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Enteroaggregative Escherichia coli (EAEC) strains are etiologic agents of acute and persistent diarrhea. In
this study, the results of phenotypic assays suggested that EAEC strains possess specialized iron acquisition
systems. Genes required for the synthesis (iucA) or transport (fepC) of siderophores, and genes encoding
siderophore (fyuA, ireA, and iroN) or heme transport (chu) receptors or hemoglobin proteases (pic and hbp),
were sought in EAEC strains which have been characterized with respect to known virulence genes and
phylogeny. The chuA, iucA, fyuA, fepC, and pic genes were detected in 33, 76.2, 85.7, 33, and 61.9% of these EAEC
strains, respectively, and the other genes were absent. The majority of EAEC strains possessed genes encoding
multiple iron transport systems, and there was no phylogenetic correlation in the distribution of the majority
of these loci, as is typical for EAEC. The notable exceptions were chuA and fepC (which is associated with the
prrA-modA-fepC pathogenicity island); these genes were restricted to the EAEC2 and DAEC2 phylogenetic
groups, which could represent pathogenic subsets. When collections of EAEC strains isolated during case-
control studies in Nigeria and Brazil were examined, no association of the presence of either chuA or iucA alone
with diarrhea was seen, but both genes together were present in significantly more strains from cases than from
controls in the Nigerian collection (P < 0.05). It is possible that the presence of both genes marks at least some
virulent strains. The data also demonstrate geographical variation in the association of iron utilization genes
with disease in EAEC.

The pattern of mannose-resistant adherence to intestinal
epithelial cells has been used to broadly classify Escherichia
coli diarrheal isolates (31). The majority of nonpathogenic E.
coli strains are nonadherent, while E. coli strains that adhere in
a localized manner are almost invariably found to be entero-
pathogenic E. coli (EPEC). Diffuse adherence is seen in dif-
fusely adherent E. coli (DAEC) and to varying degrees in other
categories. Intestinal isolates of E. coli that adhere to epithelial
cells in a characteristic stacked-brick pattern are categorized as
enteroaggregative E. coli (EAEC) (31, 55). EAEC and DAEC
strains are often recovered from healthy individuals, and the
factors that dictate their adherence patterns differ among
strains in each category. It is likely that at least some EAEC
and DAEC strains are pathogenic while others are not. EAEC
and DAEC remain enigmatic in some sense because their
epidemiology and molecular pathogenesis are less well under-
stood than those of other diarrhea-causing categories—EPEC
and enterohemorrhagic, enterotoxigenic, and enteroinvasive
E. coli (EHEC, ETEC, and EIEC, respectively). EAEC strains
were originally recognized as predominant etiologic agents of
persistent diarrhea in developing countries (5). In recent epi-
demiological studies, EAEC has been increasingly associated
with acute as well as protracted diarrhea in several parts of the
world (reviewed in references 32 and 35).

The EAEC category is heterogeneous, and during epidemi-
ological studies EAEC strains are usually recovered from
healthy as well as diseased subjects (5, 10, 33, 35). This obser-
vation led to initial doubts about their pathogenicity (32, 35)
until consistent epidemiological associations with disease and
human volunteer challenge studies unequivocally demon-
strated that at least some EAEC strains are true diarrheagenic
pathogens (23, 28). Baudry et al. (2) developed an empiric
diagnostic probe, CVD 432, for identifying EAEC. The probe
consisted of a 1-kb fragment of the virulence plasmid of EAEC
strain 17-2. Subsequent investigation demonstrated that the
probe showed a sensitivity of 18 to 90% in various studies,
again illustrating the heterogeneity of this pathogen (35). In
this study, following a prescreen with well-characterized EAEC
strains from around the world (10), we employed two epide-
miological collections to evaluate the significance of selected
genes in disease. Seventy-two percent of the EAEC strains
from Brazil (45–47) and only 26% of the Nigerian isolates (33)
were CVD 432 positive.

