persistent diarrhea (4), and the prevalence of this
fimbria in our study (14.1%) matched that (13.8%) described
in a recent report from Mongolia (43). This fimbria might play
an important role in acute diarrhea in different regions of the
world. However, our findings indicate that considerable num-
bers of EAEC isolates did not harbor any of the three ad-
hesins; thus, future investigations should target the identifica-
tion of other variant fimbrial types.

Chromosomal virulence genes were also sought in this study
to determine their epidemiological significance in patients with
diarrhea. The low incidence of fliC (3.3%), as detected by the
PCR assay, might be due to variations in the sequence of this
gene. Diverse H types were shown to be associated with
EAEC, and it has been shown that not all the flagellins are
responsible for an inflammatory response (38). Since H typing
was not done in this study, we are unable to correlate our
findings with the findings presented previously. The frequen-
cies of pic (21.6%) and irp2 (47.9%) were comparatively less
than those reported elsewhere (10, 14, 40). Compared to the
findings described in other reports (25, 41), we have encoun-
tered only two EAEC isolates that harbored the uropathogenic

E. coli-specific afaBC gene. Similar to the findings of other
studies (14, 37, 40), we have detected the astA and the pet
genes at almost the same frequency. To our knowledge, this is
the first report from the Indian subcontinent on the distribu-
tion of three adhesins, the diffusely adhering E. coli factor, and
the gene encoding the interleukin-8 secreting factor, fliC,
among EAEC isolates from hospitalized diarrheal patients.

Dendrogram analysis based on the virulence gene profiles
indicated that all EAEC isolates in subclusters A1 through B2
harbored diversified gene profiles. Plasmid-borne genes aap,
aggR, and shf were dispersed almost evenly in all clusters.
Many isolates with several similar gene profiles were clustered
in subcluster A2. The EAEC isolates with the aap aggC aggR
shf and aap aggR shf virulence gene profiles were from children
with watery diarrhea and severe dehydration. The AAF/I genes
were specifically clustered in subcluster A1, whereas subcluster
A2 showed a specific association with AAF/III genes. Chro-
mosomal virulence genes were generally absent from the
EAEC isolates in subcluster A2, although they were clustered
in subclusters B1 and B2. Our results confirm the presence of
more than two putative virulence factors among 90% of the
EAEC isolates tested, which follows the proposed criterion for
EAEC as a potential pathogen (37).

Other investigators (1, 23) have previously determined the
genetic diversity of EAEC by using PFGE. In this study, all
except seven EAEC isolates had distinct PFGE patterns. These
isolates exhibited identical PFGE patterns, serotypes, antibio-
grams, and virulence gene profiles. The clinical data indicated
that the patients from whom these isolates were sequestered
were children younger than 5 years of age who had watery
diarrhea and who were hospitalized on the same day.

In concurrence with the findings presented in other reports
(7, 19, 42), the majority of the EAEC isolates evaluated in this
study exhibited MDR. In one report it was shown that the
antibiotic resistance might be linked to EAEC virulence (57).
EAEC isolates with five or more MDR properties were fre-
quently encountered. We have detected EAEC resistance to
fluoroquinolones, which is the drug of choice for the treatment
of diarrhea in India (54).

The identification of EAEC alone from 90 patients with
other accompanying symptoms, such as fever, vomiting, severe
diarrhea, and watery manifestations of stools, in more than
80% of the cases explains the etiological importance of EAEC
in this region where diarrhea is endemic. Therefore, continu-
ous monitoring for the prevalence, epidemiology, and appro-
priate treatment by consideration of the MDR properties of
this important etiologic agent is needed.

In conclusion, EAEC-mediated diarrhea in Kolkata is
mostly associated with children. The diverse PFGE profiles
along with the existence of different serotypes, antibiograms,
and virulence gene profiles in the majority of the isolates show
that EAEC isolates are highly heterogeneous in their genetic
makeups.
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