Multilocus enzyme electrophoretic (MLEE) patterns have
been a useful tool for classifying E. coli isolates from diarrhea.
For many diarrheagenic E. coli categories, notably EPEC and
EHEC, MLEE-derived phylogeny has correlated with viru-
lence gene distribution and provided clues about pathogen
evolution (11). With EAEC, however, the distribution of pre-
viously identified virulence factors has not correlated with
MLEE phylogeny (10). Although three major EAEC phyloge-
netic groups—EAEC1, EAEC2, and AA/DA (aggregative ad-
herence/diffuse adherence)—have been identified based on
this methodology, EAEC phylogeny overlaps with that of the
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(also heterogeneous) DAEC group, in which the DAEC1,
DAEC2, and (to a lesser extent) AA/DA categories predomi-
nate. Furthermore, no previously described EAEC-related vir-
ulence factor is strictly distributed in accordance with this
phylogenetic classification (10).

The virulence of EAEC, like that of other pathogens, is
known to require a variety of virulence factors, but many of
these have yet to be described (32, 35). During infection,
EAEC strains have been shown to adhere closely to epithelial
cells within a mucoid matrix as a mechanism to evade host
defenses, digestive enzymes, and peristalsis and to compete for
this niche with other bacterial species (29, 54). The ability of
EAEC to obtain essential nutrients and multiply successfully in
this environment is crucial. One essential nutrient for bacterial
growth is iron, which is not readily available in human hosts,
because intracellularly it is found mostly as heme or associated
with storage proteins and extracellularly it is bound to trans-
ferrin and lactoferrin (38). Therefore, pathogenic microorgan-
isms, such as EAEC, attempting to establish an infection must
have the ability to scavenge iron and multiply within the host
environment as a fundamental requirement for the production
of disease.

Pathogenic E. coli strains have developed various strategies
for acquiring iron, the most common of which involves the
production of siderophores (41). Siderophores are low-molec-
ular-weight, specific ferric ion-binding chelators produced by
many members of the family Enterobacteriaceae. Enterobactin,
the prototypical siderophore, is produced by all E. coli strains
and is commonly found in clinical isolates of enterobacteri-
aceae; its biosynthesis involves the products of at least 14
chromosomally encoded genes, including the fep genes. One of
these genes, fepC, encodes the ferric enterobactin transport
ATP-binding protein. Guyer et al. (13) found that a second
fepC gene (80% identical over 59% of the gene) was present
within a pathogenicity island of uropathogenic E. coli strain
CFT703. Ye and Xu (63) were subsequently able to demon-
strate that part of this island, including the fepC homologue,
was present in E. coli O157 strains. The reason behind the
duplication is not known, and there is no evidence to suggest
that the second fepC gene contributes to pathogenicity. Al-
though adequate production of siderophores in vivo is one
mechanism postulated to enhance the virulence of enteric bac-
teria, no evidence supporting the role of enterobactin produc-
tion as a virulence determinant has been found (reviewed in
reference 59).

Many E. coli strains also produce a second, unrelated sid-
erophore known as aerobactin (41). The genes responsible for
aerobactin synthesis are either located on plasmids or form
part of a pathogenicity island (27, 57). A third siderophore
found in E. coli strains is yersiniabactin (50). Yersiniabactin
synthesis and uptake genes were originally described in Yer-
sinia species and are encoded within the “high-pathogenicity
island” (HPI), which is present in most EAEC strains. Aero-
bactin and yersiniabactin genes are commonly found in patho-
genic E. coli strains, and both have been shown to be associated
with virulence in extraintestinal E. coli (22, 49, 53, 61). More
recently, the ireA gene, which may be involved in siderophore
transport (42), and the iroN gene, encoding a siderophore
receptor that contributes to urovirulence (43, 44), have been

described in extraintestinal E. coli. iroN is also present in Sal-
monella enterica strains (4, 39).

Bacterial strains can also acquire iron from the host through
systems that bind heme and hemoproteins and then transport
heme into the cell (reviewed in reference 9). One such mech-
anism requires outer membrane proteins that recognize the
heme compounds and bind heme to the bacterial cell surface.
Alternately, a second mechanism, the hemophore-dependent
system, involves the binding of heme to a secreted bacterial
protein that shuttles it back to a specific outer membrane
receptor. In E. coli, there are two well-characterized heme
transport systems; the Chu (Shu in Shigella dysenteriae) heme
transport system and the Hbp hemophore-dependent system
(36, 52, 62). Neither has been reported in EAEC previously,
and chuA has recently been shown to be important for the
virulence of a uropathogenic E. coli strain (53). Recently, Her-
nandez et al. (U. Hernandez, J. M. Villaseca, J. Molina, and C.
Eslava, Abstr. 102nd Gen. Meet. Am. Soc. Microbiol., abstr.
B-13, p. 34, 2002) demonstrated that Pic, a multifunctional
autotransporter protease (15), was capable of proteolyzing he-
moglobin, thus hypothesizing a role for this protein in iron
acquisition. The pic gene lies within a pathogenicity island
found in Shigella and EAEC (40).

In this study, we screened multiple EAEC strains, which
have previously been characterized with respect to known vir-
ulence genes and phylogeny, for the presence of siderophore-
dependent or heme transport systems. Our results indicate that
most EAEC strains contain more than one iron transport sys-
tem and that the distribution of two systems correlates with
phylogeny. They also suggest that iron utilization may be im-
portant for the pathogenesis of EAEC in some epidemiological
settings.

MATERIALS AND METHODS

Bacterial strains. EAEC strains and other diarrheagenic E. coli strains from
previously characterized strain collections were employed in this study. The first,
or reference, collection comprised 21 EAEC and three coclustering DAEC
strains. These strains have been phylogenetically classified by MLEE and probed
for several virulence genes (10). At the start of the study, we confirmed the
distribution of three loci—the AAF/I structural subunit gene (aagA), the HPI-
encoded yersiniabactin gene (irp2), and the overlapping Shigella enterotoxin
1/Pic mucinase genes (she/pic)—in this collection, as well as confirming the
adherence phenotype by the HEp-2 adherence assay using a previously described
protocol (34). The ability of the reference strains to lyse erythrocytes on blood
agar plates was also tested.

A second collection comprised 131 EAEC isolates from a Nigerian case-
control study (33), and a third collection comprised 110 strains from Brazilian
children with diarrhea and healthy controls (45–47). Ninety-eight strains belong-
ing to other noninvasive diarrheagenic E. coli categories, including 40 EPEC, 25
ETEC, 13 nonphylogenetically classified DAEC, and 16 Shiga toxin-producing
strains, were also evaluated in this study. These isolates were obtained from a
recent epidemiological study (34) and archival stocks from the Center for Vac-
cine Development, University of Maryland. EHEC strain EDL933, uropatho-
genic E. coli strains 536 and CFT073 (20), Shigella flexneri 2a 2457T, and Shigella
boydii 2954-72 were used as positive controls for phenotypic and PCR tests, and
E. coli K-12 MG1655 (7) was used as a negative or baseline control.

Growth of EAEC strains in the absence of free iron and measurement of
siderophore production. The abilities of reference EAEC strains to utilize heme
and hemoglobin as sole iron sources were evaluated by surface inoculation of
T-medium plates (37) containing the restricted iron source and 2,2�-dipyridyl.
Siderophore production in T-medium was measured by the liquid chrome-azurol
S (CAS) assay (37). (This assay measures the abilities of catechol, hydoxamate,
and potentially other siderophores secreted into the growth medium to remove
iron from a chromogenic dye complex.) Uninoculated T-medium was employed
as a blank, and a reference reading (Ar) was taken by measuring the iron affinity
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of the blank with test reagents. Test readings (As) for each strain were taken in
triplicate, with dilution when necessary. Siderophore units were calculated as
percentages by using the formula (Ar � As)/Ar � 100 (37). E. coli K-12 MG1655
(which produces only enterobactin) served as a baseline control, RW193 (an
enterobactin mutant that produces no siderophores; kindly supplied by Charles
Earhart) was used as a negative control, and pathogenic E. coli strains known to
produce a range of siderophores were used as positive controls. T-medium was
used as the zero reference.

Detection of genes encoding iron utilization systems. The phylogenetically
characterized reference collection was screened for a total of nine genes, repre-
senting separate iron utilization systems, by PCR and hybridization. Two of
these, irp2 and pic (she), had been tested previously by Czeczulin et al. (10).
Recombinant Taq polymerase and a PCR buffer from Gibco-BRL-Invitrogen
were employed with 1 U of Taq polymerase, 2 mM MgCl2, and 1 �M oligonu-
cleotide primer in each reaction. All amplifications began with a 2-min hot start
at 94°C, followed by 30 cycles of denaturing at 94°C for 30 s, annealing for 30 s,
and extension at 72°C. PCRs were templated with boiled bacterial colonies.
Primers, annealing temperatures, extension times, and positive-control strains
used for each amplification are given in Table 1.

Colony hybridization with digoxigenin-labeled probes was performed to vali-
date the PCR results. Colony lifts of test and control strains cultured in brain
heart infusion medium (Oxoid, Basingstoke, England) were prepared in a 96-well
format on nylon membranes (Hybond-N; Amersham Biosciences). Membranes
were denatured in 0.5 M NaOH–1.5 M NaCl, neutralized in 1.5 M NaCl–0.5 M
Tris HCl–1 mM EDTA, dried, and fixed by UV exposure. DNA probes were
prepared by PCR using the primers listed in Table 1 with positive-control strains
as templates. They were labeled by using the PCR DIG labeling mix (Roche),
according to the manufacturer’s instructions. Following 2 h of prehybridization at
42°C, the membranes were hybridized with a denatured probe at 42°C, with
continuous, gentle agitation in a hybridization solution containing 50% form-
amide, 5� SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 5%
blocking reagent, 0.1% N-lauryl sarcosine, and 0.02% sodium dodecyl sulfate
(SDS). Membranes were washed three times in 2� SSC–0.1% SDS and then
three times in 0.1� SSC–0.1% SDS. Signals were detected by using the DIG
nucleic acid detection kit (Roche) in accordance with the manufacturer’s instruc-
tions.

Statistical analysis. The significance of differences observed in the prevalence
of target DNA among strains from patients with diarrhea and healthy controls
was assessed by the chi-square test and Fisher’s exact test.

RESULTS

Growth under iron-limited conditions and siderophore ex-
pression. As shown in Table 2, 19 (90.5%) of the EAEC ref-
erence strains were capable of growth utilizing heme and he-
moglobin as sole iron sources. In comparison, Table 3 shows
that only 42 (47.2%) of E. coli strains belonging to other
diarrheagenic, noninvasive categories were able to grow under
these conditions, and 20 of these were attaching-and-effacing
E. coli (EPEC and EHEC) strains, which adhere intimately
during infection. These data suggest that the ability to seques-
ter iron may be essential for pathogens that adhere in close
proximity to the intestinal mucosa and that EAEC strains pos-
sess specialized iron recruitment systems. The results of the
CAS assay (Fig. 1) demonstrate that total siderophore produc-
tion by all the EAEC strains was greater than that for the
baseline control, MG1655. Seventy-eight percent of the strains
expressed siderophores within ranges approaching or compa-
rable to those of control strains EHEC O157 EDL933, uro-
pathogenic E. coli 536, and S. flexneri and greater than that of
EPEC strain E2348/69 (Fig. 1). Only two EAEC strains, AA
H38-1 (EAEC1) and AA H194-2 (AA/DA), were relatively
deficient in siderophore production (though both still pro-
duced significantly greater levels of siderophores than the
baseline control, MG1655), and these strains demonstrated a
corresponding inability to utilize host-bound assay sources.
Only three of the phylogenetically characterized strains pro-
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duced siderophores below the level seen with EPEC, and two
of the three were non-EAEC strains (NA H191 and DA
WC192-11). Within the EAEC category, there were variations
associated with phylogenetic group, although these were not
statistically significant. The mean siderophore percentage for
the six strains in the EAEC2 category, which demonstrated the
highest levels of siderophore production, was 77.37%. For the
six EAEC1 and seven AA/DA strains, the respective values
were 55.67 and 66.33%. (For comparison, the 23 ETEC strains
gave a mean siderophore value of 52.41%.) Although hemo-
lytic activity has been proposed as a virulence property of
EAEC (12), it was seen in only five (23.8%) of the EAEC
reference strains.

Iron utilization genes in EAEC reference strains. All but
two of the reference strains were positive for at least one of the
iron utilization genes sought, and the majority (85.8%) of
EAEC reference strains harbored genes for multiple systems.
As shown in Table 2, the yersiniabactin (fyuA) genes were the
most highly prevalent iron utilization systems in EAEC: they
were present in 85.7% of the reference strains. The CFT703/
O157 pathogenicity island-encoded fepC gene was present in
33% of the strains, as determined by PCR. One hundred per-
cent of the strains hybridized to the fepC probe, presumably
due to cross-reaction with the native fepC gene, which is
present in all E. coli strains. The chuA, iucA, and pic genes
were present in 33, 76.2, and 61.9% of the strains, respectively.
iroN, ireA, and hbp, all of which are associated with extrain-
testinal E. coli, were not found in EAEC, but ireA was detected
in coclustering DAEC strains. The iron utilization systems
sought in this study were much less common in ETEC, and the
range of systems in other classes of diarrheagenic E. coli was
less diverse than that for EAEC (Table 3). Of note was the
restriction of chuA and the CFT703/O157 pathogenicity island-
encoded fepC to the EAEC2 and DAEC2 phylogenetic groups.
These two genes are the first loci that have been shown to be
restricted to any EAEC phylogenetic group. Among EPEC
strains, chuA and the pathogenicity island-encoded gene fepC
were restricted to the MLEE-defined phylogenetic group
EPEC1; among EHEC strains, they were restricted to O157
strains, which belong to phylogenetic group EHEC1. We did
not find an association between the presence of any of the iron

utilization loci sought and previously described EAEC viru-
lence genes such as those encoding the AAF/I fimbrial subunit
(aafA), the AAF/II fimbrial subunit (aagA), plasmid-encoded
enterotoxin (pet), dispersin (aap), aggregative regulator (aggR),
or the empiric probe locus (CVD 432) (35, 51).

Screening EAEC collections from case-control studies by a
duplex PCR for chuA and iucA. Of the nine loci for which the
reference collection was screened, only fepC (pathogenicity
island encoded), iucA, chuA, and the HPI-encoded irp2 and
fyuA loci were present in more than one reference strain. The
generic enterobactin system is documented to be present in all
E. coli strains (commensal and pathogenic), and although uro-
pathogenic E. coli and E. coli O157 have been shown to possess
a second fepC gene (13, 63), FepC has not been found associ-
ated with virulence. The HPI genes (irp2 and fyuA) have been
studied extensively in EAEC (21, 22, 48, 50, 58). Both chuA
and iucA were present in a significant proportion of EAEC
reference strains and have been demonstrated to play a poten-
tial role in virulence in pathogenic E. coli strains belonging to
other categories (24, 25, 52, 53, 60). We therefore sought to
determine the role, if any, played by these genes in EAEC
virulence. In the absence of a suitable disease model for EAEC,
we developed a duplex PCR protocol for simultaneously
screening strains for chuA and iucA in order to evaluate the
importance of these genes in EAEC pathogenicity by molecu-
lar epidemiologic methods. This protocol was used to screen
EAEC strains from two sets derived from case-control studies.
In each case, we found that neither gene was significantly more
common in isolates from children with diarrhea than in isolates
from controls. However, EAEC strains that carried both chuA
and iucA were more common in Nigerian children with diar-
rhea than in matched controls (P � 0.03) (Table 4). In the
strains from Brazilian children, no significant differences be-
tween isolates from patients and isolates from controls were
observed for any of the genes or for the combination.

DISCUSSION

The iron utilization systems of invasive pathogens such as
Shigella, EIEC, and E. coli that causes extraintestinal infections
have been extensively investigated. Relatively few studies have

TABLE 3. Numbers and percentages of noninvasive diarrheagenic E. coli strains utilizing heme and
hemoglobin and possessing iron uptake genes

Category and subgroup No.
tested

No. (%) of strains showing:

Heme
utilization

Hemoglobin
utilization

FeCl 3
utilization chuA iucA fepC (PAI)a ireA iroN hbp

EAEC (reference strains) 21 19 (90.5) 19 (90.5) 21 (100) 7 (33.3) 16 (76.2) 7 (33.3) 0 (0) 0 (0) 0 (0)
EHEC and other Shiga toxin-

producing E. coli strains
O157 3 3 (100) 3 (100) 3 (100) 3 (100) 0 (0) 3 (100) 0 (0) 0 (0) 0 (0)
Non-O157 13 3 (23.1) 10 (7.69) 13 (100) 0 (0) 6 (46.2) 0 (0) 1 (7.7) 0 (0) 0 (0)

EPEC
EPEC1 18 11 (61.11) 17 (94.4) 18 (100) 17 (94.4) 1 (5.6) 15 (83.3) 0 (0) 0 (0) 0 (0)
EPEC2 12 3 (25.0) 11 (91.7) 12 (100) 1 (8.3) 0 (0) 1 (8.3) 0 (0) 0 (0) 0 (0)

Non-EPEC, non-EHEC attaching
and effacing E. colib

4 0 (0) 4 (100) 4 (100) 0 (0) 1 (25.0) 0 (0) 0 (0) 0 (0) 0 (0)

ETEC 23 20 (87.0) 21 (91.3) 23 (100) 0 (0) 0 (0) 9 (39.1) 0 (0) 4 (17.4) 0 (0)
DAEC 16 4 (25.0) 10 (62.5) 16 (100) 1 (6.3) 2 (12.5) 1 (6.3) 4 (25.0) 4 (25.0) 5 (31.3)

a PAI, pathogenicity island.
b One strain each of porcine, rabbit, canine, and human origin.
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examined other diarrhea-causing E. coli strains, and very little
has been reported about iron utilization systems in EAEC. In
this study we determined that many EAEC strains are able to
utilize heme or hemoglobin as their sole iron source and are
capable of siderophore production comparable to that of Shi-
gella spp., EHEC, and uropathogenic E. coli. Furthermore,
EAEC strains are more likely to produce high levels of sid-
erophores than other noninvasive diarrhea-causing E. coli
strains, and most EAEC strains possess genes associated with
multiple iron utilization systems.

As has been reported previously (10, 50), the fyuA and irp2
genes, found within the Yersinia HPI, were present in the
majority (85.7%) of the EAEC reference strains. The iucA
gene, which is involved in the synthesis of the siderophore
aerobactin and was originally detected in Shigella, was found in
76.2% of EAEC strains. It therefore appears that the genes for
aerobactin and yersinabactin siderophore production are
widely distributed among EAEC strains. This provides a plau-
sible explanation for the high levels of siderophore activity
detected in the majority of the strains. However, we cannot
rule out the possibility that EAEC strains are only secreting
enterobactin. Additional experiments to identify the nature of
these siderophores are in progress in our laboratory. Headley
et al. (14) observed that Shigella spp. synthesize aerobactin
genes in the extracellular milieu but not intracellularly. The
high prevalence of these genes in EAEC strains, generally
considered to be extracellular pathogens, fits the current model
for their pathogenicity.

Wyckoff et al. (62) examined EHEC, EPEC, EIEC, ETEC,
and extraintestinal E. coli for the presence of the shuA gene.
They found that shuA (chuA in EHEC O157:H7) was not
restricted to Shigella but was also present in the related EIEC
strains as well as in hypervirulent phylogenetic groups within
the EPEC and EHEC categories (62), a feature we also ob-
served in this study. In the EPEC category, shuA/chuA is re-
stricted to EPEC1 strains, which show a greater association
with outbreaks than the chuA-negative EPEC2 strains. Simi-
larly, in the EHEC category, EHEC1, which includes sero-
group O157, is more likely to cause life-threatening hemor-
rhagic uremic syndrome than chuA-negative EHEC2 strains
(30, 52, 62). It therefore appears that the presence of the chuA
gene may be critical for hypervirulence. However, it must be
mentioned that in both these cases, the hypervirulent catego-
ries appear to possess a more sophisticated array of potential
virulence factors than their chuA-negative counterparts, and
therefore we cannot rule out the possibility that chuA merely
serves as a useful marker for pathogenic phylogenetic groups.
MLEE-classified phylogenetic groups of other diarrheagenic
E. coli strains have correlated with virulence gene distribution
and provided a framework for evolutionary hypotheses. A pre-
vious screen for eight loci in EAEC did not identify any gene
whose presence was universal or restricted to specific phyloge-
netic groups (10). In this study, using strains from that collec-
tion, we identified two loci, chuA and the pathogenicity island-
encoded gene fepC, which were present in all strains belonging
to the EAEC2 and DAEC2 categories and absent in other
EAEC strains. These appear to be the first genes whose pres-
ence in EAEC strains correlates with MLEE-derived phylog-
eny. The detection of these genes solely in the DAEC2 and
EAEC2 categories suggests that these categories may comprise

hypervirulent strains. Interestingly, strains in these categories
produced the highest levels of siderophores. In support of this
hypothesis was the finding that EAEC2 strain 042 produced
diarrhea in adult volunteers, whereas EAEC1 strains JM221
and 17-2 and AA/DA strain 34b were nonpathogenic in the
same study (28).

Examination of the reference and case-control EAEC iso-
lates revealed that the iucA gene is widespread among EAEC
strains, although its presence does not appear to correlate with
isolation from diarrhea patients. Following the identification of
the Shiga toxins, Shigella enterotoxins 1 and 2 as well as the pic
pathogenicity island (16, 26, 56), the identification of this gene
among EAEC strains suggests that virulence loci commonly
associated with Shigella are common features of EAEC strains.
EAEC strains also share virulence genes with other enteric
pathogens. The previously detected HPI (originally described
in Yersina spp.) and the chuA/shuA gene of Shigella and EHEC
were found in this study and further attest to the propensity for
EAEC strains to harbor horizontally acquired genes.

This study indicated that most EAEC strains carry genes for
multiple iron utilization systems and that this is relatively un-
common in EPEC, ETEC, and DAEC strains. Multiple iron
utilization systems are a common feature of EHEC and Shi-
gella. EAEC strains were shown to share many iron utilization
genes with these organisms but were less likely to harbor ireA,
iroN, and hbp, systems found in extraintestinal E. coli (3, 19, 36,
42, 43). Surprisingly, these genes were relatively common
among DAEC strains, which are at least as heterogeneous as
EAEC strains, and this finding opens up the possibility that at
least some of them are potential extraintestinal pathogens. A
recent report identified the shuA/chuA and iucB genes in
C1845, a DAEC2 strain (6). These genes were detected in
WC212-11, the DAEC2 diffusely adherent strain used in this
study (Table 2), but not in any other DAEC strain (Table 4). It
is likely that a molecular epidemiological study of iron utiliza-
tion genes in phylogenetically characterized DAEC strains
could shed more light on the heterogeneity and pathogenesis
of this category.

Human volunteer studies have confirmed that not all EAEC

TABLE 4. Distribution of chuA and iucA genes in EAEC isolates
from children with diarrhea and apparently healthy controls

Probe or gene(s)

No. (%) of positive isolates

From children
with diarrhea From controls Total

Nigerian EAEC isolatesa

CVD 432 probe 20 (27.4) 14 (24.1) 34 (26.0)
chuA 26 (35.6) 19 (32.8) 45 (34.4)
iucA 32 (43.8) 28 (48.3) 60 (45.8)
chuA and iucAb 25 (34.2) 10 (17.2) 35 (26.7)

Brazilian EAEC isolatesc

CVD 432 probe 49 (75.4) 31 (68.9) 80 (72.7)
chuA 22 (33.9) 15 (33.3) 37 (33.6)
iucA 30 (46.2) 27 (60.0) 57 (51.8)
chuA and iucA 12 (18.5) 13 (28.9) 25 (27.7)

a Comprising 73 isolates from children with diarrhea and 58 from controls, for
a total of 131.

b Differences between isolates from children with diarrhea and those from
controls were significant (P � 0.03).

c Comprising 65 isolates from children with diarrhea and 45 from controls, for
a total of 110.
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strains cause diarrhea and that there is some host variation in
susceptibility to pathogenic EAEC. Molecular epidemiology
may therefore be a useful tool for evaluating the pathogenicity
of EAEC strains and has been used to identify the aafA gene,
which encodes the structural subunit of AAF/II fimbriae, as a
putative marker for potentially pathogenic strains (8, 33). In
this study, we employed strain collections obtained during
case-control studies. Because geographical variation in the dis-
tribution of virulence genes has been reported previously for
EAEC (1), we examined collections of strains from two widely
separated geographical areas where EAEC is highly prevalent.
Although strains from both collections were identified as
EAEC by using the HEp-2 adherence assay, the two collections
were dissimilar in the proportion of strains positive for CVD
432, an empirically derived probe for the aggregative prototype
plasmid (2), to which only a subset of EAEC strains hybridize
(35). The Brazilian collection comprised chiefly strains that
hybridized to CVD 432 (72.7% were probe positive) (45–47),
and the majority of the Nigerian strains (74%) were negative
for this probe (33). In neither collection were probe-positive
strains associated with diarrheal disease. CVD 432 probe pos-
itivity also was not associated with the presence of chuA or
iucA in the reference or case-control study collections. We
specifically sought to study the distribution of chuA and iucA,
two genes that were common in the reference collection, that
were reputed to play a role in the virulence of other pathogenic
E. coli strains, and whose presence in EAEC had not previ-
ously been reported. We found, in both the Brazilian and
Nigerian collections, that neither chuA nor iucA alone was
significantly associated with disease. The proportions of strains
carrying both iucA and chuA were similar in the two collec-
tions. However, the presence of both genes was observed more
frequently in strains from children with diarrhea than in strains
from controls for Nigerian (P � 0.03) but not Brazilian iso-
lates, an observation that provides further evidence of the
geographical heterogeneity of EAEC pathogenicity. Although
differences in strains from different areas offer one explana-
tion, recent findings suggest that variations in host susceptibil-
ity may play an important role (17).

The close association of chuA with the EAEC2 and DAEC2
phylogenetic groups in the reference collection is suggestive of
an involvement of similar strains in EAEC-induced diarrhea in
Nigeria, but not in Brazil, where the distribution of chuA and
iucA among controls was inverse to the results from the Nige-
rian collection. Another, but not contradictory, explanation of
the data from the Nigerian strains is that strains with both
ChuA and aerobactin systems are likely to be more virulent, at
least in that population; this hypothesis should be further in-
vestigated. Such a hypothesis is supported by the observation
of Torres and Payne (52), who in working with the uropatho-
genic strain CFT703 found that neither the iucA- nor the
chuA-associated system alone correlated with pathogenicity in
mice. However, multiple iron utilization systems collectively
confer a competitive advantage over E. coli strains that are
negative for these factors. Multiple iron utilization systems are
frequently seen in uropathogenic and other invasive E. coli
strains (18). It is possible that such an advantage would exist
for EAEC strains closely associated with the host mucosa,
where the supply of iron would be limited.
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